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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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OBLAA NMHOOPMALIUA O XXYPHAIE

International Journal for Computational Civil and Structural Engineering
(MesKAYHAPOAHBII JKYPHAA IO PACUYETY I'PAXKAAHCKHUX U CTPOUTEABHBIX KOHCTPYKITHIT)

MexayHapoanblii HaydHbIi skypHaa “International Journal for Computational Civil
and Structural Engineering (Me:xayHapoaHblii :KypHAaJI 110 pacyeTy IrPaxkKIaHCKUX U CTPOUTEb-
HbIX KOHCTpykuuil)” (IJCCSE) sBnsercss BeAyllMM Hay4YHbIM MEPUOAUMYECKUM H3IAHHUEM 10
HarpasiieHHI0 «/H)XXeHepHble U TEXHUYECKUE HAayKH», u3AaBaeMbIM, HauuHas ¢ 1999 roma (ISSN
2588-0195 (Online); ISSN 2587-9618 (Print) Continues ISSN 1524-5845). B xypHainie Ha BBICOKOM
HAY4YHO-TEXHUYECKOM YPOBHE PaccMaTpUBAIOTCS MPOOJIEMBbl YUCIEHHOTO U KOMIIBIOTEPHOIO MOJIEIH-
pOBaHHUS B CTPOMTENIBCTBE, AKTyallbHbIE BOIPOCHI pa3pabOTKH, UCCIEIOBAaHMS, Pa3BUTHs, BepUduKa-
UM, anpoOaluy U MPUIOKEHUH YHMCIEHHBIX, YUCIIEHHO-aHAIUTUYECKUX METOJI0B, MPOrpaMMHO-
AJITOPUTMUYECKOT0 00ECIICUeHHs] U BBIIOJIHEHUS aBTOMATU3UPOBAHHOTO MPOEKTHUPOBAHMS, MOHHUTO-
PUHra ¥ KOMIUIEKCHOTO HAyKOEMKOI'O PACYETHO-TEOPETHUECKOrO U AKCIIEPUMEHTAIBLHOI0 000CHOBA-
HUS HaNPsDKEHHO-1e(OPMUPOBAHHOTO (M MHOTO) COCTOSHUSA, IPOYHOCTH, YCTOMYMBOCTH, HA/ISKHOCTH
U 0€30MacCHOCTH OTBETCTBEHHBIX OOBEKTOB I'PAXKJAHCKOI'O U IIPOMBIIIJICHHOTO CTPOUTENbCTBA, YHEP-
T€TUKH, MALIMHOCTPOCHHUS, TPAHCIIOPTA, OMOTEXHOJIOTUH U IPYTUX BHICOKOTEXHOJIOTUUHBIX OTPACIIEH.

B penakunoHHbIN COBET kKypHasla BXOAST U3BECTHBIE POCCUICKUE U 3apyOe)KHbIE JIeATENH
HayKM M TEXHUKHU (B TOM YHUCJIE AKaJEMHKHU, WIEHBI-KOPPECIIOHACHTHI, HHOCTPAHHbIE YJIEHBI, I10-
YETHbIE WICHbI U COBETHUKU Poccuiickoil akaleMuu apXUTEKTYpbl U CTPOUTEIbHBIX HayK). OCHOB-
HOU KpHUTepHii oTO0pa crareil il myOauKaluy B XKypHajie — UX BBICOKHI HayyHbIH ypOBEHB, COOT-
BETCTBUE KOTOPOMY OIPEAEISAETCS B X0Ji€ BHICOKOKBAIU(DUIIMPOBAHHOIO PELIEH3UPOBAHUS U 00b-
€KTUBHOH 3KCIEPTU3bI, IOCTYNAIOUINX B PENAKIIMIO MATEPHAIIOB.

Kypuan exooum & Ilepeuenv BAK P® sedyuux peyeH3upyemvix HAyuHbIX U30aHUl, 8 KOmo-
PbIX 00NHCHBL Oblmb ONYONUKOBAHBI OCHOBHbIE HAYYHbIE PE3YIbMamsl OUCCEPMAYULl HA COUCKAHUE
VUeHOU cmeneHu KaHouoama Hayk, Ha COUCKAHUe YYeHOU cmeneHu 0OKmopa HAyK TI0 Hay4HbIM CIie-
LIUAJIBHOCTSIM ¥ COOTBETCTBYIOLLIUM UM OTPACIIsIM HAYKH:

e 01.02.04 — Mexanuka 1eopMUPYyEMOr0 TBEPJOTO Tela (TEXHUYECKHE HayKH),

e 05.13.18 — MaremaTnueckoe MOJAEIMPOBAHUE YHCIECHHBIE METOJbI U KOMIUIEKCHI IPO-
rpamMM (TEXHUYECKUE HAYKH),

05.23.01 — CtpouTtenpHble KOHCTPYKIINH, 31aHUSI U COOPY)KEHUS (TEXHUUECKUE HAyKH),
05.23.02 — OcHoBaHus 1 (hyHTAMEHTBI, IOI3€MHBIE COOPYKEHUS (TEXHUIECKUE HAYKH),
05.23.05 — CtpouTtenbHble MaTepUallbl U U3/1ENUs (TEXHUYECKUE HAyKH),

05.23.07 — I'uapoTexXHHUUECKOe CTPOUTEIBCTBO (TEXHUUECKHE HAYKH ),

e 05.23.17 — CrpourenbHast MEXaHHUKA (TEXHUYECKHE HAYKH ).

B Poccuitckoint denepanuu ;xypHail HHIEKCUpyeTcss POCCHIICKUM MHIEKCOM Hay4HOT'O LiU-
tupoBanus (PUHI).

Kypuan exooum 6 6asy oanuwix Russian Science Citation Index (RSCI), noanocmuio unme-
epuposanuyio ¢ naameopmou Web of Science. ypHan umeeT MeKIyHApOIHBIM CTaTyC U BBICHLIA-
eTcs B BeAylire OnOIMOTeKH U HaydyHbIe OpraHU3allui MUPA.

N3parenu xxypHaua — Hzoamenvcmeo Accoyuayuu cmpoumenbHuiX 8blCUUX V4eOHbIX 3a-
seoenuti /ACB/ (Poccust, r. MockBa) u 10 2017 roga M3z0amensckuii oom Begell House Inc. (CLLIA,
r. Hero-Mopk). OduimansHbIMU apTHEPAMH H3IAHUS SBISICTCS Poccutickas akademus apxumex-
mypel u cmpoumenvuvix Hayk (PAACH), ocymiecTBIsIONas HaydyHOE KypUpOBaHUE HU3JIaHUA, U
Hayuno-uccreoosamenvcruii yenmp Cma/[uO (3A0 HULL Cta/lnO).

Lesn xkypHada — JeMOHCTPUPOBATh B MYOJUKAIUAX POCCHICKOMY M MEXIYHAPOIHOMY
pohecCHOHATFHOMY COOOIIECTBY HOBEHIIINE JOCTHKEHHSI HAYKU B 00JIACTH BBIYUCIUTENBHBIX Me-
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TOJIOB pelIeHUs (PyHIAaMEHTAIbHBIX U MPUKIAJAHBIX TEXHUUYECKUX 3a/1ay, MPEX]Ie BCEro B o0iactu
CTPOUTETHCTBA.
3agaum xKypHaJa:

o IIPEIOCTABIEHUE POCCUMCKUM U 3apyOE€KHBIM YUYEHBIM M CIIEUAINCTaM BO3MOKHO-
CTH ITyOJIMKOBATh PE3yIbTaThl CBOMX UCCIICIOBAHHIA;
o IpUBJeYEHHEe BHUMaHUs K HauboJiee akTyaJlbHbIM, IIEPCIEKTUBHBIM, IPOPBIBHBIM U

WHTEPECHBIM HAIIPABJICHUSM DPA3BUTHSA M TPHIOKCHUN YHUCIECHHBIX W YHCICHHO-aHATUTHYCCKUX
METOJIOB pelIeHHs] (PyHIAMEHTAIBHBIX W MPHKIATHBIX TEXHUYCCKUX 3a/1ad, COBEPIICHCTBOBAHUS
TEXHOJIOTHH MaTEMaTHYECKOT0, KOMITBIOTEPHOTO MOJACIIUPOBAHUS, PA3padOTKH U BEPUPHUKAIINH Pe-
IU3YIOLIETO MTPOTrPaMMHO-AITOPUTMHYECKOTO 00ECIICUEHUS;

° obOecrieueHre oOMeHa MHEHHUSIMH MEXJy HCCIIEOBATENsIMU U3 Pa3HBIX PETHOHOB H
rocyaapcTB.

TemaTuka xypHaja. K paccMOTpeHHUIO U MyOJIMKAIUK B )KypHAJIE TPUHUMAIOTCS] aHAJIH-
TUYECKHE MaTepuabl, HAy4Hble CTaThU, 0030PHI, PELICH3UH M OT3BIBBI HA HAyYHBIC MyOIUKALIUU 110
dbyHIaMEHTATBHBIM M TIPUKJIAAHBIM BOTIPOCAM TEXHUYECKUX HAYK, MPEXKJIE BCErO B 00JACTH CTPOU-
TeNnbCTBA. B kypHane Takke myOauKyroTcs HGOPMAIMOHHBIE MaTepUaibl, OCBEIIAIONINE HAyYHbIe
MEPOTIPUATHS ¥ TIEPEIOBbIE JOCTHXKEHUS Poccuiickoil akageMuu apXUTEKTYpbl U CTPOUTEITBHBIX
HayK, HAY4HO-00pa30BaTEIbHBIX U MPOCKTHO-KOHCTPYKTOPCKUX OPTaHU3ALIUN.

TemaTtuka crareil, IpUHUMAEMbIX K MTyOJUKAIIMHU B KypHAJIE, COOTBETCTBYET €ro Ha3BaHUIO
Y OXBAaThIBaeT HAIMPABJICHUS HAYYHBIX UCCIEIOBAaHUN B 001acTH pa3pabOTKU, UCCICTOBAHUS U TIPH-
JIO’)KEHUM YMCIICHHBIX U YMCICHHO-aHATUTHYECKUX METOJIOB, MPOrPAMMHOTO O0ECIIEYeHUS, TEXHO-
JIOTHI KOMIIBIOTEPHOT'O MOJICTTUPOBAHUS B PEIICHUH MPUKIIAJAHBIX 33724 B 00JIaCTH CTPOUTENBCTBA,
a TaKXe COOTBETCTBYIOIIUE MPOGUIBHBIE CIIEIHATBHOCTH, MPEACTaBICHHBIC B JUCCEPTAMOHHBIX
coBeTax MpOoUIBHBIX 00Pa30BATEILHBIX OPTraHU3AIUAX BBICIIETO 00pa30BaHUS.

Penaxkumonnasi noautuka. [lomutruka pegakiimoHHON KOJUIETHH KypHaia Oa3upyeTcs Ha
COBPEMEHHBIX IOPUINYECKIX TPEOOBAHUSX B OTHOLICHHH aBTOPCKOTO MpaBa, 3aKOHHOCTH, IJIarua-
Ta U KJIEBETHI, U3JI0)KEHHBIX B 3aKOHOAaTenbCcTBE Poccuiickoit denepanniv, 1 STUYECKUX TPUHIIU-
nax, moJIJIEPKUBAEMBIX COOOIIECTBOM BEIYIIUX M3AATEeH HAyIHO! MEPUOIUKH.

3a nybnuxayuro cmameti niama ¢ asmopos He s3vimaemcs. Ilyonuxkayusi cmameii 8 jHcyp-
Hane Oecniamuas. Ha minaTHOW OCHOBE B KypHalle MOTYT OBITh OMYOJIMKOBAHBI MaTe€pHANbI pe-
KJIAMHOTO XapaKTepa, HMEIOIIHE TPSIMOE OTHOIIICHHE K TeMaTHKE KypHaJa.

KypHan npenocTaBisieT HEMOCPEACTBEHHBIN OTKPBITBINA TOCTYIl K CBOEMY KOHTEHTY, HC-
X0/l U3 CIEAYIONIIETO MPUHIIMIA: CBOOOJHBIN OTKPBITHIM JOCTYN K pe3yJbTaTaM HCCIIEIOBaHUN
CIOCOOCTBYET YBEITMUEHHUIO IMI00ATEHOTO OOMEHA 3HAHHUSIMH.

HNuaexcupoBanne. [TyOonukanuy B )KypHaie BXOIIT B CHCTEMbl pacyeTOB WHJEKCOB ITH-
TUPOBAHUSI ABTOPOB U KypHAIOB. «HIEKC IIUTUPOBAHUSI» — UYUCIOBOM MOKa3aTelb, XapaKTepu-
3YIOIHWA 3HAYUMOCTh JAHHOW CTaThbW M BBIUMCIISIONIMICS HAa OCHOBE IMOCJIEAYIOMNX MyOJUKaIUH,
CCBUIAIOLINXCS Ha JAHHYIO paboTy.

ABTopam. [Ipexe yem HanmpaBUTh CTAThIO B PEAAKIIMIO )KypHAJIa, aBTOpaM CJIeayeT O3Ha-
KOMUTBCSI CO BCEMH MaTepuajlaMy, pa3MEIIEHHbBIMU B paszjieiax caiTa >KypHaja (MHTEpHET-CalT
Poccuiickoii akagieMun apXuTeKTypbl U CTpouTeNbHBIX HayK (http://raasn.ru); moapazaen «M3manus
PAACH)» unu untepuer-caiit M3narensctBa ACB (http://iasv.ru); moapasnen «Kypuan [JCCSE»):
C OCHOBHOM MH(oOpMaIueit o )ypHaje, ero mejisiMi U 3aJa4aMH, COCTaBOM PEIaKIIMOHHOW KoJIjIe-
TUU U PEJAKIIMOHHOTO COBETA, PEJAKIIMOHHOW MOJMTHUKOM, MOPSIKOM PELIEH3UPOBaHUS HAIIpaBIIsi-
€MBIX B JKYpHAJI CTaTei, CBEACHUSMHU O COOIOJICHUN PEIAKIIMOHHON dTUKH, O TIOJIMTUKE aBTOPCKO-
ro MpaBa ¥ JIMIEH3UPOBAHMS, O MPEICTABICHUN KypHAJIa B MH(POPMAIIMOHHBIX CUCTeMax (MHJICK-
CUpOBaHUM), HH(MOpPMAIEH O MOANUCKE Ha KYpHAJI, KOHTAaKTHBIMU JTaHHBIMU H T1p. XKypHas pabo-
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taeT no aunen3uu Creative Commons tuna cc by-nc-sa (Attribution Non-Commercial Share Alike)
— JInuensus «C yka3zanuem aBTopcTBa — Hekommepueckas — Konuned».
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ABOUT “LEGITIMIZATION” OF NUMERICAL MODELLING
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Abstract: The distinctive paper is detoded to problem of “legitimization” of numerical modelling of wind loads
and impacts on buildings and structures. General information about computational fluid dynamics (CFD) and its
development prospects is presented. The main advantages and disadvantages of numerical simulation compared
with tests in wind tunnels (wind tunnel tests) are considered. Besides, information about the second modification
of corresponding Russian design codes (SP 20.13330.2016 “SNiP 2.01.07-85* Loads and effects™) is provided.
Prospects for the further development of numerical modelling and its applications for solution of problems of
construction aerodynamics are given.

Keywords: numerical modelling, wind loads, wind impacts, wind tunnels, construction aerodynamics,
computational fluid dynamics, design codes
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Annoranmsi: Hacrosimass crathst TOCBSIIEHA aKTYyaJbHBIM BOIPOCAM, CBS3aHHBIM C (JIETMTHMH3ALMEI
YHCJICHHOTO MOJICJIUPOBAHUS BETPOBBIX HAarpy3oK W BO3JeHCTBUIl. B pabore mpuBOmsSTCS HEKOTOpBIE 00LIHME
CBEJICHHS O Pa3sBUTHU METOJOB BBIYMCIMTEIHLHON a’pOJMHAMUKM M HX IPUIOKEHHH B CTPOMTENLHOU cdepe.
PaccMOTpeHBl OCHOBHBIE NPEUMYILIECTBA M HEJOCTAaTKW YHCICHHOTO MOJEIMPOBAHUS 10 CPAaBHEHUIO C
UCTIBITAHUSIMH B a3poAMHaMI4ecKux Tpybax. Kpome Toro, npusesieHs! cBefeHus 00 n3meHeHun N2 cBojia MpaBHIl
(CII) 20.13330.2016 «CHull 2.01.07-85* Harpy3ku u Bo3nelcTBus». B 3akiroyeHue yka3aHbl IEPCHEKTHBBI
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About “Legitimization” of Numerical Modelling of Wind Impacts on Buildings and Structures

1. GENERAL INFORMATION

Analysis and design of unique buildings, struc-
tures and complexes is traditionally complicat-
ed, in particular, by the fact that the current de-
sign codes do not contain recommendations on
the determination of values of aerodynamic co-
efficients for original in shape and large-sized
construction objects (including majority of high-
rise buildings) [1-8]. In addition to the substan-
tially approximate nature of the corresponding
engineering approaches, both Russian and a
number of foreign design codes do not consider
options for the location of such buildings and
structures in buildings and the interference of
buildings and structures. In other words, these
approaches are suitable only for buildings and
structures with a relatively simple shape, low
and medium height, located in conditions of
sparse development. For wunique buildings,
structures and complexes (especially located in
conditions of relatively dense development)
more accurate (refined, high-presicion) methods
are needed. In such cases, in Russian and some
foreign design codes it was proposed to use the
results of tests of large-scale models in special-
ized wind tunnels, allowing reproducing the at-
mospheric boundary layer. At the same time, in
accordance with numerous research works of
Russian and foreign scientists published in re-
cent years, it was noted that computational fluid
dynamics (CFD) [1], which has been developing
rapidly in recent decades, in the future can be
considered as an effective alternative of tests in
wind tunnels for solution of problems of deter-
mination of wind loads and impacts on build-
ings and structures, assessment of pedestrian
comfort and analysis of air pollution. A certain
confidence in such assessments was also given
by the continuous rapid development of corre-
sponding hardware and software.

Application of methods of computational aero-
dynamics methods (numerical modeling) allows
researcher obtaining results with an accuracy
equal to or greater than accuracy, provided by
tests in wind tunnels, associated, as a rule, with
the need to attract significant resources (includ-
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ing financial resources). Corresponding modern
software is characterized by advanced user in-
terface, powerful and convenient preprocessor
and postprocessor, sophisticated tools for moni-
toring and analysis of results.

2. THE MAIN ADVANTAGES
OF NUMERICAL SIMULATION
IN COMPARISON WITH TESTS
IN WIND TUNNELS

2.1. Automatic determination of computa-
tional parameters at specified subdomains of
the computational domain.

As is known, when testing in a wind tunnel, it is
necessary to place measuring equipment to de-
termine the wind speed at a specific point. Ap-
plication of methods of computational aerody-
namics methods allows computing of velocity
values within numerical modelling.

2.2. The relative simplicity of making chang-
es to design solutions.

The software that implements the methods of
computational aerodynamics allows efficient
interaction with CAD applications; modifica-
tions of design solutions can be introduced as
soon as possible. Obviously, within physical
modelling, the same changes are associated with
significantly larger time and labor costs, espe-
cially in situations when changes to design solu-
tions are made after a considerable time and af-
ter the initial tests in wind tunnel or in condi-
tions when the corresponding wind tunnel is
busy in other projects.

2.3. Economic efficiency.

Application of method of computational aero-
dynamics is normally associated with signifi-
cantly lower financial costs and time expendi-
tures in comparison to conducting tests in wind
tunnels.

2.4. Visual clarity of results.

Software that implements computational aero-
dynamics methods allows researcher simply and
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clearly visualize corresponding results. Photos
of tests in wind tunnels, on the contrary, are not
so informative.

2.5. Universality.

It is rather complicated to solve problems deal-
ing with determination of the wind direction, the
level of concentration of pollutants, radiation
level, etc. by the tests in wind tunnels. Methods
of computational aerodynamics are more flexi-
ble and therefore more convenient in this con-
nection.

2.6. The disadvantages of wind tunnels.

As is known, testing in wind tunnels requires
large-sized expensive equipment, which is pro-
duced by a relatively small number of multina-
tional firms and foreign research and educational
centers. Numerical modelling can be performed
by a large number of firms, research and educa-
tional centers, which in many cases have deeper
and more reliable values dealing with the mete-
orological situation in the construction area.

3. THE MAIN DISADVANTAGES
OF NUMERICAL SIMULATION
IN COMPARISON WITH TESTS
IN WIND TUNNELS

3.1. Lack of standard approach status.
Numerical modelling is a relatively new, con-
stantly improving approach to solving the prob-
lems of construction aerodynamics, which is
currently used, first of all, by advanced scien-
tific and educational centers equipped with so-
phisticated software.

3.2. Possible inaccuracy of the results.

According to the results of corresponding re-
search works, it was found that the results of
numerical modelling in some cases may be in-
correct. However, problem areas of the applica-
tion are quite well known, and the correspond-
ing error of the results, as a rule, are small and
uncritical, taking into account the hypotheses
introduced on the safe side (it is quite typical for

engineering approaches). In addition, multi-
parameter verification analysis (accuracy as-
sessments of numerical solutions in comparison
with known solutions) and validation analysis
(accuracy assessments of computer modelling in
comparison with experimental data), including
using the results of field measurements and / or
wind tunnel tests.

3.3. High qualification requirements for re-
search groups.

Numerous studies of recent years clearly show
that the results of knowledge-based modelling
carried out by different research groups can vary
significantly, even if using the same software.
Stages dealing with setting of initial data (in
particular, defining parameters specifying the
state of the atmosphere), boundary conditions,
the choice of an approximation mesh and math-
ematical models (primarily turbulence models)
are of paramount importance. In other words,
the results of numerical modelling can be very
sensitive with respect to some computational
user-defined parameters of the corresponding
software. In this regard, the task of development
of appropriate methodological recommendations
and descriptions of best practices for the appli-
cation of computational aerodynamics methods
in construction is particularly urgent. Besides,
the practice of formal use of corresponding
software (without deep knowledge of theoretical
foundations of corresponding methods and algo-
rithm, without any doubt about the correctness
of the results obtained) is extremely dangerous.

3.4. Limitations on the complexity of objects
of modelling.

The maximum dimension of the considering
type of problems of numerical modelling de-
pends on the productivity and available re-
sources of the used hardware and software. A
large wind tunnel is less limited in terms of size
and complexity of models. Obviously, this
drawback becomes less critical as the computer
technology, universal and specialized software
improve and develop.
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3.5. Higher accuracy of results for less com-
plex objects.

It should be noted that the accuracy of the re-
sults of tests in a wind tunnel does not depend
on the complexity of the geometry of the con-
sidering object. High accuracy of results of nu-
merical modelling, for complex objects requires
significant time and computational costs. More-
over, for some approaches to modelling turbu-
lence it is not at all currently achievable.

3.6. A significant amount of computational
work associated with computing of pulsating
component solutions.

The resulting distribution of the average com-
ponents of wind loads can be used for a number
of practical applications, including solution of
problems of pedestrian comfort analysis and air
pollution analysis (when the kinetic energy of
turbulence is used to analyze wind gusts). The
pulsating components of the loads are important
for determining the most critical locations and
times.

4. THE SECOND MODIFICATION
OF CORRESPONDING RUSSIAN
DESIGN CODES (SP 20.13330.2016 “SNIP
2.01.07-85 * LOADS AND EFFECTS”)

The second modification of corresponding Rus-
sian design codes (SP 20.13330.2016 “SNiP
2.01.07-85 * Loads and effects”) was approved
by the order of the Ministry of Construction and
Housing and Communal Services of the Russian
Federation dated January 28, 2019 No. 49 / pr.
In accordance with the third paragraph of item
11.1.7 [8] of this document [9] we have the re-
vised corresponding text version:

“For structures with increased level of responsi-
bility, which are specified in [1, item 48.1, part
2] or in note 2, as well as in all cases not speci-
fied in B.1 (other shapes of structures, reasona-
ble allowance for other directions of the wind
flow or components of the total resistance of the
body in other directions, the need to take into
account the influence of nearby buildings and
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structures, terrain and similar cases), aerody-

namic coefficients are specified in recommenda-

tions developed with allowance for item 4.7 and
based on the results of

1) physical (experimental) modelling - tests in
wind tunnels (appendices “G” and “I”);

2) mathematical (numerical) modelling of wind
aerodynamics based on numerical schemes
for solution of three-dimensional equations
of motion of liquid and gas with adequate
turbulence models implemented in modern
advanced verified licensed software systems
of computational fluid dynamics”.

It should be noted that the link [1] in the citation

is the link [10] in this paper.

In accordance to [9], the last paragraph (before

the note) of item 11.2 is formulated in the new

edition:

“Aerodynamic coefficients and are computed on

the basis of the results of model tests of struc-

tures in wind tunnels, numerical simulation or
taking into account data published in the tech-
nical literature. For separate rectangular build-
ings in plan terms, the values of these coeffi-

cients are specified in B.1.17”.

These changes were the result of a correspond-

ing initiative of the authors of the distinctive

paper, due to the fact that recent years are asso-
ciated with a fairly rapid development of com-
putational aerohydrodynamics (computational
fluid dynamics (CFD)), modification and re-
finement of computational technology and
steadily increasing perfofmance of computers.
Leading foreign research and design organiza-
tions have also increasingly begun to combine
tests in wind tunnels and “numerical” experi-
ments. In the future, the role of mathematical
modelling, as experience in related fields (for
example, aerospace engineering) and problems

(structural mechanics) shows, will only in-

crease.
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5. PROSPECTS FOR THE FURTHER
DEVELOPMENT OF NUMERICAL
MODELLING FOR SOLUTION
OF PROBLEMS OF CONSTRUCTION
AERODYNAMICS

In accordance with the recommendations of
Russian and foreign researchers, numerical
modelling and tests in wind tunnels can be ap-
plied for solution of problems of construction
aerodynamics. Besides, in the future, the role of
numerical modelling, as shown by experience in
related fields (for example, aerospace) and prob-
lems (structural mechanics) ) will only increase.
At the same time, high qualification of research
team is a necessary condition for obtaining reli-
able results of numerical modelling.

It should be noted that currently researches in
the field of analysis of errors in the results of
numerical and physical modelling, sensitivity
analysis of results, verification and validation
are relevant.

It is necessary to continue the development and
updating of design codes and methodological
documents based on best practices in the appli-
cation of methods of computational aerodynam-
ics in the field of construction. It should be not-
ed that such work has so far been done for
steady RANS approaches to modelling turbu-
lence based on Reynolds averaged unsteady
Navier-Stokes equations, and to a much lesser
extent for the large vortex modelling method
(LES method). Corresponding research works
will have highest priority in the future [11-49].
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Abstract: The article presents the derivation of equations describing the pre-buckling behavior of three-layer rods in
the presence of shear deformation and creep of the middle layer. The test problem for a rod with a filler made of
polyurethane foam is solved. A technique has been developed for calculating the critical time under loads which values

exceed the long critical ones.
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JloHCKO# ToCyJapCTBEHHBIN TEXHIHUECKUH YHUBEPCUTET, T. PocTtoB-Ha-/{ony, POCCUA

AHHOTaIMSA:

B cratbe npuBOAMTCA BBIBOJ YPaBHEHHUH,

OIMUCBIBAIOIINX JOKPUTHYCCKOC IIOBCIACHUC

TPEXCIOMHBIX CTEP)KHEHW MNpPU HaJIMYMU CIBUIOBBIX JeGopMalMii M MOJ3Y4ecTH CpeaHero cios. Pemaercs
TecToBas 3aja4a Uil CTEPXKHS C 3allOJIHUTENEM M3 MeHonojuyperaHa. PazpaboTaHa MeTOAMKa BBIYHMCICHUS
KPUTUYECKOIO BPEMEHH IIPU HArpy3KaX, 3HAYEHHs] KOTOPBIX IIPEBBILIAIOT JIIUTEIbHbIE KDUTHUYECKUE.

KiaroueBnblie ciioBa: TpeXCHOﬁHLIC 6am<1/1, YCTOI\/'I‘H/IBOCTI), CABUT, MMOJI3Yy4CCThb, YUCIICHHBIC METOAbL

1. INTRODUCTION

When solving the problems of stability of rods,
in many cases it is necessary to take into account

shear deformations: for example, when
considering elements made of anisotropic
fibrous materials with a shear modulus

significantly smaller than the elastic modulus or
when calculating three-layer rods consisting of
two thin metal outer layers and a lightweight,
much less rigid filler. Taking into account the
shear force in deformable elements of this type
leads to obtaining lower critical loads than
without taking it into account. There is a formula
in [1] derived analytically to calculate the critical
force, acting on central-compressed three-layer
rod. It is important to note that the polymer filler
is subjected to creep, accordingly, the actual
values of the loads leading to buckling will be

lower than those obtained in the book [1], which
should be taken into account in the calculations
and structural analysis.

2. DERIVATION OF RESOLVING
EQUATIONS

We consider the element shown in Figure 1,
subject to longitudinal bending. In deriving the
equations, we take the Timoshenko’s model as a
model of rod deformation, which includes shear
deformations in the calculations.

In Figure 1 the following notation is accepted:
V.. —shear strain (it is equal to the angle

between the plane, normal to the median surface
and the cross section plane), ¢ — the angle of

cross section rotation relative to the initial
position,
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ux, 1) ]
1i(x,z,1) X

Figure 1. Element of rod subject to longitudinal
bending.

uy(x,z,t) — the displacement of a certain point

A of the cross section in the x direction.
As follows from Figure 1:

ow
7xz:§0+aa (1)

u (x,z,t) =u(x,t)+zp(x,t). ()

We take into account the initial imperfection,
defined by some function w,(x), according to

the method, mentioned in [2], assuming that the
displacements of the points along the z axis are:

uy =wy(x) +w(x,1), 3)

and then eliminating from the terms of the
Green strain tensor components those, that

contain only wy(x), since they correspond only

to the initial imperfections, when the stresses in
the rod are equal to zero. Neglecting the terms
of large order of smallness, we thus obtain:

2
gllzgxx:%%(g&j SN
X, X X X

, 1 1 (4)
l(awj ow ow,
+— — | +——=,
2\ ox ox Ox

8xy=8xz=8yZ=gzz:gyy=0’ (5)
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According to the generalized Hooke's law for
the isotropic material of filler with creep strain
taken into account:

el * 1 *
Cxx = xx+gxx:E O téx
f
. ,  (6)
_ el *_
Ve = Vet Ve =500 TV x2
f

the symbol «*» indicates creep strain, £, y< -
elastic strains, £ rHGr = filler characteristics.

We write the expression of the variational principle
of the minimum total potential energy [3]:

O=8U+V)=6U+8V =0, (7)

U — potential elastic strain energy, J — external
forces potential,;

U = [ (0,568 + 0. yd)dV =
4

= [(0u8(en =21+ 000 =iV = )

[(008, +0.57,. ) dAdx.
A

In equation (8) the variations of creep strains are
equal to zero, as is in subsequent numerical
calculation step method at a small interval of
time Af the creep strains will depend only on
the components of the stress tensor, obtained in
the points of the rod in the previous step.

In the case of joint support of the rod (Figure 2),
compressed by the force P, with one movable
joint in the x direction and one stationary joint,
the variation of the external forces potential will
be equal to:

OV =—Pou(x=0). 9)
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Wo.

‘u(Q)

Figure 2. Loading model.

We denote the axial, shear forces and bending
moment as:

N, =[o.d4, 0=[o.d4, M=o, zd4. (10)
A A A

Substituting in (8) and varying the components
of the strains given in (1), (4), we obtain the
expression:

5U=I(Nx(85u oow 8w+ oow awo)
7 Ox Ox Ox Ox Ox
(11)
65¢+Q(5 85w)jdx

Applying integration by parts and grouping the
terms with factors ou, ow, dy,, in expression
(11) and substituting it together with (9) in (7),
we get the following result:

N, (L)ou(L)—(N,(0)ou(0)+ Pou(0)) +

+( N, aW°+N a—W+Q)5WL+M5¢|L+
ox Oox 0 0
j((— Sou+ (- (N Z) - (12)
L
a0

)5-&—J%+Qy@}h 0.

In accordance with the main lemma of the
variational calculus, we obtain the system:
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_6mg::0

Ox

d ow  owy.) 00
-—|N 0 =0, 0:L). (13
8x( (x 8)j Oox xe(0:0).(13)
oM
—=—+0=0

Oox 0=

From the fixing conditions for the rod we have:

w(0,0) =w(L,t)=u(L,t) =0=>ow(0,t) = 14
=ow(L,t)=0u(L,t)=0 (14

at an arbitrary point of time. For convenience,
we omit the time ¢ during subsequent writing in
the notation of time-dependent functions.
We get the final set of six boundary conditions:

w(0)=w(L)=u(L)=0
N.(0)+P=0 ,
M(0)=M(L)=0

(15)

Using dependencies (13), (15), we transform
(13) to a system of two differential equations:

2 2
P£5_W+5Wo]=6_9

2 2
Ox Ox ox . (16)
oM

0= Ox
1’!
& e
= b

Figure 3. Rod cross section.

We substitute the formulas for strains and
Hooke's law (6) in expressions (10) for the
stresses, taking into account the cross sectional
parameters with the dimensions shown in Fig. 3.
We obtain:

27



2
e jroieec2 42

ow awo

cdd=[E222 ¢ aa= (17
Oox Ox ) J.(Zé’xEZ) (17

=(E 1+Ef1f)—x—Efj 2dA,

4,
E,—modulus of elasticity of the metal
sheathings,
I, 1,— moments of inertia of the metal and

polymer cross section parts,

Sh? bh3
I ~(ho% + b, I,= 18
s~ ( ) Ty (18)
0= [o.dd= j G/ (Ve — 7 )dA =
A,. A/
, (19)
:KSnyxZAf _Gf J‘ 7deA.

4

Integration in expression (19) is performed over
the filler area due to the insignificant thickness
of metal plates that work only on compression,

K is a coefficient that takes into account the

irregular distribution of shear stresses over the
section height (It is assumed in the Timoshenko
model that y .. is constant in height). According
to [4], the coefficient value for a rectangular
section takes the form:

10(1+v,)
B 12411y,

N

For convenience, we introduce the notation for
integrals containing components of creep
strains:

M =E, [ &,zd4, 0" =G, [ y.d4, (20)
Af Af

We substitute (17), (19) into (16), taking into
account the previously introduced notation:
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2 2 2 *
POV T | kG4, 20,0 00
ot ot ax ol | ox

ow *
KstAf((p+_)_Q =

a2¢> om”
=(EJ +E )2 -
(£ ff) 7 or

Transferring all terms with w and ¢ to the left
side of the system and dividing by K.G,4, ,

we obtain the final system of resolving partial
differential equations (21):

dwl, P | op_ P 0w,

axz K GfAf ax KSGfAf axz
1 8Q @1

K Gpdp Ox

o, EhiBlidy Lo

2
with boundary conditions (22):

w(0)=0
w(L)=0
(E, +Ef1f) (0) M) - (22)
(E L +Ef]f) (L) M (L)

As a law describing the creep process of a
polymer filler, we accept the Maxwell-Gurevich
equation [5]:

65
w3

* . . . . . .
n — invariant relaxation viscosity coefficient,

D1 Sy
pé‘ij)_Eoogijj_*:_i’ (23)

non

p= ng , 0;— Kronecker delta, E,

of viscoelasticity.

— modulus
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* * 1 3 *
n =My exp(_Fq E(O-rr - p)—-E & |max)Jv (24)

the index r denotes the principle directions for
stresses, 77; — initial relaxation viscosity, m” —
velocity module.

3. METHOD OF CALCULATION

The system (21) of nonlinear differential
equations will be solved by the finite difference
method. Formulas for partial derivatives with
respect to x used in solving with accuracy

O(Ax?) for i-th point [6]:

of (%) N f(Xiq)— T (X 4)

(25)
OX 2AX
?f(x) P OG0) =21 06) + T (%)
e AXE A

here Ax — is the distance between adjacent
points of the FDM grid.

The system of differential equations (21) with
boundary conditions (22) is transformed to a
system of linear equations for each time
moment t. In calculating the creep strain
components (23) at different time moments, the
Euler’s method [7] is used.

We write the system in the form:

[AX}={B}, (27)
Q, a on
[A]= a?,l az:,z azizn B
a2n,l d2||,2||

matrix containing elements that are constant in
time with 2nx2n dimensions.
{X}=[w, ¢, W, @, ..., @] — column vector

of unknown displacements, n — number of nodes
of the FDM grid, including 2 fictitious ones that
go on Ax beyond the length of the rod L and are

Volume 15, Issue 4, 2019

used to write expressions for partial derivatives
with respect to x at the points of the rod with
coordinates x =0, x=L.

{B}=[b, b, --- b, 1" — column vector of free
terms with 2nx1 dimensions.

4. RESULTS AND DISCUSSION

When solving a test problem, we use the
following data:

rod axis is initially curved according to the
equation

Wy = f -sin(”TX) ,L=3m,b=0.15m,
h=0.05m, 6=1mm,
sheathings material is aluminum  with

E,=07-10° MPa, the filler material is
polyurethane  foam with the following

characteristics:
Gf =5 MPa, Vi :0.3, Eoo :2738 MPa,
m”" =0.0218 MPa, 7, =1.43-10* MPa-h.
According to [1], the critical force for a rod

without taking into account the rheological
characteristics of the filler material is:

0

P, = Lfo =10.71 kN, (28)

1+7PCr

Gy A
2
7 (El. +Ef1
where PY = & T_Z ) 15k

— Euler critical force (excluding shear

deformations). When a coefficient K, is added

to formula (28), the value of the critical force
will be equal to:
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Py
PO
K.G fAf

=10.195kN.  (29)

1+

When calculating the stability of the rod without
taking into account the effect of viscoelasticity
by the finite element method, a critical load
P,.=1049 kN was obtained in the LIRA-

SAPR software, the form of stability loss is
shown in Figure 4

Figure 4. The first form of buckling.

The number of three-dimensional (3D) solid
elements when modeling along the height of the
filler section is 8, along the length is 100. From
the ends, the axial load is transferred to the
section using the installed additional aluminum
plate. From the modeling by 3D and plate
elements in the software package it follows that
local loss of stability in thin metal sheathings
does not occur.

Next, we perform the calculation taking into
account creep effect in accordance with the
procedure described in this article using the
MATLAB software package.
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Figure 5. Displacements along z axis versus
time for various loads.

Viacheslav S. Chepurnenko, Batyr M. Yazyev

In the calculation, the initial deflection
parameter was taken to be equal to
/=0.1 mm, number of sectors between nodes

along the length of the rod — 50, the number of
time steps — 100. An increase in the number of
accepted steps and sections leads to negligible
changes in the results, the solutions are stable.

In [8, 9], when analyzing the stability of
viscoelastic rods and beams using the Maxwell-
Gurevich equation, the value of the long-term
critical load is introduced by replacing the
instantaneous elastic constants E and G of the
filler by long ones determined by the formulas:

TG, +G,’
E FE
o f
=— 31
Sl Eoo+Ef ( )

E . .
here G, = T“’, the long-term Poisson's ratio of

the material used in calculating the coefficient
K, [10]:

*

o

Vf,l:F> (32)

« 1 1 x vV 1
where ¢ =—+—, =Ly
E, E, E, 2E,
Using this technique, we write down the long-
term critical force in the form:
on
0
b
K G4y

P =
1+

=8.683 kN, (33)

7 (EJ,+E; I ,)
r '

where P° =

As can be seen from the graphs shown in Figure
5 when B =8680 N the creep process is steady,
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the deflection grows at a constant speed. This
result with a high degree of accuracy
corresponds to the value obtained in expression

(33). At loads lower than F, the deflection

growth gradually slows down, at loads P> F

the deflection growth accelerates. Note that the
nature of the curves does not change for various
parameters of the initial imperfections f, which
affect only the final value of the deflection
during decreasing creep, as well as the critical
time during buckling. We demonstrate this in
Fig. 6, showing the influence of the parameter
of initial imperfections f on the critical time at a
load P = 8900 N > F. In the general case, the

initial imperfections of real structures are
arbitrary and have a wide range of values, due
to both technological and operational reasons,
respectively, the actual values of long-term
loads under which the presented structure works

must be less than F.

0.012

===f=01mm

’ — {=0.01 mm

Wmaxi(1) [m]
= o
g8 8

%

.
0.002

4000 5000 6000 7000 8000
thh
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Figure 6. The influence of the initial
imperfection on the critical time, P = 8900 N.

Thus, in the presence of complete data on the
characteristics of the materials and the initial
imperfections, it seems possible to calculate the
critical time.

In order to simplify the solution, normal stresses
in the filler can be neglected if its elastic
modulus is low, assuming that all normal stress
is perceived by metal sheathings. The effect of
taking into account normal stresses in the filler
on the critical time is shown in Figure 7.
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Figure 7. The effect of taking into account
normal stresses in the filler on the critical time,
P=9400 N.

Obviously, when using a polymer filler with
greater rigidity, the difference between the
critical time obtained without taking into
account the normal stresses in it and taking
them into account will increase significantly.

6. CONCLUSIONS

In the article, resolving equations are obtained
that describe the process of rod buckling taking
into account shear deformations and creep
effects, and a method for numerically solving
them is given. The presented algorithm for
solving the problem allows us to determine the
critical load leading to loss of stability, the
critical time in the presence of data on the initial
imperfections of the compressed structure, and
also to trace the history of its deformation in
time. The test problem is solved under various
loads.

For the initial data corresponding to part 3 of
this article, the difference in critical loads when
taking into account creep and without
considering it is equal to:

w.loo%:14.9%,
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which is important to consider when designing
such three-layer elements in schemes that allow
their work under compression forces.
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Valery A. Ezersky *, Pavel V. Monastyrev *, Ivan A. Ivanov
! Bialystok University of Technology, Bialystok, Poland
2 Tambov State Technical University, Tambov, Russian Federation

Abstract: The article presents the results of the analysis of the effect of the parameters of the external wall of a
building, constructed using 3D technology on its heat engineering propertis.The dependence of the heat
penetration coefficient A (function Y) of the wall on the followig factors has been constructed: the thickness of
the outer walls d; (factor X;), the thickness of telongitudinal partitions between the voids d,(factor X;), the
number of voids in the wall cross section in the transverse direction m (factor X3), the number of voids in the
wall section per 1 rm in the longitudinal direction n (factor X,), the thermal conductivity coefficient of the
heat-insulating material in the voids 4; (factor Xj), provided that the cross-sectional area of the bearing part of
the wall, taken under the condition of ensuring strength. The data set foranalysis was obtained by
implementing a computational experiment. The analysis and optimi-zation of the parameters was performed on
the basis of a deterministic mathematical model that describes the presented dependence for the selected void
formation scheme in the wall. The information may be useful for scientists, designers and technologists
involved in the development of structural solutions of buildings using 3D printing technology.

Keywords: buildings in 3D technology, outer wall, air voids, heat engineering properties,
heat penetration coefficient, heat conductivity coefficient, optimization,
deterministic mathematical model

AHAJIN3 TEIIVIOTEXHUYECKUX KAYECTB ®PAI'META
CTEHBI 3JAHUSA, BO3BOAUMOI'O B 3D TEXHOJIOI'UAU

. ] 2 2
B.A. Ezepckuit ', II.B. Monacmuwipes “, U.A. Heanoe
! BenoCTOKCK I TeXHIUECKHit YHHBEpCHUTET, T. benoctok, ITOJIBIITA
? TaMGOBCKHiT rOCY/1apCTBEHHBII TeXHUYECKHH yHIBepcHTeT, . TamGos, POCCHS

AnHoOHTanms: B craThe npeacTaBiIeHbl pe3ylbTaThl OPUTHHAIBHOTO HCCIICAOBAHUS 110 aHAIN3Y BIIHSHUSA Mapa-
METPOB HapyXKHOU CTEHBI 37aHusl, Bo3BoguMoro B 3D TexHonoruu, Ha TeIwlo3alluTHele KayecTBa. [locTpoeHa
3aBHCUMOCTh Kod(dduimenta teruronepenaun cteHsl U (byHkuus Y) 0T craeayromux (GakTOpOB: TOJIIWHBI
BHYTPEHHHUX CTEHOK HECYIIEeH 4acTh cedeHUs CTeHHI d (akTop X)), KOJIMYECTBa ITyCTOT B CEYCHUU CTEHBI B TI0-
nepevyHoM HampasieHuu m (paktop X;), KOIUIECTBA MyCTOT B CEUSHUHU CTEHBI HA | MIT B TIPOJOJIHHOM HaIpaB-
nernn n (paxTop Xz), KoadduimeHTa TETUIONPOBOTHOCTH MaTepraia Hecylei Jactu ceueHus cteHsl U, (pak-
TOp X;) ¥ KO3PPUITHEHTA TETUTOTIPOBOTHOCTH H30JIAIIMOHHOTO MaTepuana B mycrorax U, (pakTop X5) mpu mo-
CTOSIHHOM IUIOIIAJM CEYSHUs] HECYIEei YyacTH CTeHbI, IPUHUMAEMOH N0 YCIIOBHIO obecnieyeHust npoynoct. Co-
BOKYIHOCTh JTAaHHBIX JUIsI aHAJIM3a MOJy4YeHa MyTeM peaju3allii BBIYMCIUTENILHOTO JKCIEPUMEHTA. AHAIU3 U
ONTUMU3ALMS TapaMETPOB BBHIIOIHEHbl HA OCHOBE JETEPMHHUCTHUUYECKUX MAaTEMAaTUYECKUX MOJeNel, ONUChIBa-
IOLIMX MPEICTaBICHHYIO 3aBUCUMOCTD ISl JIBYX BapUaHTOB KOH(QUrypanuy cedeHus. MHpopmarus MoxXeT ObITh
HOJIe3Ha ISl HAYYHBIX PaOOTHUKOB, NMPOEKTUPOBIIMKOB M TEXHOJOIOB, 3aHUMAIOLINXCS PAa3BUTHEM PELICHUH
3/1aHU{ B OTHOCUTENLHO HOBOM 3D TexHosoruu.

KaroueBble ciioBa: 31anust B 3D TeXHOJIOTHH, HAPY)KHASI CTEHA, TEIUIOTEXHUYECKHIE KauecTBa,
KO3 GUITUEHT TerIonepenadu, KodhOUIMEHT TeTIONMPOBOIHOCTH,
JICTEPMUHUACTUYECKAs] MaTeMaTHIeCKasi MO/ICIIb



The Analysis of Thermal Properties of a Wall Fragment Made with 3D Construction Technology

INTRODUCTION

A fundamentally new approach to the design of
buildings is becoming more and more popular
across the globe. It is based on the creation of an
information (computer) model of a building that
has a numerical description and organized in-
formation about the object, which is used not
only at the stage of its design and construction,
but throughout the entire life cycle of the build-
ing. This approach is called Building Informa-
tional Modeling or BIM for short. At present,
digital models of buildings are being integrated
with the construction industry, where 3D printers
are used in the construction of buildings, which
apply the concrete mixture layer by layer accord-
ing to the programmed contour of the building
structure, thereby making building structures of
the building or “printing” the building.

The trend for digitalization refers to the con-
struction industry in the Russian Federation,
which has been moving towards the develop-
ment and implementation of an information
modeling approach for buildings since the be-
ginning of the century [1-3]. Currently, digital
models of buildings are being integrated in the
construction industry, where 3D printers are
used in the construction of buildings, which
apply concrete mixture layer by layer, reproduc-
ing the process of “printing” the building in
reality [4-6].

Information on the materials used for 3D print-
ing of buildings is extremely limited. However,
it is known that the developers of the Chinese
company WinSun [7, 8] use a cement-sand mix-
ture with waste from demolition of buildings,
fiberglass and special additives in their technol-
ogies. When using products of processing build-
ing materials and micro-reinforcing, the density
of the resulting mixture was from 2000 to 2200
kg/m’, the flexural strength of the concrete mix-
ture was 8.2 MPa, and the compressive strength
was 34.5 MPa. The width of the printed layer
ranged from 30-60 mm [7,8].

One of the Russian companies, SPETSAVIA,
[9] offers high-strength cement mix, fiberglass
concrete, M300 sand concrete, kaolin mixture as
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a material for 3D printing. The density of the
material is 2200-2350 kg/m’, the compressive
strength is from 30 MPa. The layer width is 20-
50 mm, the thickness is 5-10mm.

The company “Loughborough University” in
the UK, when creating 3D printer designs, uses
high strength cement concrete (with compres-
sive strength of 100-110 MPa, the density of
which varies between 2250-2350 kg/m’. The
width of the printed layer is 25 mm, the thick-
ness is 25 mm [10].

As it is known, the outer walls of heated build-
ings must have the required heat-shielding quali-
ties. The analysis of fragments of the horizontal
section of walls erected in 3D technology in sev-
eral firms [11-13] showed that this problem re-
mains unsolved. The thickness of the outer walls
i1s most often taken equal to 300mm. The walls
have a hollow structure. The placement of voids
forms a far from optimal configuration from the
point of view of thermal protection. The wall
thicknesses of the bearing part of the section
vary within 30-50 mm for external walls, and
15-30 mm for internal walls. As an example,
discussed further in the authors’ study, we pre-
sent a fragment of a section of the wall of the
company Contour Crafting (Figure 1) [14]. Us-
ing the AutoCAD software package, the authors
calculated the area of the bearing part, which
amounted to 0.186 m?, for a fragment of this
section 0,3x1 m” in size. The proportion of the
bearing part in the total section area was 62.0%.
It is known [15] that the heat transfer resistance
of a hollow product is significantly affected by
the heat flux path length in the partitions be-
tween voids from the base material. Analyzing
the Contour Crafting wall [14], one can notice
that the path length of the heat flux in the parti-
tions was not analyzed. It is not the best from
this point of view, although the partitions of the
sinusoidal voids somewhat extend the heat flow
path. In this study, the authors of the article con-
sidered it appropriate to return to the orthogonal
pattern of the placement of voids, in particular,
with the placement of longitudinal voids in the
wall and the displacement of their centers in
adjacent rows by half the length (Figure 2).
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Figure 1. Contour Crafting Wall [14].

The authors assumed that by operating the num-
ber of voids in the section, as well as the thick-
ness of the partitions between them, it is possi-
ble to provide a large number of options for the
configuration of voids, which will allow in-
stalling a variant of a fragment of the wall with
improved thermal properties.

The use of a large number of closed non-vented
voids in the wall section is always complicated
by the unequal conditions of their work, which
affect the stability of their heat-shielding prop-
erties. The point is that with an increase in the
thickness of voids inside them, the convective
heat transfer increases, which does not increase,
and sometimes reduces, the heat-shielding prop-
erties of voids [15, 16]. If cracks or damage
occur in the wall sheath and the voids become
ventilated, their heat-shielding properties are
sharply reduced. On the other hand, the location
of voids in the wall (in its outer or inner part)
forms uneven temperatures on their surfaces,
which affects the intensity of radiation heat
transfer [15,16]. In the authors’ opinion, in or-
der to increase the thermal engineering reliabil-
ity of walls with voids constructed in 3D tech-
nology, it is necessary fill the voids with various
modern effective heat-insulating materials,
which will not greatly complicate the technolog-
ical part of the construction process [17-19].

The purpose of this study is to analyze the influ-
ence of the selected parameters of the external
wall of the building, constructed in 3D technol-
ogy, namely: the thickness of the external walls
of the external wall d; (factor X;), the thickness
of the longitudinal partitions between the voids
d> (factor X>), the number of voids in the cross
section of the wall in the transverse direction m

(factor Xj3), the number of voids in the wall sec-
tion per 1 rm in the longitudinal direction » (fac-
tor X,), the thermal conductivity coefficient of
the heat-insulating material in the voids A; (fac-
tor Xs) by the heat penetration coefficient of the
wall fragment / (function Y) under the condi-
tion of constant cross-sectional area of the sup-
porting walls, under the condition of ensuring
the strength. The analysis is based on the deter-
ministic mathematical model developed by the
authors, which describes the studied dependence
for the selected void formation scheme in the
wall section. Using the model, the optimization
procedure of parameters was carried out.

1. DESCRIPTION OF THE WALL
FRAGMENTS UNDER STUDY

A fragment of the outer wall of a building con-
structed in 3D technology with a length /,=1.00
m and a thickness d,=0.30 m was selected as
the object under study. The fragment variants
differed in configuration and in the geometric
parameters of voids in the section. First of all, a
diagram of the configuration of voids in the wall
was selected. Considering the data [15] on the
influence of the heat flux path length in the par-
titions on the heat transfer resistance of a hollow
product, in this study we adopted a scheme with
orthogonal placement of longitudinal voids and
a shift of their centers in adjacent rows by half
their length (Figure 2). In order to increase the
thermotechnical reliability of the wall in the
fragments under study, it was also decided to
fill the air voids with effective
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Figure 2. Options of a wall fragment in 3D technology with various configurations of voids

in sections: a-general scheme; b-

option #5; option #8; option # 23

(numbering according to the plan in Table 1).

heat-insulating materials with a wide range of
changes in the coefficient of thermal conductivi-
ty of the material of the liners.

The initial condition for all considered configu-
ration options is the constancy of the cross-
sectional area of the load-bearing part of the
wall for each of the variants of void formation,
adopted by the condition of ensuring strength
and comprising 62% of the total cross-sectional
area of the wall fragment, as recommended in
[14]. This condition put forward the task of cut-
ting voids in the wall with equally balanced
configuration options, i.e. options with different
configuration of voids, but with the same cross-
sectional areas of the bearing part, comprising
0.30x0.62=0.186 m>. For cutting voids, the au-
thors’ program implemented in Exel was used.

Volume 15, Issue 4, 2019

2. METHOD OF CALCULATING HEAT
PENETRATION COEFFICIENT 4
OF THE WALL FRAGMENTS
WITH HETEROGENEOUS
INCLUSIONS

Heat penetration coefficient of wall fragments /A,
W/(m” °C) was calculated using the formula for
the amount of heat Q, transferred by the wall [16]:

O=A(ty - 1) Fz, (D
where: 7j, is temperature of the inner surface of

the wall, OC; Tout 1S temperature of the out-
er
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1. Entering independent variables d;, d>, m , n, 4

2. Entering stabilized variables d, , /y . fout , fin , Qout , Qin, 42

3. Calculating geometric parameters of the configuration of voids Syy, Sus, ds, 1, b

4. Calculating temperatures and heat flux in the fragment under study 7, Tou, ¢

5. Calculating thermal permeability coefficient of a wall fragment 4

Figure 3. Block diagram of the calculation of the heat penetration coefficient of the wall
fragment A with heterogeneous inclusions.

surface of the wall, OC; F is the area of the
wall, m%; z is heat transfer duration, s.

If we assume F =1 m®> and z =1 s, then we ob-
tain the formula for the heat flux ¢, that simpli-
fies fining of the value 4:

A=q/(Tin— Tour) (2)

Previously, with the help of the authors’ pro-
gram, in Exel we generated possible and valid
options for cutting voids for wall fragments.
Then, geometric calculation models of wall
fragments, reduced to 1 rm, were imported from
Autodesk AutoCAD 2016 in the R12/LT2 DXF
file extension.

Further, for each variant of wall fragments, us-
ing the FElcut software package, two-
dimensional temperature fields were calculated.
The calculations were performed for the climat-
ic conditions of the city of Tambov. The bound-
ary conditions were taken as follows: outdoor
temperature t,,, = —28°C; heat transfer coeffi-
cient of the outer surface of the wall aou=23
W/(m? °C); indoor temperature t;;, = 20°C; heat
transfer coefficient of the inner surface ain=S8.7
W/(m? °C); for end parts of the structure heat
flux g=0 W/m?. The results of the calculations
were the temperatures on the inner z;, and outer
Tout SUrfaces of the wall, as well as the heat flux
g along the inner surface of the wall. These val-
ues served as data for calculating the heat pene-
tration coefficient of wall fragments /4. Figure 3
presents a simplified block diagram of the com-
plete calculation of the heat penetration coeffi-
cient.

3. MATHEMATICAL MODEL OF HEAT
PENETRATION COEFFICIENT OF
WALL FRAGMENTS WITH
HETEROGENEOUS INCLUSIONS

to achieve the stated goal a scientific method of
mathematical modeling was used, which allows
using mathematical dependencies to describe
the functioning of the object under study, de-
termine the output parameters, and search for
the optimal values of the object parameters. Us-
ing mathematical modeling makes it possible to
avoid physical modeling, reduce the process of
pilot testing and reduce the complexity of the
study. The main component in this formulation
1s the mathematical model [20].

To ensure the practical usefulness of the model
and its effectiveness, it is recommended to de-
velop short models that use the most important
factors that describe the properties being studied
and provide information that consumers are
interested in. Factors in the models must be con-
trollable, compatible, unique, mutually inde-
pendent and directly affect the properties stud-
ied [20].

In accordance with the purpose of the study, the
heat penetration coefficient 4 of a wall frag-
ment, [W/(m°K)] is adopted as a function of the
target ¥, which was studied depending on five
factors: the thickness of the outer walls of the
outer wall d;, [m] (factor X}), thickness of longi-
tudinal partitions between voids d», [m] (factor
X>), the number of voids in the cross section of
the wall in the transverse direction m, [pcs] (fac-
tor X3), the number of voids in the wall section
per 1 rm in the longitudinal direction n, [pcs]
(factor Xi), coefficient of thermal conductivity
of thermal insulation material in voids 4;, [W/(m
K)] (factor Xs5) with a constant cross-sectional
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area of the supporting part of the wall, under the
condition of ensuring strength in the amount of
62% of the total area of the fragment.

It was assumed that the desired dependence Y=f
(X1,X5,X3,X4,X5) can be described by an algebra-
ic polynomial of the second degree. In order to
obtain data to describe this dependence, a five-
factor computational experiment was performed
according to a second-order plan (Table 1). A
composite symmetric three-level plan, including
26 experiments, was used [21]. To calculate the
values of Y; in 26 lines of the plan, the Elcut
software package was used.

When choosing ranges of factors, the data on
structural solutions of the external walls of
buildings erected in 3D technology, taken from
several foreign and domestic companies, which
are presented by the authors in the overview
part of the article, were taken into account. So
for factor X; (thickness of the outer walls of the
outer wall d;), the following levels were accept-
ed: 0.030 (-1) - 0.040 (0) - 0.050 (+1) m.

Factor X, (the thickness of the longitudinal par-
titions between the voids d;) was adopted at the
levels: 0.015 (-1) - 0.020 (0) - 0.025 (+1) m.
The thickness of the transverse partitions be-
tween the voids d;, exactly like the sizes of
voids /;, />, were not were controlled, because
otherwise it was impossible to fulfill the condi-
tion of constant cross-sectional area of the bear-
ing part of the wall, adopted under the condition
of ensuring strength. However, the minimum
value of d; for the corresponding options for
technological reasons was taken as not less than
the thickness d> at the lower level, i.e. equal to
0.015 m. The maximum thickness d; was de-
termined by the results of cutting the section
into voids. The values of d3, /;, [, were required
to calculate the heat penetration coefficient 4 of
the wall fragment and they are given in Table 1.

Factor X3 (the number of voids in the cross sec-
tion of the wall in the transverse direction m)
ranged between: 2(-1) - 3(0) - 4(+1). Factor X,
(the number of voids in the wall section per 1
rm in the longitudinal direction ») considered in
the range of variation: 3 (-1) - 5(0) - 7(+1). It
was taken into account that factors X3 and Xj
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were integer and cannot take fractional values.
The last factor X5 (thermal conductivity coeffi-
cient of the insulating material in voids A;) was
considered in a wide range of changes: 0.028(-
1) = 0.070 (0) — 0.112(+1) W/(m’K).

The integer values of the listed above factors
X1,X5,X3,X4, X and the corresponding coded val-
ues in brackets X, X5, X3 X, X5 are presented in
Tablel. Transition from natural values X; to
coded values X; was carried out according to the
formula [22]:

)(1:[2)(1 - ()(imax—i_)(imin)]/()(imax‘ )(imin) (3)
where: X, Ximax, Ximin are current, maximum and
minimum natural values of the i-factor, respec-
tively.

Accepted levels of selected factors allowed for
the wall section under consideration to generate
3x3x3x3=81 configuration option for voids sub-
ject to the initial conditions. The remaining in-
put parameters are taken at a constant level. The
wall thickness is taken equal d,=0.300 m; the
estimated length of the wall section /,=1.000 m.
Given the fact that firms most often use dense
(2200 kg/m®) and strong concrete for the bear-
ing part of the wall section, the thermal conduc-
tivity coefficient of the material of the bearing
section is assumed to be constant and equal to 4,
=1.650 W/(m K).

Based on the calculation results (Table 1) using
the least squares method [22], a dependency
model Y=f(X;,X,,X3X,Xs) is constructed in the
form of a second-order regression equation:

Y=1.815-0.198X;-0.027X;- 0.433X; +
0.336X,+ 0.199X5 - 0.018X,X> + 0.004X.X; -
0.033X.X,+ 0.005X.Xs - 0.044X5X; - 0.032X>X,
- 0.042X5X;5 - 0.037X3X,+ 0.029X3.Xs -
0.064X.Xs - 0.007X/° - 0.015X°+ 0.060X;°-

0.088X,” - 0.008X5". 4)

When assessing the adequacy of the model, it
was taken into account that deterministic mod-
els are characterized by a one-to-one corre-
spondence between external influence and reac-
tion to this effect. In this regard, only one calcu-
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lation is performed at each point in the plan. For
testing, Fisher’s criterion F was used, which
showed how many times the scattering de-
creased with respect to the obtained regression
equation compared with the scattering with re-
spect to the mean [20,22]:

_SIU)
SH)

oo . . .
where: §7y 1s variance of the mean; Szrls residu-
al variance;

f1. f> are degrees of a system;

£ =(N-1)=26-1=25; f,=( N-N»)=26-21=5.

N is the number of experiments in a plan;

N, is the number of coefficients in the regres-
sion equation.

The regression equation describes the experi-
mental results adequately if the value F exceeds
the tabular F; at a significance level of p and
degrees of freedom f; and f>. As calculations
showed, F=0.2834/0.0020=141.9716; tabular
value Ft=Fgs. 25. s =2,60 [22]. Therefore, the
value F is many times higher than F,, which
confirms the adequacy of the model and its suit-
ability for further analysis. The determination
coefficient R’=0.9986 also confirms the high
efficiency of the model.

4. ANALYSIS OF RESEARCH RESULTS
BASED ON MATHEMATICAL MODEL

The influence of the studied factors on the heat
penetration coefficient 4 of a wall fragment was
analyzed on a mathematical model (4). For con-
venience and a better understanding, a discussion
of the results was carried out using the natural
values of the variables. Of greatest interest were
the parameters of the wall fragment, which pro-
vided the smallest value of the thermal penetra-
tion coefficient 4. From this point of view, the
factors comprised two groups that gave beneficial
effects if the coefficient 4 decreased with their

Valery A. Ezersky, Pavel V. Monastyrev , Ivan A. Ivanov

increase and useless (negative) effects if the coef-
ficient A increased with their increase.

Analyzing the constructed model, it was revealed
that in the center G, of the factor space, which is
characterized by coordinates ,=0.040 m;
d,=0.020 m; m =3; n=5; 1,=0.070 W/(m K), the
coefficient 4 is 1.815 W/(m’K). Using the Gp
point as a reference point, the influence of indi-
vidual factors was estimated. It turned out that,
taking into account the selected intervals of varia-
tion, the factor m (X3) has the most powerful and
useful effect on 4. When the value m changed
from 2 to 4 voids in the transverse direction (the
other factors in the analysis are characterized by
coordinates for the Gp point), the value 4 de-
creased from 2.308 to 1.442 W/(m’K), i.e. there
was a decrease of 37.6%. Moreover, due to the
small quadratic effect of this factor, an increase in
the number of voids m from 2 to 3 reduced A by
21.4%, but when m increased from 3 to 4, the
value A decreased by 16.2%. The uneven nature
of the change in A is due to the fact that with an
increase in the number of voids in the wall sec-
tion at a constant thickness, the thickness of voids
filled with a heat insulator decreased, and thus
their thermal resistance decreased.

Factor d; (X;) had a weaker beneficial effect
when the thickness of the outer walls of the out-
er wall changed from 0.030 to 0.050 m, A de-
creased from 2.006 to 1.610 W/(m’K), i.e. by
19.7%, with a slight quadratic effect. The weak-
est beneficial effect was achieved by factor d,
(X>) - with a change in the thickness of the lon-
gitudinal partitions between voids from 0.015 to
0.025 m, a decrease in 4 from 1.827 to 1.773
W/(m’K) was observed, i.e. by 3.0%.

Other factors had a negative effect - with their
increase, 4 increased. So, when n (X;) changed
from 3 to 7 voids in the longitudinal direction, A
grew from 1.391 to 2.063 W/(m’K), i.e. increas-
es by 48.3%. Due to the significant quadratic
effect, this growth was uneven: when n varied
from 3 to 5 voids, 4 increased by 30.5%, and
when 7 changed from 5 to 7 voids, 4 increased
by 17.8%. This influence of factor » was due to
the fact that with the increase in its value, the
number of thermal bridges in the form
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Table 1. Plan of a com

putational experiment for five factors if N = 26 experiments.

Nr ()d(f) @? @) | A9 ()fj) W /(frizK) 1L/ d;
! 0050 | oois | 3 3 o 2198 | 0.1130.169 | 0.164
2 0050 | oots | 3 3 0058 1344 | 00930205 | 0.128
3 0050 | oms | 3 3 0008 1868 | 0.1080.177 | 0.157
4 0050 | ooss | 3 3 ol 1880 | 00880217 | 0.116
> 0050 | oots | 2 3 0.0 0893 | 0.0490.195 | 0.139
6 000 | oois | 3 o 1272 | 0.039/0.245 | 0.088
7 0050 | oos | 4 3 o 1417 | 00410230 | 0.103
8 0050 | 0025 | 4 3 0058 0562 | 00310304 | 0.029
o 0050 | oois | > o 0.0 2644 | 01130072 | 0071
10 000 | oois | 3 4 o 2506 | 0.093/0.088 | 0.055
1 0050 | 005 | 3 o ol 2.848 | 0.1080.076 | 0.067
12 0050 | 0,005 B 4 0.0 2217 | 0.088/0.093 | 0.050
13 0050 | oois | o ol 2133 | 0.049/0.084 | 0.059
14 0050 | oois | o 0.0 1307 | 0.039/0.105 | 0.038
15 0050 | oos | 4 0.0 1642 | 0.0410.099 | 0.044
16 0050 | oos | o ol 1397 | 00310130 | 0013
17 0050 | 0020 ] ; 0070 2015 | 00670.114 | 0086
18 0050 | 0020 ] ; 0.070 1602 | 0.0530.143 | 0.058
19 om0 | oois ] : 0.070 1808 | 0.0630.120 | 0.080
20 0040 | 0025 ] : 0070 1792 | 0.0570.134 | 0.066
! o.(())40 o.(())zo 21 2 0_870 2.331 0.100/0.114 0.086
22 oo | 000 | 4 : 0.0 1419 | 0.0400.143 | 0.058
23 oom0 | 0020 ] 3 000 1332 | 00600211 | 0122

240 0010 | 0.02 ] o 0.0 2122 | 00600091 | 0052
2 00u0 | 0020 : : 0.0 1.604 | 0.060/0.0127 | 0.073
26 oom0 | 0020 ] ; oo 2011 | 0.0600.127 | 0.073
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Figure 4. Correlation of heat penetration coefficient A, W/(m’K) (Y) of the wall fragment and the
thickness of the outer walls d;, m (X;) and thicknesses of longitudinal partitions between voids d,
m (X;) if: the number of voids in the cross section of the wall in the transverse direction m=3 pcs.

(X3), the number of voids in the wall section per 1 rm in the longitudinal direction n=35 pcs. (Xy),

thermal conductivity coefficient of thermal insulation material in voids 1;=0.070 [W/(m K)] ( X5)

and a constant proportion of the cross-sectional area of the bearing part of the wall 62% of the
total area of the fragment.

of partitions between the ends of the voids in-
creased and the path length of the heat flux de-
creased.

A weaker negative effect was revealed by factor
A1(X5). When the thermal conductivity coeffi-
cient A; of the heat-insulating material in the
voids changed from 0.028 to 0.112 W/(m K),
the value A increased from 1.608 to 2.006
W/(m’K), i.e. increased by 24.8% with a small
quadratic effect.

The nature of the influence of factors is also
shown in Figure 4 for correlation Y=f(X;,X>)
and Figure 5 for correlation Y=f(X>,X5).

Based on model (4), the optimization procedure
was performed and the extreme values of the
heat penetration coefficient 4 of the wall frag-
ment were determined, and the optimal values of
the studied factors providing extrema were es-
tablished. It turned out that the maximum value
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of the heat penetration coefficient 4 equal to
2.938 W/(m’K), is achieved at ¢;=0.030 m;
d»>=0.015 m; m =2; n=7; 4,=0,112 W/(mK). On
the contrary, the minimum value of 4 we are
interested in, equal to 0.552 W/(m?’K), is provid-
ed at d; = 0.050 m; d> = 0.025 m; m=4; n=3;
41=0.028 W/(m K). These parameters should be
considered optimal and recommended for solv-
ing the wall in 3D technology, since they pro-
vide the highest level of thermal protection. The
range of values of the heat penetration coeffi-
cient 4 with varying factors was 2.938-0.552 =
2.386 W/(m’K), which was 432.3% with respect
to the minimum value of the heat penetration
coefficient.

Thus, as a result of the study, it was revealed that
for a constant area of the bearing part of the wall
section constructed in 3D technology, by changing
the configuration parameters of voids, namely,
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Figure 5. Correlation of heat penetration coefficient A, W/(m’K) (Y) of the wall fragment and the
thickness of the longitudinal partitions between voids d,, m (X;) and coefficient of thermal conduc-
tivity of thermal insulation material in voids A;, [W/(m K)] ( X5) if: the thickness of the outer walls

d;=0.040 m (X;), the number of voids in the cross section of the wall in the transverse direction
m=3 pcs. (X3), the number of voids in the wall section per I rm in the transverse direction n=>5 pcs.

(X4) a constant proportion of the cross-sectional area of the bearing part of the wall 62% of the
total area of the fragment.

the number of voids in the transverse and longi-
tudinal directions and the thickness of the parti-
tions, as well as the corresponding choice of ma-
terial for thermal liners in voids, it is possible to
significantly reduce the value of the penetra-
tion coefficient A of the wall. This indicates the
potential of the proposed method for improving
the heat-shielding qualities of walls with voids
constructed in 3D technology.

CONCLUSIONS

1. The proposed deterministic mathematical
model made it possible to assess the nature
and degree of influence of the selected pa-
rameters of the wall constructed in 3D tech-
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nology on the heat penetration coefficient A
of the wall fragment.

. The heat penetration coefficient /4 of the wall

fragment decreases with an increase in the
number of voids m in the transverse direction
of the wall section, the thickness d; of the
outer walls and the thickness d, of the longi-
tudinal partitions between the voids, as well
as with a decrease in the number of voids » in
the longitudinal direction and the thermal
conductivity coefficient 4; of the thermal in-
sulation material in voids.

. The minimum value of the heat penetration

coefficient 4 of the studied wall fragment is
0.552 W/(m’K) and is achieved at d;=0.050
m; d,=0.025 m; m=4; n=3; 4,=0.028 W/(m
K). These parameters provide the highest lev-
el of thermal protection and are optimal for
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solving the problem of constructing the wall
in 3D technology.
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MULTI-AGENT SIMULATION FOR SELF-HEALING
MECHANISMS OF DAMAGED GEOTECHNICAL STRUCTURES

Darya Filatova
Belarusian State University of Informatics and Radioelectronics, Minsk, BELARUS

Abstract: The paper is devoted to the task of multi-agent modeling of self-healing mechanisms for the damaged
surface of an abstract geotechnical structure using biotechnology. We consider two-component self-healing
mechanism. The first one is presented as a dynamic stochastic model of the aggregated behavior of agents. The
second one is described by the "game-of-life" principle. The principals of numerical modeling of both mecha-
nisms are discussed and illustrated by different scenarios.

Keywords: multi-agent simulation, Gaussian process, self-healing mechanism, geotechnical structures,
biotechnology

MHOI'OATEHTHOE MOAEJINPOBAHUE MEXAHNU3MOB
CAMOBOCCTAHOBJIEHUSA IMTOBPEXIEHHbBIX
I'EOTEXHUYECKHUX CPE/{

apva @unamosa
Benopycckuii rocy1apCcTBEHHBIH YHUBEPCUTET HHPOPMATHKA M pagno3JIeKTpoHuKy, T. MuHck, BEJIAPYChH

AnHotanusi: Pabora mocBeleHa 3ajjaue MHOTOAar€HTHOTO MOJAEIMPOBAHUS MEXaHHU3MOB CaMOBOCCTaHOBIICHUS
MOBPEXXJICHHOM MOBEPXHOCTH HEKOTOPOI aOCTPAKTHOM Ie0TeXHUYECKOIl Cpeibl ¢ HCIOIb30BaHUEM arjioMepa-
nuK Oaktepun. B kauecTBe MexaHHM3Ma MPEUIOKEHO HMCIIOJIB30BaAHUE JTUHAMUUYECKON CTOXaCTHYECKOH MOJEINH
arperupoBaHHOIO MOBEJCHHS areHTOB U MOJEIIU [IEPEAAaYu CUTHAJIA 110 IPUHLUILY UTPBI «okU3HbY. IIpencrasie-
HBl QJITOPUTMBI YUCICHHOTO MOJEIMPOBaHMS pa3pabOTaHHBIX MEXaHU3MOB, a TaK )K€ Pe3yJbTaThl UX PabOTHI
JUIsl pa3HbIX CLICHUPUEB.

KiroueBble ci0Ba: MHOrOar¢HTHOE MOJECIUPOBAHUE, FaYCCOBCKI/Iﬁ ponecc, MEXaHn3M CaMOBOCCTaHOBJICHUS,
TCOTEXHUYIECKHUE CTPYKTYPHI, OHMOTEXHOJIOTHS

1. INTRODUCTION

It is well-known, that concrete, being the most
world common building materials, as all com-
posite materials, despite its strength, collapses
over time. Therefore, the proper engineering
and maintenance as well as enhance the durabil-
ity and serviceability of technical structures be-
come crucial conditions. Under external envi-
ronmental uncertainty, constructions' reliability
still is one of the most important factors during
all stages of project development. Lately, the
conception of self-healing materials in construc-
tion attracts special attention. Named Materials
for Life (M4L) and inspired by self-regeneration
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properties and sustainable development of bio-
logical organisms and systems these last find
applications in buildings foundations, selected
types of cement, grouts and concrete, asphalt
and many other geo-environmental and ge-
otechnical structures [1].

Motivated by reliability from one side and by
substantial savings maintenance costs of geo-
structures, the first significant achievements
were made in the development of composite
materials by adding stabilizing bio-chemical
agents to concrete or asphalt. In simple way the
self-healing mechanism can be explained as fol-
lows [2].

To improve the autogenous healing property of
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concrete, some encapsulated healing agents
(usually bacteria) are added to the composite
[1-3]. Crack formation and interaction with the
external environment instigate metabolic activi-
ties of agents and, in consequence, the produc-
tion of limestone clogging the cracks. The fea-
sibility of this solution was checked in different
ways: the influence of capsules’ size, the influ-
ence of nutrition, dosage etc. [3]. Despite the
progress made in this field, there are many non-
solved problems concerning self-healing mech-
anisms of named composites. One of them re-
lates to the complex environmental behavior of
living organisms’ agglomerates and has to be
also taken into account by biotechnology.

Biotechnology aims to use biological systems to
make or modify products or processes for spe-
cific purposes of medicine, food production,
agriculture, or mentioned engineering problems.
Taking into account the complexity of biotech-
nological processes related to bioengineering,
biomedical and molecular engineering, or bi-
omanufacturing, one can expect that integrated
multiple biological experiments, as a method of
new technology development, are expensive and
difficult to conduct. Hence, mathematical mod-
eling and computer simulation via a well-
defined set of assumptions can be performed to
conduct desired experiments and, in a conse-
quence, to test alternative hypotheses, theories,
technologies, production and exploitation meth-
ods, etc. The quality of the modeling and the
simulation depends on the model selection. This
last one can be achieved by different approach-
es. Analyzing the tendencies of the selection of
the mathematic models for the tasks of image
and sequences recognition, in signal processing,
in biomass dynamic prediction or epidemic
spread (where signals contain white, rose or
black noises or mixed noises) one can note that
due to various heterogeneities the stochastic
models give “better” and “richer” results than
deterministic ones. It becomes particularly evi-
dent when the contact network is analyzed.
Contact processes are assumed to be Poisson,
Marcovian or non-Marcovian (see [6], [7] — pair
approximation model, [8] — [10] — message
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passing model, or [11] — edge based model).
However, to study the propagation mechanisms
and dynamics of considered phenomenon, the
models have also to reflect complex correlation
structures (self-similarity, short-range or long-
range dependences, stationarity or non-
stationarity) [12]. Thus, due to the complexity
of mathematical backgrounds the practical us-
age of these models is still limited [13].

The goal of this work is the development of a
model of self-healing mechanism such that it
could serve for the expansion of biotechnology.
Since, in general, the technology is based on the
metabolic activity of biomass, we will focus our
attention on the description of its activity with
respect to the single elements as independent
agents.

The rest of this paper is organized in the follow-
ing manner. In Section 2, we propose two mod-
els that reflect an individual and aggregated be-
havior of the agents. For both models, the simu-
lation algorithms are discussed in Section 3. The
special attention is focused on the advantages of
the mixed fractional Brownian motion applica-
tion for the transition mechanism. Section 4
contains some illustrations and recommenda-
tions on the methodology application and its
further development.

2. THE MODELS OF HEALING
MECHANISM

By the self-healing mechanism, we mean the
transition of a bacterium from a state of hiberna-
tion (for example, interaction with the environ-
ment arising from damage) to a state of meta-
bolic activity in which the bacterium produces a
substance that allows filling the crack'. The
mechanism stops working at the moment of ex-
haustion of nutrients, as a result of which the
bacterium goes into a state of hibernation. Bac-

'The ideas of this methodology were discussed by the au-
thor of this paper in the presentation “Mixed fractional
Brownian motion: some perspectives of mathematical
modeling for biotechnology” on NANOMED/11th
ITMED 2018, Manchester, UK, 26-28 June 2018.
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teria transmit signals to each other determining
the behavior. We introduce a model of this
mechanism, considering two problems, namely:
the transition from state to state (dynamic mod-
el) for aggregated behavior and the principle of
transmitting alerts about environmental changes
of one bacterium (message-passing model).

2.1. The aggregated behavior model
Let N={1,2,...,n} denote a universe of encap-

sulated bacteria (we will call them agents) be-

longing to the same population. For the simplic-

ity, we suppose that vital dynamics of the popu-

lation is negligible and that with respect to a

certain environmental conditions each agent can

stay in one of three states, namely [14]:

e dormancy (the state of those who have the
potential and feed for the physiological ac-
tivity, but not activated yet);

e metabolic activity (the state of those who
have been activated by exogenous factors);

e hibernation (the state of those who have
been isolated due to lack of the feed or those
who have used all the feed and as a conse-
quence were forced to stop the physiological
activity).

This subdivision gives three classes of agents

according to their activity status. At some mo-

ment of time ¢, te[t,4], S, I(¢), and

R(t) represent the cardinalities of dormant, ac-

tive, and hibernated classes correspondingly.
The total population is

vt S@)+1(t)+R(t)=n,
where S(#)>0, I(t)>0, R(¢)=0.

It is proved that bacteria actively exchange
some kinds of chemical signals, coordinating
their co-existence. The limited volume of nutri-
tion does not allow on the unlimited growth of
the encapsulated population. Moreover, when a
lack of nutrition occurs, the agent secretes an
appropriate substance, which allows the neigh-
borhood to prepare for the transition to hunger
and quickly adjust their metabolic processes.

Darya Filatova

Following to the ideas of [13], we allow all pos-
sible transitions between the states as it shown
in Fig.1. Since at any time moment ¢ for each
agent, there exist the possibilities of the meta-
bolic changing, there also exist the switching in-
tensities, which depend on individual physiolog-
ical parameters and on other exogenous factors
concerning the population.

P11 P33

P13
Figure 1. Three-state propagation mechanism
(S —dormancy, 1 — metabolic activity,
R — hibernation, Py, ikeil,2,3}

— the transition intensities).

Moreover, the passage of an agent from state to
state occurs on the one hand due to contacts
among individuals, on the other due to time-
varying exogenous and endogenous factors
which cannot be discovered or measured. There-
fore, it is possible to assume that these intensi-
ties are randomly time-varying, we denote them

as pu@) (P20, ¥  0<Xpy<l,
J,ke{l,2,3} , telty,t]). Choosing values of
the intensities one can get different classical de-
terministic compartmental models. That is to
say if  p3 = p3y; = py; = p3y; =0, then one get a
well-known in  biology "SI"-model, if
Pi3 = P21 = P =0, then it becomes a "SIRS"-
model, and etc. (see e.g. [15]).

Without loss of generality, we limit our consid-
erations and put p,; = p;, =0. Moreover, we
allow the time-varying stochastic state-to-state
transition. Taking into account all the aforesaid,
the dynamical model of the spread of the chem-
ical signals, corresponding to the tree-state
propagation mechanism (see Fig.2), takes a
form of the following system:
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+X4 (1)S (1),

where x,(t), X,(t), X3(t) ,and x,(t) arethe
transition rates between states such that x;

stands for the transition from the state “S” to
the state “1”, x, — from“1”t0 “R”, X; —
from“R”t0o“S”, and x, —from“S”to“R”;
S(ty)=sy » I(ty)=iy , and R(ty)=r,. The
equilibrium of the system (1) means the loose of
the self-healing ability of the structure.

Let us comment the parameters of (1). Firstly,
these parameters should be smooth enough in
order to fulfill the conditions for the existence
and unigueness of the solution.

Secondly, if the time-varying parameters are de-
terministic, the model (1) displays “mean” be-
havior. Unlikely, all microorganisms will have
the same reactions and, therefore, the same abil-
ity to transmit and/or to receive. To reflect the
stochastic nature of phenomenon, the transitions
rates should be driven by some continuous sto-
chastic processes. Taking into account the ideas
of [16] for all i one can put the parameters as

1

~a,(m-1)8 (1)), @

JORES

where % (1) =X, is the initial value, a and
m; are calibration parameters, B, (t) is some
continuous stochastic process, defined as in
[17] such that B;(t;)=bi, (i=1...,4). It seems

natural to substitute the parameters (2) into (1)
and to get the dynamics of (1), however, the
theoretical properties and global behavior of this

Volume 15, Issue 4, 2019

model are hardly possible to study. The alterna-
tive usage of (2) is the application of multi-
agent modeling, i.e. the transition rates are
unique for each agent, the evolution of these
rates follows (2), the “global” behavior of (1) is
estimated with respect to the cardinal numbers
of each class.

as(t
Figure 2. Dynamics of t(h)ree-state propagation
mechanism for the spread of the chemical
signals (s(t)—dormancy, 1(t) —metabolic
activity, R(t) — hibernation, x(t), i=1...,4 the
signal transition rates).

2.2. The message-passing model.

Now following the same reasoning as in [18],
we suppose that the universe of N agents is an
two-dimensional orthogonal grid (it can be easy
compared with the damaged surface of an ab-
stract geotechnical structure). Each agent is as-
sociated with one square cell of this grid and
could interact with its eight neighbors (Moore‘s
model, see Figure 3).

NW N NE
W C E
SW s SE

Figure 3. Moore neighborhood
(C — active agent who transmits the signal in the
directions N — north, E — east, S — south,
W — west, NW — north-west, NE — north-east,
SW — south-west and SE — south-east).
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Each agent can be dormant, metabolically ac-
tive, or hibernated forming so-called “configu-

ration” at instant of time z, re€[ty,t;]. Each

agent has its own endogenous characteristics,
which allow it to send and receive signals as
well as make the transitions from state to state.

At the initial moment t, say n, agents
(ny << n) are randomly activated (it can be con-

sidered as an epicenter of the crack on the sur-
face of the geotechnical structure), the rest stay
dormant. This configuration leads to a new one
at instant of time 7+A (A>0,7+A€[ty,t])

according to the set of the following rules:

(i) the active agent transmits a signal to the
nearest neighbors by Moore scheme with
time-varying intensity,

(i) if the signal is received, the neighbor be-
comes (with some probability) metabolical-
ly active (each agent is characterized by
own threshold value for the signal ac-
ceptance);

(iii) if the metabolically active agent has two ac-
tive-neighbor agents at the time 7, then it
remains in its state at the time z+A;

(iv) if the metabolically active agent has less
than two active neighbors or more than
three, its goes into the hibernation state;

(v) if at some instant in time none of the agents
changes state, a universe of agents has the
equilibrium, indicating the loss of the abil-
ity to self-healing.

3. SIMULATION ALGORITHM
AND SOME RELATED QUESTIONS

3.1. The transition rates as the sample paths
of the stochastic processes.

Let (W), and (WtH )tel_i be two independent

stochastic processes (say a Brownian motion
(Bm) and a fractional Brownian motion (fBm)

of Hurst parameter H €(0,1)) defined on the
same probability space (Q,F,P). A process

Darya Filatova

B™ =B" (b, b, ) =bW, +bW," (3)

is called mixed fractional Brownian motion
(mfBm) of parameters b;, b, (b, and b, are
two real constants such that (by,b,)=(0,0)).

The generalized properties of this process were

studied and presented in [19, 21, 22]. In our

case, we name among others the following

properties:

e B" is a centered Gaussian process and
B! =0 as.;

e forany t,seR, the covariance function of

B and B!' isgiven by

Cov(t,s) bf (t+s—|t—s)

1
2
2H
+ %bzz(tZHJrsZH —[t—s| );

(4)

e forany A>0 the increments of B" are
stationary and mixed-self-similar

(Bl ()} =8 (508" )}, ®)

D
where = means "to have the same law";

e the increments of B" are positively correlat-
ed if %< H <1 (long-range dependence), un-

correlated if H =%

edif O<H <% (short-range dependence).

The sample paths of (3) can be simulated by dif-
ferent methods. We refer to the methodology
developed by [20] for the fBm sample paths
simulation. This method, based on the fast Fou-
rier transform of the covariance function of the
process allows on the multiple simulations of
the uncorrelated sample paths of fBm. Moreo-
ver, the paper [20] contains the detailed descrip-
tion of the simulation algorithm, therefore we
omit it here. The example of several sample
paths of (3) for different values of Hurst param-
etersand b, =h, =1 are listed on Figure 4. As it

and negatively correlat-
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is possible to notice, the mfBm sample paths

give the characteristic mixed-colored noise that

is the hallmark of this process.

1 —
J’ﬂ\/W“""/
0 g
I;"' -1 AV M
-2 Vv
-3
0 0.2 0.4 0.6 0.8 1
t
1
°W~“~"W:’“~
T -1y h N
ANV
-2 AAJ\A
VWL
-3
0 0.2 0.4 0.6 0.8 1

t
Figure 4. The sample paths of the Bm and fBm
(w") and the mfBm (B) for different values of
Hurst parameter ( H =0.25— red trajectory,
H =0.50 — blue trajectory, H =0.75-black
trajectory).

Further, replacing the process B in (2) by the
process (3) for t e[ty, ;]

1

X(t)=( ™ ~a(m-1)B" (1)), ()

fixing the initial value X;; =0.5, and taking dif-

ferent values of the scaling parameters a and
m, we conclude as follows on the behavior of
the stochastic process driven by (6). Several ex-
amples of the sample paths are presented on
Figure 5 and Figure 6.

The mean value of the process (6) oscillates
around the initial value (in this case it is 0.5),
the variation on the scaling parameters is a con-
venient way to change the square-mean behav-
ior of the transmission functions between 0 and
1. Therefore, the each agent transmits an activa-
tion signal with random intensity such that it
can or can not be strong enough to activate
neighbors.
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m=0.95
1
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0 0.2 0.4 0.6 0.8 1
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0 0.2 0.4 0.6 0.8 1

t

Figure 5. The sample paths of (6)
and the confidential interval for H =0.75 and
a=0.125.

m=0.95

0.8 —— —
0.6 o B N

X(t)
[

0.2 ~—

0 0.2 0.4 0.6 0.8 1

1

0.8

0.6
e

P oS i e "t S A

X(t)

0.2

0
0 0.2 0.4 0.6 0.8 1

t
Figure 6. The sample paths of (6) and

the confidential interval for H =0.75and
a=0.250.

3.2. The simulation algorithm for self-healing
mechanism.

To illustrate the work of the self-healing mech-
anism, the following algorithm based on the
multi-agent simulation method is proposed,
namely:
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I. Initialization - general settings of the
artificial environment
e set the initial grid M xM and get the number
of the agents n=M?, initially each cell is
associated with one non-activated anent;
e set the evolution time period [#,,7];

e define the m -stages equidistant discretiza-
tion of the evolution time period [#,,7,], such

that 7,=7,,+A, A=-+%

J
j=12,...m;

e the initial cardinalities of groups: /(7)) =n,,
S(zy)=n—ny,and R(7,)=0;

e the “mean” ability of the transmitted signal
acceptance S,

¢ the initial values of transitions rates x;,, val-

ues of parameters a; and m, , i € {l, 2,3,4}.

II. Inmitialization - agent's and transmission
characteristics:

o for each agent generate the set of the mfBm

sample paths with the same values of b, b,

and H using the m -stages equidistant dis-
cretization of the evolution time period,

o for each agent calculate the transmission
characteristics (6) with respect to the set of
the mfBm sample paths.

III. Processing — step evolution over time
line [7,,1]:

e activate the agents who will transmit the sig-
nal (select circle in the center of the grid with
a radius of r<<M cells and consider the
agents inside this circle as the activated one —
we will call it as Protocol I — or activate the
agents in randomly selected cells — we will
call it as Protocol II);

e define the rules for the Moore neighborhood
for the eight nearest neighbors (see Fig. 3);

e for each step of the evolution iterate over all
cells in grid the spread of activation signal;

o if the agent is active, check the activity of the
neighbors according to the rules (i) — (iv) and
update the status of the agent;

Darya Filatova

e count the cardinality number of each group,
check the rule (v), if the rule (v) is fulfilled
stop the evolution.

IV. Aggregating behavior:
e complete the parametric identification of ag-
gregate model (1) and its analysis.

4. SIMULATION RESULTS

We run several numerical experiments under
Protocol I and Protocol II excluding the last step
of the algorithm from the simulations. The in-
terested reader can find all the details for the
identification of the aggregated behavior and to
get qualitative characteristics of the system (1)
(for the details see [23]). In this work, the gen-
eral settings of the artificial environment are the
following, namely: M =100, ¢,=0, ¢ =1,

m=500, r=4 (for ProtocolI), n,=50 (for
Protocol I), x,,=0.5, x,,=0.4, x3,=0.55,
X;0=045; H; =075, a;=0.025
m; =0.85, ie{1,2,3,4}; b =0.7, b, =0.3; the

update rules for the Moore neighborhood are
given in matrix form

and

(11)
(01)
(-1-1) (-11) (-10)

The results of simulations are listed on Fig. 7 —
10 (blue, green, or red color refers to the
dormant, metabolically active, or hibernated
agent correspondently).

As one can see the initial placement of the ac-
tive agents and relation between the mean abil-
ity of the transmitted signal acceptance and the
initial values of transition rates have the crucial
role in self-healing dynamics (compare Figure 7
with Figure 9 and Figure 8 with Figure 10).
That is to say, for B =x, =0.5 the equilibrium

is reached faster if the activated agents are ran-
domly distributed on the damaged surface.
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t=0 t=10

20
40
60
80

100

20 40 60 80 100 20 40 60 B0 100

t=100 t=361

100
20 40 60 80O 100 20 40 60 B0 100

Figure 7. Protocol I ($=0.5).

t=0

20 40 60 80 100 20 40 60 80 100

t=100 t=220

20 40 60 80 100 20 40 60 80 100

Figure 8. Protocol I( p=0.1).

Moreover, the “repaired” surfaces can be com-
pared by quantities of hibernated and dormant
agents. In the case for £ < x,, the equilibrium is

reached faster for the case when agents are con-
centratedly placed. This means that the trans-
mission of the activation signal stops faster too
(compare all the figures). Therefore, varying the
parameters of the simulation model one can
study different phenomena of the signals’
transmissions.
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Figure 9. Protocol I (=0.5).

100
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Figure 10. Protocol Il (3=0.1).

5. CONCLUSIONS

The self-healing mechanisms for the dam-
aged surface of an abstract geotechnical struc-
ture using biotechnology attract much attention
of many scientists from different fields. Multi-
agent modeling can help to solve numerous
problems arising during new technology devel-
opment. Proposed in this paper the two-
component model of self-healing mechanism al-
lows on the imitation of one or several cracks on
a surface and on the estimation of life cycle of
the material. In further investigation the 3D
model of cracks as well as the parameters of the
biologically active elements of the composites
will be considered.
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OPTIMIZATION OF SIMPLY SUPPORTED CASTELLATED
I-BEAMS LOADED BY A UNIFORMLY DISTRIBUTED LOAD

Oleg S. Goryachevskiy
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Scientific Research Center «StaDyO», Moscow, RUSSIA
Russian University of Transport (MIIT), Moscow, RUSSIA

Abstract: The paper discusses the problem of optimizing the geometric parameters of simply supported [-beams
in order to maximize their load carrying capacity. Numerical simulation of various types of failure of castellated I-
beams with ideal elastic-plastic steel is carried out. The stability of the wall, the strength of the welds and flanges,
depending on the geometric parameters investigated. Using the coordinate descent method, the optimization prob-
lem is solved for nine design schemes with respect to the section height and the weld length. It was revealed that
in short beams the section height should be less and the weld length longer, in contrast to long beams.

Keywords: castellated I-beam, numerical simulation, optimization, ideal elastic-plastic material

OIITUMHU3ALUA CBOBOJHO OIIEPTBIX PASBUTBIX
ABYTABPOB, HAI'PYKEHHbIX PABHOMEPHO
PACHIPEJEJIEHHOU HAT'PY3KOU

O.C. I'opsauesckuii
Hanunonanenslil nuccienoBatenbckuii MOCKOBCKUI TOCYJapCTBEHHBIN CTPOUTEIbHbIN YHUBEPCUTET,
r. Mocksa, POCCU L
Hayuno-uccnenosarensckuit ieatp Cra/luO, r. Mocksa, POCCUSA
Poccuiickuit yausepcuret tpancnopra (MUMT), r. Mocksa, POCCHUA

AHHoTanusi: B cratee paccmarpuBaercst mpodiaeMa ONTUMH3ALNHA T€OMETPHUECKHUX MTapaMETPOB Pa3BUTHIX IBY-
TaBpOB ¢ Nep(POPHUPOBAHHON CTEHKOH C HENbI0 MAKCHMH3aUH UX Hecylel crocodHocTu. IIpoBeseHo uncnen-
HOE€ MOJICJIMPOBAHNE PA3IMYHBIX TUIIOB Pa3pyLICHUS Pa3BUTHIX JBYTaBPOB B MJICAIBHON YNPYTrOIIACTHYECKOH
noctaHoBke. MccnenoBana yCTOHYMBOCTD CTEHKH, IPOYHOCTH IBOB M IMOJIOK B 3aBHCHMOCTH OT T'€OMETpHYe-
CKHUX TapameTpoB. Vcrons3ys MeTo] IIOKOOPANHATHOTO CITyCKa, PelIeHa mpoliemMa ONTHMU3ANN U AEBATH
pacdeTHHIX CXE€M OTHOCHUTEIBHO JIBYX HapaMeTPOB: BBHICOTHI CEYEHHS M JUIMHBI CBAPHOTO IIBA. BEIABIEHO, 4TO B
KOPOTKHUX OaJikaX BHICOTa CEUCHMUS JIOJDKHA OBITh MEHbIIE, a JUIMHA 1IBa OOJIbIIIe, YeM B JUIMHHBIX OaJikax.

KroueBble c10Ba: pa3BUTHIE ABYTAaBPHI, YUCIEHHOE MOACIHPOBAHNE, OITUMHU3ALINS,
UJEANIbHBINM yIPYTrOIUIACTUYECKUI MaTepual

INTRODUCTION

Existing analytical methods for calculating
strength, rigidity and stability of castellated I-
beams give a very approximate result [1-2].
These methods bad take in account a complexity
of the geometric shape of the castellated I-
beams and plastic deformation steel in angles of
holes. These factors can be taken account with
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sufficient accuracy only by experiment and nu-
merical methods. Of practical interest is the
question of choosing such geometric parameters
zigzag cutting I-beam that will provide maxi-
mum load carrying capacity of castellated I-
beam. But experiment methods are too expen-
sive and time-consuming for their application in
full optimization problem.



Optimization of Simply Supported Castellated I-Beams Loaded by a Uniformly Distributed Load
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Figure 1. Scheme method for cutting (a) and subsequent welding of halves
(b, c) of the original I-beam.

In this paper, to solve the nonlinear optimization
problem, numerical methods are used. Stress-
strain state and buckling is calculated by the fi-
nite element method. Using FEM analysis re-
sults, the ultimate load on the castellated I-beam
is calculated according to several criteria (more
about the criteria will be further in the text). To
search the optimal geometric parameters, the
coordinate descent method is used.

ANSYS Mechanical is used to solve the prob-
lem. APDL macros allow automated load carry-
ing capacity calculation and use powerful capa-
bilities of ANSYS in the finite element analysis
[3].

There are several methods for cutting and sub-
sequent welding of halves of the I-beam. Differ-

Volume 15, Issue 4, 2019

ent methods give different relationship between
geometric parameter. The paper adopts the
method illustrated in the Figure 1.

The article discusses the optimization of the
load carrying capacity of the castellated I-beam
composed of the lower halves of the original I-
beams (Figure 1a). In order for the holes to be
the same in both versions of the castellated I-
beam (Figure 1b, Ic)

S2 = 83.
Radius of fillet in the corners due to cutting —
r=Ilcm.

The design scheme: beam supported at its ends
and loaded by a uniformly distributed load Q.
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a) web buckling

b) failure of the flange and web in the centre of span
(von Mises stress field on picture)
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c) failure of the weld and the flange near support (von Mises stress field on picture)

Figure 2. Types of failure of the castellated I-beams.

The material model (steel): ideal elastic-plastic
(stress-strain  curve with elastic modulus
E =206 GPa, yield strength oy =240 MPa,
Poisson’s ratio v = 0.3).

Geometric parameters of the original I-beams
are taken according to GOST 8239-89 [4].

1. LOAD CARRYING CAPACITY PARAM-
ETERS

There are 4 types of failure of the castellated I-

beam supported at its ends and loaded by a uni-

formly distributed load:

1. Web buckling (Figure 2a).

2. Failure of the flange and web in the field of
angles in the centre of span (Figure 2b).

3. Failure of the flange and web in the field of
angles near support (Figure 2c).

4. Failure of the weld (Figure 2c).

For all types of failure, three parameters can be

introduced:

1. F,=F/1.5, where F, — the first critical
load, 1.5 — safety factor [1].

2. F+ — load at which plastic strain completely
fills the section of the flange.

3. Fw — load at which plastic strain completely
fills the weld between two holes.

To automatic calculate the Fy,, a buckling analy-

sis (by the Block Lanczos method, linear material

model) was first performed. Then the first critical

load F., devided by safety factor 1.5, due to the

possible eccentricity of the load and the initial

imperfections of the castellated I-beam.
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The top flange was fixed against possible lateral
movement and rotation around the longitudinal
axis, thereby simulating the mounting of the
castellated I-beam to overlying structures. The
top flange boundary condition us used only in
buckling analysis, since it strongly affects the
forms of buckling.

To automatic calculate the Fr and F),, a linear
static calculation (linear material model) was
initially performed to determine the load F, at
which plastic appears in the castellated I-beam
flange. Then a load equal /.2F), was applied and
the static calculation was performed with a
nonlinear material with a load step of 0.01. The
load 1.2F), is likely to lead to the failure of the I-
beam, because according to analytical decisions,
~1.18F), is enough. Then, in the Postprocessor, a
special algorithm at each load step checks for
plastic strain in the nodes of the flange and
nodes of the weld. If at some load step in a
some section of the flange or in the weld in all
nodes there are plastic strain, then this load step
is recognized as the moment of failure. So,

Fy= 1.2F,[i/100+(i-1)/100/2,
F, = 1.2F,[j/100+(-1)/100)/2,

where i — load step is recognized as the moment
of failure flange, j — load step is recognized as
the moment of failure weld.

Ideal elastoplastic material behaves
unphysically in the support zone. If fix the beam
pointwise on the edge, then near the fastening
large plastic strain will quickly develop and the
solution will fall apart. Therefore, in a nonlinear
analysis at the edges of the beam, all nodes in
the section were fixed in the direction of
deflection. This avoids problems with the
boundary effects.

2. FINITE ELEMENT MODELS

Geometric and finite element model are created
automatically using developed APDL macros
[3]. In the area between the last holes, and also
above them and central holes, the mesh is more
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detailed. Failure occurs in these areas. Only the
top flange for searching for plastic strain is con-
sidered, as it does not have boundary effect of
supports (Figure 3).

The weld does not differ geometrically and in
properties from the steel of original I-beam.
Elements type — Shell 181. In the buckling anal-
ysis, to combat non-physical buckling forms,
full integration in the wall elements was used.
Also, a coarser grid was used in the linear and
buckling analyses.

ey 2 0 B 2.
o
-g-,'[

i e T S Y,
lllgﬂ- [ f
17

17
...Ul‘

-....'.. [ ]

Figure 3. Fragments of the finite element model.
Number of elements.: ~15-40 thousands
depending on the length of the beam and the
number of holes.

3. DEPENDENCE OF F;, FAND F,,
ON GEOMETRUC PARAMETERS

The important points to make about F,, and Fy

calculations:

e if Fy<F, (much), then F), cannot be calcu-
lated correctly. The fact is that with the de-
struction of the flange of the castellated I-

61



beam, the entire structure suffers a collapse
— a sharp increase in deflections and plastic
strain. In such conditions, the solution loses
stability and cannot give correct results;

e if weld length s, is large enough, then the
weld failure does not occur under load
1.2F,. In this case, F), is not calculated.

e if F,, and Fy changed less than 1%, when
changing the argument, then curve F,, and
Fy may contain some fluctuations, because
load step is also 1%.

The geometric parameters of cutting significant-

ly affect both the magnitude of the F, Frand F),

and the types of failure. For example, large val-

ues of ¢ and /4, increase stability (F}), small val-
ues s, decreases weld strength (F),). However,
many other dependencies are not obvious and
require preliminary study (figure 4).

Figure 4a shows the dependence of F, F and
F,, on c. F} is obviously increasing, Fy increas-
ing as the failure of the flange at the support is
moving away from the support, F, decreases as
reduced weld length s, (s; is fixed). The reason-
able change ¢ does not reveal the presence of
extrema.

The number of holes N affects the weld length

s> (if s; 1s fixed), so F), decreases (figure 4b).

Stability almost independent of hole count M.

Flange strength decreases after weld failure —
two holes merge into one and the span of the
flange increases.

4. STATEMENT OF OPTIMIZATION
PROBLEM OF THE CASTELLATED
I-BEAM

The problem of maximizing the load carrying
capacity can be defined as follow [5-6]:

Fzmin(F;,Ff,Fw)—nnax

Objective function F depends on the geometric
parameters, type of load and support condition.
For the selected cutting method (Figure 1), the
uniformly distributed load and supported at its
ends:

Oleg S. Goryachevskiy

F=F(I,Lc,r,N,s,s,=s3,h, =h),

where L — length of beam, / — number of profile,
which defines a number of geometric parame-
ters of section, » — radius of fillet in the corners
due to cutting.

Parameter s, is not independent:
s, =(L-2c—(2N-1)s,)/2N .

Parameters / and L do not change during of one
optimization problem. »=/0mm for all schemes.
In the article, we will determine ¢ and N our-
selves, and we will optimize only for two pa-
rameters s, and 4. Thus, for each design
scheme:

F=F(s,,h).
Only geometrically inequality constraints:

0<s, <(L—2c)/(2N—1),
t<h <h/2,

where ¢ — thickness of flange, # — height of orig-
inal I-beam.

From a technical point of view, we can narrow the
conditions without risking losing the optimal point:

20mm < s, <(L—2c)/(2N —1)—10mm,
2t<h,<2h/5

Computation the objective function using the
finite element method has some problems. Non-
linear material properties and a difference in the
mesh at different points introduce a small noise
into the objective function. The presence of
noise does not allow the use of derivative-based
optimization methods and impairs convergence
[7-8].
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Figure 4. Dependence of Fy, Frand F\, for some configuration of castellated I-beam.

5. OPTIMIZATION RESULTS

To search the optimal point (sz,hz ) , the coordi-

nate descent method was used. At each iteration,
the golden-section search was used as the linear
search method. The optimal point was calculat-
ed with sufficient accuracy after two iterations
of the coordinate descent method.

Initial point:

Volume 15, Issue 4, 2019

min min min min
(So ho)_ S, +s, b+ hy
290, ] — ) .
2 2

Tolerance of golden-section search

As, <2.5mm;  Ah, <2.5mm.

The optimization results are presented in Table
1 and Figure 6.

An important non-dimensional parameter of cas-
tellated I-beams — height increase ratio (Table 2).
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Table 1. Optimization results.

No.y I |[L,m|c,mm | N - 52, mm ; hb, mm - F, kN
min | max opt min | max opt min | max
1 4 300 | 10 | 20.0 | 1689 | 99.6 | 20.4 | 120.0 | 77.5 | 59.73 | 70.70
2 130 6 300 | 16 | 20.0 | 1642 | 79.1 | 204 | 120.0 | 67.4 | 28.61 | 39.33
3 8 300 | 20 | 20.0 | 179.7 | 93.3 | 204 | 120.0 | 57.4 | 19.10 | 22.53
4 5 350 | 12 | 20.0 | 177.0 | 107.2 | 26.0 | 160.0 | 117.2 | 78.04 | 98.90
5140 8 350 | 16 | 20.0 | 2255 | 949 | 26.0 | 160.0 | 80.9 | 32.57 | 44.96
6 10 350 | 20 | 20.0 | 228.5 | 80.0 | 26.0 | 160.0 | 78.1 | 26.25 | 29.19
7 6 400 | 12 | 20.0 | 216.1 | 122.7 | 30.4 | 200.0 | 156.4 | 89.59 |115.83
8 150 9 400 | 20 | 20.0 | 200.3 | 92.7 | 30.4 | 200.0 | 99.9 | 46.35 | 59.11
9 12 400 | 20 | 20.0 | 277.2 | 89.6 | 30.4 | 200.0 | 96.3 | 19.74 | 33.78
Table 2. Height increase ratio.
No. 1 2 3 4 5 7 8 9
k 1.48 1.55 1.61 1.41 1.60 1.61 1.37 1.60 1.61

k=2(h—h,)/h=2(1-h,/h).

6. CONCLUSIONS

a) 130, L=4m, ¢c=300mm, N=10

b) 140, L=10m, c=350mm, N=20
Figure 5. Several optimized castellated I-beams: No. 1 (a) and No. 6 (b) from Table 1.

Castellated I-beam load carrying capacity has
maximum for many design schemes. However,
for some geometric parameters, not all schemes
have extrema. Nevertheless, the task of increas-
ing the carrying capacity remains relevant.
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Section height and weld length always have a
maximum point, therefore, in this work, the prob-
lem of optimizing these parameters was solved.
Based on the 9 considered design schemes (Ta-
ble 1), some conclusions can be drawn:

e the optimal height increase ratio of castel-
lated I-beams increases with increasing
span (Table 2)

e the relative length of the weld decreases
with increasing span.

The first conclusion is explained by the fact that

in short beams, destruction occurs in the zone of
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supports. Wall height is a determining factor in
its stability. However, stability can be ensured by
installing stiffeners. It can be expected that when
using stiffeners, the optimal solution will change.
In long beams, destruction occurs in the middle
of the span from the action of a bending moment.
In such type of failure, an increase in the inertia
moment by increasing the section height gives
the greatest increase in the carrying capacity.

The second conclusion is also related to the type of
failure. Welds between end holes have the highest
stresses. Therefore, the cause of the loss of load-
carrying ability may be the failure of the weld. In-
creasing the weld length solves this problem.

REFERENCES

1. SP 16.13330.2011 Stal'nye konstrukcii [Steel
constructions]. Moscow, Minregion Rossii,
2011.

2. Pritykin A.Il. Razrabotka metodov rascheta i
konstruktivnyh reshenij balok s odnoryadnoj i
dvuryadnoj perforaciej stenki [Development of
calculation methods and design solutions for
beams with single and double row wall perfora-
tions]. Diss. na soiskanie uchenoj stepeni d.t.n.
Kaliningrad: KGTU, 2011, 331 pages.

3. ANSYS Mechanical 19.2 Tutorials.
onsburg, 2019.

4. GOST 8239-89 Hot-rolled steel flange
beams. Rolling products. Moscow, IPK Iz-
datel'stvo standartov, 2003.

5. Haug E.J., Arora J.S. Prikladnoe opti-
mal'noe proektirovanie: Mehanicheskie sis-
temy 1 konstrukcii [Applied optimal design:
Mechanical and structural systems]. Mos-
cow, Mir, 1983, 478 pages

6. Malkov V.I., Ugodchikov A.G. Optimizaci-
ya uprugih system [Optimization of elastic
systems]. Moscow, Nauka, 1981, 288 pages.

7. Kochenderfer M.J., Wheeler T.A. Algorithm
for optimization. Cambridge, Massachusetts,
The MIT Press, 2019, 500 pages.

8. Vasil'ev F.P. Metody optimizacii [Optimiza-
tion methods]. Moscow, Izdatel'stvo “Faktori-
al Press”, 2002, 824 pages.

Can-

Volume 15, Issue 4, 2019

CIIMCOK JIMTEPATYPbI

1. CIT 16.13330.2011 CranibHble KOHCTPYKLIHH.
— M.: Munperuon Poccun, 2011.

2. llputhikun A.U. Pa3paboTka MeTon0B pac-
4yeTa U KOHCTPYKTHUBHBIX peIIeHHH Oanok ¢
OJIHOPSITHOM W ABYpAIHOW mepdopanueit
CTeHKH. /uccepranus Ha COMCKaHUE YYECHOU
CTEMEeHH JIOKTOpa TEXHUYECKHMX HayK IO
cnenuanbHocTd 05.23.01 — «CtpoutenbHble
KOHCTPYKIUH, 3IaHUSI U COOPYKCHHS». —
Kamununrpaa: KI'TY, 2011. —331 c.

3. ANSYS Mechanical 19.2 Tutorials.
onsburg, 2019.

4. TOCT 8239-89 JIByTaBpbl CTallbHBIE TOpSi-
yekatanble. Coprament. M.: UIIK HUzna-
TEJbCTBO cTaHaapToB, 2003.

5. Xor J., Apopa Sl. [IpuknagHoe onTuMaibHOE
MpOeKTHpoBaHKe: MexaHuueckue CUCTEMBI U
KOHCTpyKLuu. — M.: Mup, 1983. - 478 c.

6. Maaxos B.H., YroguukoB A.I'. Onrumu-
3amus ynpyrux cucreM. — M.: 1981. — 288 c.

7. Kochenderfer M.J., Wheeler T.A. Algorithm
for optimization. Cambridge, Massachusetts,
The MIT Press, 2019, 500 pages.

8. Bacuabe ®@.II. Meroasl onTuMHU3aIUU. —
M.: WzparensctBOo «®Daktopuan IIpeccy,
2002. - 824 c.

Can-

Oleg G. Goryachevskiy, Lecturer at the Department of
Applied Mathematics, National Research Moscow State
University of Civil Engineering, Senior Engineer of Sci-
entific Research Center “StaDyO”, Director of Center of
Computer Simulation, Russian University of Transport
(MIIT); office 810, 18, 3ya Ulitsa Yamskogo Polya, Mos-
cow, 125040, Russia; phone +7 (499) 706-88-10,

E-mail: osgoryachevskij@mail.ru.

T'opstueBckuit Oner CepreeBud, npenojaBaTeslb U aclu-
paHT Kadeaps! NpUKIagHOW MaTeMaTHKH HarmonansHoro
HCCIIeI0BATEIbCKOI0 MOCKOBCKOTO CTPOUTENHHOIO YHH-
BepcUTeTa, Bexynuil nmxenep pacyerdnk 3A0 «HayuHo-
uccnenoBarensckuii 1eHTp Cta/luO» (3AO HUL] «Cra-
JuO»), nupextop LleHTpa KOMIBIOTEPHOTO MOAEIUPOBA-
Hus (IIKM) Poccuiickoro yHUBEpcHUTETa TPAHCHOPTA;
125040, Poccus, r. Mockaa, yi. 3-1 Smckoro Ilomns, 1.18,
8 atax, opuc 810, Ten. +7 (495) 706-88-10;

E-mail: osgoryachevskij@mail.ru.

65



International Journal for Computational Civil and Structural Engineering, 15(4) 66-82 (2019)

DOI:10.22337/2587-9618-2019-15-4-66-82
THE SECOND STAGE OF STRESSED-DEFORMED CONDITION
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Abstract. It is proposed a complex resistance computational model of reinforced concrete constructions in build-
ings and structures under the action torsion with bending. It consists of from the block near the support (formed
by a spatial crack and a compressed concrete zone closed by it — a spatial section k) and a second block, which is
formed by a vertical cross section I-I passing perpendicularly to the longitudinal axis of the reinforced concrete
element along the edge of the compressed zone, which closes the spatial spiral-shaped crack. The case when the
greatest influence on the stress-strain state of structures has the effect of torque is considered (case 2). In this
case, as the calculated forces are taken into account in the spatial section: normal and tangential forces in the
concrete of the compressed zone; components of axial and “dowel” efforts in the working reinforcement, inter-
sected by a spiral spatial crack. The resolving equations are constructed that form a closed system and the La-
grange function is unified. Using the partial derivatives of the constructed function with respect to all the varia-
bles entering into it and equating them to zero, an additional system of equations is constructed. The dependence
is obtained after the corresponding algebraic transformations, that allows us to search for the projection of a dan-
gerous spatial crack.

Keywords: calculation methodics, torsion, stress-strain state, reinforced concrete constructions,
spatial crack, Lagrange function

BTOPASA CTAAUA HAIIPAXKEHHO-AE®POPMHUPOBAHHOI'O
COCTOSAHUS )KEJE3OBETOHHBIX KOHCTPYKIIUH
NPU KPYYEHUU C UBTUBOM (CJYUYAH 2)

Ba.U. Konuynoe, A.U. /lemvanos, H.B. Haymos

IOro-3anannsiii I'ocygapcTBenHslil YHUBepcurerT, r. Kypck, POCCUA

Annoranus. Ilpeanoxena pacdeTHas MOJENb CJIOXXHOTO CONPOTHBIICHUS )KeNe300€TOHHBIX KOHCTPYKIHUI B
3JIaHUSIX M COOPYXKEHUSIX MPH KPYUEHHU C U3rHOOM, COCTOsIIas U3 MPHONOPHOTo Osioka (00pa3oBaHHOTO Mpo-
CTPAHCTBEHHOI TPELIMHOW W 3aMbIKaeMOW Ha Hee C)KaToW 30HOH OeToHa, — MPOCTPaHCTBEHHOe cedeHue k) u
BTOPOTo 6JI0Ka, 00pa3yeMoro BepTUKAIBLHBIM ceueHrneM [—I, mpoXo M neprneHIuKyIsIpHO K IPOIOIBHON OCH
JKeJIe300€TOHHOTO 3JIEMEHTa 110 KPalo CXKAaTOH 30HBI, 3aMBIKAIOIIECH MPOCTPAHCTBEHHYIO CIMPAICO0pa3HyIo Tpe-
muHy. PaccMoTpeH ciydail korjna HauOoJblIee BIMSHHWE Ha HANpsHKeHHO-1e(OPMUPBAHHOE COCTOSHHE KOH-
CTPYKIIMIA OKa3bIBaeT ACUCTBHE KPyTALIero MoMeHTa (cimydait 2). [Ipu 5TOM B KauyecTBe pacUeTHBIX YCHIIMA B
MPOCTPAaHCTBEHHOM CEUEHHH YYHUTHIBAIOTCS: HOPMAJIFHBIE M KacaTeJIbHbIE YCWINs B OCTOHE CHKaTOH 30HBI, CO-
CTaBIISIOIINE OCEBBIX M HAreJIbHBIX YCHIMH B pabodeil apMaType, mepecekaeMoil crupaneobpa3sHoil mpocTpaH-
cTBeHHOH TpemuHOi. CocTaBieHbI pa3pellaollue ypaBHEHUs, 00pa3yrole 3aMKHYTYI0 CUCTEMY U 3alllcaHa
¢yaxuus Jlarpanxa mx obwveauHstomas. Vcnonb3ys 4acTHBIE NPOW3BOAHBIE NMOCTPOEHHOH (DYHKIMU IO BCEM
BXOJSIIMM B Hee IIEpEMEHHBIM U MPHPaBHUBASI UX HYJIIO, COCTABJICHA JOMOJHUTEIbHAS CUCTEMA ypaBHEHUH, U3
KOTOpOH MOCJIe COOTBETCTBYIOIINX anreOpandeckue npeoOpa3oBaHHi, MOTyueHa 3aBUCUMOCTD, MO3BOJISIONIAs
OTBICKUBATh IIPOEKLIHIO OIIACHON IIPOCTPAHCTBEHHOM TPELLUHBL.

KaioueBble ci1oBa: MeToanKka pacyera, KpyudeHHE, HaNPsHKeHHO—Ae(hOPMUPOBAHHOE COCTOSHHE, JKelle-
300€TOHHBIC KOHCTPYKIIMH, IPOCTPAHCTBEHHAS TpelnHa, GyHKIms Jlarpamxka
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1. INTRODUCTION

Building computational models of complex re-
sistance - torsion with a bend is becoming in-
creasingly relevant [1, 2], firstly, because there
are relatively few such studies [3-9], and sec-
ondly, because the urgent need to take into ac-
count the spatial work of the majority of origi-
nal reinforced concrete structures and buildingss
that significantly change the architectural ap-
pearance of modern cities [10—12]; thirdly, it
becomes a generally accepted postulate that
there is nothing more practical than a good theo-
ry for calculation of reinforced concrete struc-
tures [13-23].

That is why the purpose of these studies is to
develop a computational model of the resistance
of reinforced concrete structures under the ac-
tion of torsion with bending for a cross section
of any shape that most fully reflect the features
of their actual work [2, 12, 17].

For the calculated forces, the resolving equilib-
rium and strain equations are compiled. The
projection of a dangerous spatial crack is deter-
mined as a function of many variables using
Lagrange multipliers [13, 15].

2. METHOD

While solving a direct engineering problem with
external forces, their ratio is always given (Q:
M: T). Thus, having determined one of them,
for example, the support reaction Ry, the other
effects, for example, M and 7, can be easily
found.

From the balance conditions in cross-section I-I
and in the spatial cross-section can be sought
the following design parameters (Figures 1, 2):
the limiting support reaction Ry,; height of
compressed zone x in section /-/; stresses in the
longitudinal reinforcement o, at the place of its
intersection with a spatial crack; the height of
the compressed zone of concrete x; in a vertical
plane passing through the end of the front of a
spatial crack; running force in the transverse
reinforcement located at the lateral faces of the
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spatial section g, g, caused by the transverse
force; running force in the transverse reinforce-
ment located at the lateral faces of the spatial
section ¢,7, caused by the torque; running
force in the transverse reinforcement located at
the lower edge of the spatial section g0,
caused by the torque.

Figure 1 shows: a) a support block (formed by a
spatial section k) and a block formed by a verti-
cal section I-I, passing perpendicular to the lon-
gitudinal axis of the reinforced concrete element
at the edge of the compressed zone closing the
spatial spiral-shaped crack; b) - vertical section I
— I (IIl - III), passing perpendicular to the longi-
tudinal axis of the reinforced concrete element,
stress plots in compressed concrete and ten-
sioned reinforcement, as well as the distribution
of torques in this section. Figure 2 shows spatial
section k with projections of all the efforts that
occur at the site of the section.

The shear stress 110 and the shear stress of tor-

sion in compressed concrete 77 are determined
by projecting the g, — ¢; diagram onto the 7 — y
plane (taking into account the distribution in
proportion to the Q:T ratio) and onto the /-/
plane and projecting the components of the
stresses of the k plane onto the plane perpendic-
ular to the longitudinal axis of the reinforced
concrete element.

To make the calculation equations, we will sep-
arate two blocks from the reinforced concrete
element using the section method (Figures 1, 2).
The first block is separated by a cross section I-
I, passing at the end of a spatial crack. This
block is in equilibrium under the influence of
external forces.

The second scheme (the first block - section 1—
1) is realized with the resistance of reinforced
concrete elements subject to the joint action of
torques and transverse forces.

To make the calculation equations, we will sep-
arate two blocks from the reinforced concrete
element using the section method (Figures 1, 2).
The first block is separated by a cross section I—-
I, passing at the end of a spatial crack. This
block is in equilibrium under the action of ex-
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ternal forces from the support and internal forc-

es arising at the section.

The proposed calculation model is based on the

following prerequisites:

e the spatial crack on the lower face of the
reinforced  concrete  element  forms
perpendicular to the direction of the main
deformations of the elongation of the
concrete, and the location of the end of the
front of the spatial crack at the compressed
edge of the reinforced concrete element
coincides with the direction of the main
deformations of the concrete shortening —
thus, the spatial crack has a spiral shape
with three possible layouts of the
compressed zone — Figure 2;

e the calculation scheme is taken as a design
consisting of a support block (formed by a
spatial crack and a vertical section passing
through the end of the front of this crack in
compressed concrete) and a second block
formed by a vertical section perpendicular
to the longitudinal axis of the reinforced
concrete element along the edge of the
spatial crack — Figures 1, 2;

e in the spatial section for making the calcu-
lation equations following forces are taken
into account: normal and tangential forces
in the concrete of the compressed zone;
components of axial forces in the
reinforcement located at the face opposite
to that in which the compressed zone is
located; components of axial forces in the
transverse reinforcement located at the side
faces of the reinforced concrete element;

e for medium fiber deformations of
compressed  concrete and  tensiled
reinforcement in section [-/, is fair
hypothesis of their proportionality to the
heights of the compressed and stretched
section zones;

e the relationship between the strain intensity
g and the stress intensity o; of concrete is
taken in the form of a diagram shown in
Figures 3 a, b (for practical calculations, the
curvilinear diagram of compressive stresses
is replaced by a rectangular diagram above

a spatial crack in cross-section £ - see Fig. 3
¢, d, and in cross-section /I-/ in site x; -
rectangular, in site x-x, - triangular).
The curved section of the «ci—¢» diagram (Fig-
ure 3 a) is described by a square parabola:

_ Ry -8
o; = 5
Ebr

&f +Eys; (1)

and straightforward as a linear function:

_R,(A-7)

Epu — Epr

=R, - Q)

i

The parameters Reco and Reey can be calculated
by the formulas given in the reference book [19].
Then &ucp, €crcy- can be determined from the
diagrams (Figure 3a). For example,

2 2 4
e —_Evey | Ep &y p
crey =g _R P cre,y
b ~8y \(Ep-&p —Ry)

3)

The value of w(A) at point H corresponds to its
value at the point (at these points the stresses in
concrete are the same):

0,3 (‘9,8 ~Eere,0 )

u(2)=0,2+ ; (4)
8crc,v - gcrc,O
2 2 4
__Ep-ép Ep -&pr
gﬂ = + > - (5)
Ey-ep. =Ry \(E,- &5 —Ry)

The formation of cracks in concrete and its de-
struction is described by various theories of
strength, since the cause of cracking is always
the main deformation of the separation, and the
cause of the destruction can also be shear de-
formation at the octahedral sites. For the accept-
ed version of the deformation theory of concrete
ductility [2], we will give preference to defor-
mation criteria of strength, because for concrete
located in structural elements, experimental ver-
ification of only deformations is possible. The
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requirements are also presented for the possibil-
ity of a direct transition of the stress — strain de-
pendences to the strength condition.

The equations above contain the parameters R,,
&R Equw Rb:- &:, whose values are determined
by projecting the diagram «ci—€p» on the corre-
sponding planes, for example, «tq—€¢». Projec-
tion is carried out using the obtained formulas
and formulas of mechanics of a solid deforma-
ble body for continuous sections of concrete [2].
When preparing equilibrium equations, it is also
necessary to take into account the angle o as-
sociated with the projection of a dangerous spa-
tial crack ¢ and the angle S that determines the
direction of the main deformations of concrete
shortening in the vertical section k.

To make the calculation equations, we will sepa-
rate two blocks from the reinforced concrete el-
ement using the section method (Fig. 1, 2). The
first block is separated by a cross section /-,
passing at the end of a spatial crack. This block
is in equilibrium under the action of external
forces applied to the block from the support side
and internal forces arising at the section.

From the equation of equilibrium of moments of
internal and external forces in section /-/ with
respect to the y axis, with respect to a point O,

passing through the point of application of the
resultant force in the tensiled reinforcement

(XMo,=0):
Op1 " Op 1 Ap 1D =@y, - X] Ny 511
Hyers1 -1 Ree 1rig Z'a)rig “Age ig +

—(0,5h —ag g5y h) "R tup - Za)up A yp +
+ (O:5h —ag+ g1 h) "Ry Lup Z‘%p “Aseup +

+(0,5h—a,—ngg; )Ry > @g- Ay

—(0,511 —ay =M1 h) Ree1a D @ Ase g =

—KnK o Roup = Roupims =0 (6)

Here Ky, — 1s a numerical coefficient that takes

into account the static loading scheme from the
position of additional bending moments along

Volume 15, Issue 4, 2019

the length of the bar; K \; — coefficient, ratio
(it is known, is set) between R, and M ; ay g
— the horizontal distance from the support in the
direction of the y axis to the center of gravity of
the working longitudinal reinforcement in sec-
tion /-/ (point O, ); Ry, — the support reaction in
the first block (Figure 1).

The unknown is found from this equation gy, , ;.
From the equilibrium equation of the projec-
tions of all the forces acting in section /—/ on the

x axis, the height of the concrete compressed
zone X in this section is determined (3 X=0):

Opx1" a)b,IAb,I [b— - x] _Rs,l,up ) Zwup ) As,up
+Rsc,l,up2'wup ’ Asc,up “Os1d” z Wy - As,d
Ry 14D, O Aseq =0, (7

From the equilibrium equation of the projec-
tions of internal and external forces acting in the

section /-1 on the 0Z axis (ZZ =0) (the load-

ing forces in the working reinforcement in the
middle section are zero), we obtain:

Tl Xy =10 Wro P (0=x)+ Ky -Ryp =0 (8)

Here ¢ is the shear stress determined in the

plx
second stage of stress-strain state.
From it is determined

_ Ky - Ry —rp,’x-x-(b—x)

9
Tpl,x'l//R,Q'h()'(b_x) )

Yo

In this case, the transverse force perceived by
the concrete of the compressed zone will be
equal to:

QI,b :Tpl,x'x'ho’ (10),
Ehe transverse force perceived by the concrete

of the stretched zone will be equal to:
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ST AT T 2P T,

II I) ]3 (c,) R sup

o7
-7 Thy|
/n ver,b,I h
T.b
7.0
Ss,l, m,up "’n s,:s,Ih
csc,Lu[:)Coup‘A 3 b

Node B

b)

(P_ J'Gbl, u

Gx,]
Figure 1. The calculation scheme of the resistance of the reinforced concrete structure under the
combined action of bending moment, torque and shear force (case 2): @ — compressed zone
of spatial section, @ - compressed section zone I-1 (Il — 111).

70 International Journal for Computational Civil and Structural Engineering



Second Stage of Stressed-Deformed Condition of Reinforced Concrete Structures When Turning with Bending
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0,5x,
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v
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q)?:dc‘ (DdA5=d = Q:_:_d

Figure 2. The calculation scheme of the spatial section k:

@ — compressed zone of spatial section.

Ql,t =7Q,t7pl,x'l//R,Q'h0'(b_x)o (11)

As unknown, the system of differential equa-
tions is set yp , .

On the other hand:

Q1,z :Q_Ql,b' (12)

The last equation can be used to determine a
parameter ¥p o that takes into account the

presence of adjacent spatial cracks in the stress-
strain state of the extended zone of the middle

Volume 15, Issue 4, 2019

section [ — [:

. 0-0;,
el 7Q,t7pl,x'h0 '(b_x)

(13)

The compilation of the following equations re-
quires some explanation. The upper, lower and
lateral longitudinal reinforcement (in the pres-
ence of multi-tiered), in Fig. 1 are not shown in
order to avoid cumbersome images. Under equi-
librium conditions, stresses arising in the
marked reinforcement are taken into account.
The only exception is the equation of equilibri-
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um of the moments of internal and external
forces acting in section /-/ with respect to the x
axis perpendicular to this section and passing
through the point of application of the resultant

forces in the compressed zone (7},=0) (the load-
ing forces in the reinforcement in the middle
section /-/ are taken equal to zero).

a) b)
4O
R, C
Rere ! — = R’ A ) 3v
.J']Rl[J B //‘\2 "‘ x 1
PR, z S H 0,5
R "'/ N 1
cre,0 | 1 Ha ,(
/ Hp B/ x
/ 02 14
EJI,H 0, | E.’ . ’
Eere0 E'(; En Eerev EpREV Epu Eptu 0 Ecre,0 E;! En Eere,v Ev Epu
d)
A T:,x,.k

Gx,,k

- ¥
" trajectory of the main
shortening deformations

.+ COSQL

Tox, k COSOL LT = (o
A , %

Figure 3. Connection diagrams “stresses — strain” (a), “Transverse strain coefficient” (b)
for concrete: 1 - calculated; 2 - built on experimental data; 3 - the same taking into account the main
cracks between the pillars; 4 - the same with the measurement of deformations only within
the pillars; stresses in the vertical section and the spatial cross-section diagram k passing through
the end of the front of the spatial crack (c), components of the stresses at the elementary site
of the cross-section k applied to the block from the support side, and internal forces arising at the
cross-section location (d).

In the spatial section k for block 2, cut off by a
complex section passing along a spiral-shaped
spatial crack and along the broken section of the
compressed zone, all the reinforcement [12, 19]
falling into this section are taken into account

72

(Figure 2). Moreover, in the compressed upper
longitudinal reinforcement, cut off in sections I
— I and IIT — III, the impact effect is not taken
into account, and in the rest of the longitudinal
and transverse reinforcement, the components
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of the impact effects are taken into account -
they are determined using a special second-level
model [1, 2, 13, 15]

The need to use a complex broken section of the
compressed concrete zone is due to the fact that
its destruction occurs (according to the experi-
mental studies) in a certain volume, located not
along the entire length between points 4 and B
(Fig. 1, 2), but only in a certain volume located
in the middle part . Moreover, the destruction
occurs in the middle part not along the 4B line,
but at an angle close to 45° , located near the
upper edge of the reinforced concrete structure,
which predetermined the direction of the middle
part of the broken section, where the ultimate
stress-strain state is reached.

Figure 4. Approximation of a rectangular
section I-I (IlI-11]) using squares and circles
inscribed in them and the distribution of torques
in a compressed and extended zone
in the middle section I — I (I1I-111).

In areas of the compressed zone located at the
edges of the broken section, the stress-strain
state varies from sections I — I and IIT — III to
the middle zone according to linear dependenc-
es, respectively. At the same time, the height of

Volume 15, Issue 4, 2019

the compressed zone decreases with increasing
bending moment (Figure 2). Such a calculation
scheme most closely matches the actual re-
sistance, the parameters of which are experi-
mentally confirmed.

The lateral surfaces of the broken section in
compressed concrete coincide with the planes of
the axis (or “smeared” plane) of the working
longitudinal reinforcement. Thus, the angular
reinforcement intersects the planes I — I, III —
III, respectively, at the end sections of a com-
plex broken section (Figure 5).

The distribution of torques in the compressed
and extended zones in the middle section I — I is
shown in Figure 4. When assessing the re-
sistance of reinforced concrete structures of rec-
tangular and complex cross sections (consisting
of a set of rectangles), the authors use the tech-
nique, which is based on the fact that the rec-
tangular section can be divided into a series of
squares, which can be subsequently replaced by
the circles inscribed in them (Figure 4).

The equation for determining the tangential tor-
sional stresses 7, o at the corresponding point

of the cross section located at a distance from
the support is written in a cylindrical and Carte-
sian coordinate system in accordance with Fig-
ure 4:

Tsum,A = z-t,j,A,cond + Tt,i,A,cond T Tioc T Teone * z-conc,loc =

M M,;
! V-A+ b

= . b +T
I,-a I

conc,loc —

T +Toc t Teone T

[ 2 2
NViatZiat

s

M, [ 2 M,
= YAt
l,-«a I a

1

tr

FToc T Teone T

conc,loc = Tt,u ’

(14)

Here 7(j o cong @nd 7y A cona are the tangential

stresses at an arbitrary point A of the large circle
described around an arbitrary cross section after
“condensation” of the static-geometric charac-
teristics of the section “dissolved” along this
circle and the tangential stresses at an arbitrary
point A of the small square-circle after “conden-
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sation”, respectively; Ij o, Yja, Zja — the dis-

tances from the center of the large circle de-
scribed around the cross-section of the rod to an
arbitrary point A located in the small j-th circle,
in which the values of the tangential torsional
stresses 7, and its coordinates are determined in

the common coordinate system YOZ, respec-
tively; M; — the torque acting in the cross section
of the rod; 1, — the polar moment of inertia of

the cross section of the rod approximated by
small squares - circles; 7eyne, Zonc loc = Shear

stresses due to the force, geometric and inter-
environment concentration of deformations, as
well as components caused by local concentra-

tion; A, Yia» Zia — the distances from the

center of the small i-th circle to an arbitrary
point A located in the small i-th circle, in which
the tangential torsional stresses 7, are deter-

mined and its coordinates in the local coordinate
system Y;OiZi, respectively; M, ; —torque per i-
th small circle into which the cross section of
the rod is divided; I,; — the polar moment of

inertia of the i-th small circle into which the
cross section of the rod can be divided (consists
of its own polar moment of inertia and an addi-

tional, equal to er-Ai); ryy — limit values of

tangential torsional stresses.

The torsion moment of inertia in the general
case of a complex cross section is equal to the
sum of the moment of inertia of the squares into
which the section is divided, followed by ap-
proximation by circles inscribed in these
squares (in this case, one of the superimposed
parts of the intersecting sections when summing
is entered with a «minus» sign, and angular sec-
tions, in view of their insignificant effect on the
values of tangential stresses, are not taken into
account):

|t=|t,1+|t,z+~-+'t,1=Z|t,,w (15)

The torsion moments falling on the inscribed
circles are respectively determined:

g

1. A
Mt,let' 1 Mt,zth'T

>|

]

a3l
A

Here 4;; — the area of the small circle inscribed

in the corresponding square; A4, — area of rec-

tangular cross section.

It is important to note that all geometric charac-
teristics are considered relative to the geometric
center of a complex section.

In relation to the average section I-I, under con-
ditions of complex resistance — torsion with
bending (Figure 5), it is advisable to take into
account the fact that a significant part of this
section is subject to tension. It is known [1, 2,
15] that in a stretched concrete there are a num-
ber of adjacent spatial cracks that affect the
stress-strain state of the middle section I-1. We
will take into account this effect of adjacent
cracks using the parameter w1 :

If the torque changes along the longitudinal axis
of the reinforced concrete structure, an addition-
al dependence is introduced, which is a propor-
tional relationship between the torques in sec-
tion k and section I-I.

KT'Kpr,T'Mt,I _ a
M

¢ —0,5b-sinag

M . a'Mt’k
v Kt Kot +(c;—0,5b-sinerg)

(17)

Here K; — a numerical coefficient that takes

into account the static loading scheme from the
position of additional torques along the length
of the rod; K r — coefficient of ratio (it is

known, is set) between Ry, and T. Here a —

the horizontal distance from the center of the
support to section I1-1.
Knowing zym o from equation (14), you can

find the torque per j-th circle of the compressed
zone in section I-I according to the formula:
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T =M = z-sum,A']t,j

c t,c :
’yZ T ZZ

Performing the summation of all , ; for all j-

(18)

th m circles, located in the compressed zone of
section /-I, we will have the total torque per-
ceived by the compressed concrete zone:

M, =M, ;. (19)

m
J=1

In turn, the torque perceived by the concrete of

the stretched zone will be equal to:

Touma " VRT 11, j
2
[ yz + 72

Here yp r — a parameter that takes into account

Tp=M, = (20)

the presence of adjacent spatial cracks in the
stress-strain state due to torsion of the extended
zone of the middle section /1.
On the other hand, returning to the construction
of general resolving equations (Figures 1, 2),
here we can use the equation of equilibrium of
the moments of internal and external forces act-
ing in section /-/ relative to the axis perpendicu-
lar to this section and passing through the point
of application of the resultant forces in the com-
pressed zone (75,~0):

M gp=M,-M,_. 21)
From this equation is determined parameter
wgrr that takes into account the presence of

adjacent spatial cracks in the stress-strain state
due to torsion of the stretched zone of the mid-

dle section /-I:
(M, —M,’C)«/yz +z°

Tsum, A4 t,j

YRrr = (22)

5
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osc,l,up sc,1,up

I
) /
*B:1 —.L 77777

L

Iy

Figure 5. Approximation by a broken section
of a compressed zone formed by a spiral-shaped
spatial crack, as well as sections I-I and II1I-111.

f 3

From the hypothesis of proportionality of longi-
tudinal strains, we find:

o = Opx,1 'Es (’1) ) (b_as —X)
B

+0y <Ry (23)

Here o, — prestresses in prestressed reinforce-

ment at the moment of decreasing the prestress-
ing value in concrete to zero when the structure
is loaded by external forces, taking into account
the prestressing losses in prestressed reinforce-
ment corresponding to the considered stage of
the construction. If condition (23) is not satis-
fied, then we set Os.1 equal to Ry .

The second support block is separated from the
reinforced concrete element by a spatial section
formed by a spiral crack and a vertical section
passing through the compressed zone of con-
crete through the end of the front of the spatial
crack.

The equilibrium of this block is ensured by the
following conditions.

The sum of the moments of all internal and ex-
ternal forces acting in the vertical longitudinal
plane with respect to the y axis relative to the
point of application of the resultant forces in the
compressed zone is zero (DM, =0, block 11).).

(0,5h—ag 4+ ph)- Z Roa 05q-Asia
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~0,57=, 4 ~Ther ) D R @i Asjup *
Toup ZRs,up O i Asjup Vo ZRS (0 A
+P6a D Roa- @
ﬁj cosa +0,5, - Thoth 12} .
sing
'st,up O A jup +
+0715 (Mhorp b ~7hes h) DR A+

1 ,5x
[b Aleys ~ bjcosa+0 512+’7horb 12}

d Asiat

3 sine
Z Ry - @
+(O S5h— A d +ver bh) Z SCup scmpAsc iup —
~(0,5h a4 ~Thyer 1) DRy
s1dk Z; ,up Z ,1,51d s,0,sid
ss1dk Zld Z s,1,s1dAs,i,sid +

+qsw,1ef sy i lef f2 (C) ) Zi,up,sw -

P14 [

A cid Tt

c,1,dA sc,i,d +

“Asw,lef Psw,ilef f2 (C) "Zidsw
Kpr,M 'Rsup - Rsup '(am,b + Thorb '12) =0 (24)

here a,,}, — horizontal distance from the support

to the center of gravity of the compressed con-
crete zone in section k; @s, Pgup> Pod> Por >

®7up 974> — parameters that take into account

the components of the “indented” effect in the
reinforcement (at each step of the iteration, they
are taken into account as constants, not as func-
tions, and are determined based on the second-
level model); other geometric parameters given

in formula (24) are shown in Figures 1, 2; z;

— the distance from the side reinforcement,
which is located above point by ; z; 4 — the dis-

tance from the side reinforcement, which is lo-

cated below point by ; z;,,, — the distance

from the center of gravity (found through
@y i 1ef ) Of the linear force in the clamps locat-
— the

distance from the center of gravity (found

ed on the side face, above point by ; z; 4 ¢

through o,

sw.ilef ) of the linear force in the
clamps located on the side face, below point b, .

The lateral compressed reinforcement in this
equation is not taken into account in view of the
smallness of its shoulders relative to the point
b, (due to the smallness of the parameter xj );
From equation (24) is determined the unknown
os.siax on the left edge.

The sum of the projections of all the forces act-

ing in the spatial section on the x axis is zero
(3. X =0, block II).

ZRS,up "W i up 'As Jiup +
51d k- Z S,I,Sld s,1,5id
+Z Rs d %sid-’ A
Z sc,up @sc,i,up sczup
stc d SC,l,d sc,i,d
_Z Rsc,rig "Wy rig Asc,rig

_(€010 "Op 1 '¢1) -a)b-xB-\/l§+h2 > (25)

here @,, ¢, are accepted at each iteration in

the form of constants.

An unknown x3 is found from this equation.

The first case is for the axis of block II (3 Y=0),
and for the second case it will be the equation

Q. Y=0).

(b—aup,S —xb)
“Asw.oup” . "Wy +
sin 0!0
(b —ad s —.xb)
+qsw,0' : . "0
sin

%upRsZ Dyp A ap T
+08 1 sid Ry.sia D, Ok sia As sid

+pg aR Y W A4 =0 (26)

An unknown ¢y, ., is found from the equa-

tion (26).
The sum of the moments of internal and exter-
nal forces in the vertical transverse plane rela-
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tive to the x axis passing through the point of Composing a function of many variables with

application of the resultant forces in the com-
pressed zone is equal to zero (3_754=0, block II):

Tsum,A'It,j . Tsum,a"YRT " 1/
——F——-S1 ao -sin ao +

'\'yz‘{'zz \’y2+22

+go7upRSZ Oy Sup (b ag ., —0,5- x)

+(p7,dRSde ¢ d -(b—asad —0,5-x)+
+¢7 1 Ry Za)-AS -(b—as lef—O,S-x)+
05 o Ry D DAy -(0,5h =2y, =y 1) +
+g R D @+ Ag 11,0 ph +
0 g R, D 0y 4y - (0,5h =2, + 10y p1) +
Hg,orap (0:5H0 = Ay p = Thersh ) +
+qswo‘(0 Shy —ay +77verbh)

+qsw,1ef +h-cosa- (b ~Alevs — 0, 5xB ) -

Kpr,T ) Rsup - Rsup (O, 5b-0,5xp ) =0 (27)

here Kt — a numerical coefficient that takes

into account the static loading scheme from the
position of additional torques along the length

of the rod; K, 1t — coefficient, ratio (it is
known, is set) between Ry, and 7 .

Unknown g, - is found from the equation (27).

The sum of the projections of all the forces act-
ing in the spatial section on the y axis is zero
(3.Z2=0, block II):
_qsw,lef “h-cosa — ¢7,dRs Z Wy As,d -
_%,upRsza)upAs,up _(p7,kRs za) As +
+((/’10 "Opx,I '(P1)'

’2 2
‘a)b'xB' l2+h +Rsup:

Here ), ¢y, are accepted at each iteration in

(28)

the form of constants. An unknown qgy f 18
found from the equation (28).
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Lagrange multipliers 4;

F(o X o ,0 X
( b,x,I 2 7/Q,t ? s, ’ s,sid k >’ qsw,o‘,up ? qsw,o‘ ?

qsw,lef"0’11’22’13’14’25’16’27’28919) s

using equations (1)—(23), and equating the par-
tial derivatives with respect to all variables in-
cluded in it to zero, we obtain an additional sys-
tem of equations [13, 15]:

9 + A4 — on +/12 2 +A, 8¢m=0

axl 8)(1 axl axl

o +/115(P1+22 +.. +/”tmﬂ=0

5)62 8)(2 X2 aX2 . (29)

S i n 232,900, 1, %
ox,, ox,, ox,, ox,,

From the system (29) after the corresponding
algebraic transformations, for the two cases
considered above, it is possible to obtain the
equations for the unknown dangerous spatial

crack ¢, (c) on the horizontal:

sina(c)+ay-ag-cosa(c)

Cinc (C) = (3 0)

ag-ay, -ag -sin” a(c)
The coefficients
ay, dg, dg, dip

included in the equation include almost all the
calculation parameters
O-b,x,[axa 7Q,t s Gs,] )

)xB)q 7q ’q

(o2
s,sid k SW,O,Up sw,o sw,lef

of the proposed calculation model (Figure 2).
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3. CONCLUSIONS

The paper proposes a calculation model of
the complex resistance of reinforced con-
crete structures in buildings and structures
under the action of torsion with bending.
The structure of the model includes a sup-
port block (formed by a spatial crack and a
compressed concrete zone closed on it, the
spatial section k) and a second block
formed by a vertical section /-/ extending
perpendicular to the longitudinal axis of the
reinforced concrete element along the edge
of the compressed zone closing the spiral
spiral crack .

The case is taken into account when, of the
three external influences during torsion
with bending (Q, M, T), the greatest influ-
ence on the stress-strain state of structures
is exerted by the action of the torque T
(case 2). In the proposed model, when con-
sidering the normal section I — T (IIT — III)
and the spatial section k some parametres
are taken into account: the maximum sup-
port reaction Ry, the height of the concrete
compressed zone in the normal section

xp1, the coefficient for determining the

shear force Yo the longitudinal rein-
forcement stress in the normal section o .
S,

the side reinforcement stress in the spatial
section o, the height of the com-

sid ,

pressed zone of the spatial section X, the

linear force in the transverse reinforcement
located at the lateral, upper and lower faces
q .4 ,q . ,normal stresses in con-

SW,0,Up sW,o sw,lef

crete 0y, 1, component axial stresses in
the working reinforcement intersected by a
spatial crack Oy, 0 up>Ts d>Oscd» tan-

gential forces in concrete @7,., @7

components of the loading effort in the
working reinforcement intersected by a spa-
tial crack k, as well as the lengths of the
projections of the parts of the spatial crack

3.

on the horizontal axis /;,1,,5(c;).

When assessing the resistance of reinforced
concrete structures of rectangular and com-
plex cross sections (consisting of a set of
rectangles), the authors use the technique,
which is based on the fact that the rectangu-
lar section is divided into a series of
squares, which are subsequently replaced
by the circles inscribed in them.

The resolving equations for the proposed
model are compiled, forming a closed sys-
tem and the Lagrange function combining
them is written. Using partial derivatives of
the constructed function with respect to all
variables included in it and equating them
to zero, an additional system of equations is
compiled, from which, after the correspond-
ing algebraic transformations, a dependence
is obtained that allows one to find the pro-
jection of a dangerous spatial crack.
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ANALYSIS OF COMBINED PLATES WITH ALLOWANCE
FOR CONTACT WITH ELASTIC FOUNDATION

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

Abstract: The paper covers the problems of combined plates with circular base and consisting of a few sections
with different laws of thickness variation. Analytical methods of analysis of similar structures are not yet devel-
oped. The present work suggests the analytical method for solving of the stated problems, the contact with the elas-
tic subgrade is also considered. The above-mentioned approach is shown on the example of the analysis of the bot-
tom of the cylindrical reservoir, resting on the elastic subgrade. The inner part of this construction is represented by
the ring plate of variable thickness which increases along the direction from the internal boundary. The outer part is
represented by the ring plate of the constant thickness. The influence of the elastic basis and the upper part of the
reservoir is taken into consideration. The solutions for stresses and deflections of the combined plate are given in
closed form in terms of Bessel functions. The conditions of the plate’s sections conjugation are fulfilled.

Keywords: combined plates, bottom of the reservoir, Bessel functions

PACYET KOMBUHHWPOBAHHBLIX IIVIUT C YYETOM
NX KOHTAKTA C YIIPYT'UM OCHOBAHUEM

E.b. Kopeneea
MockoBckoe BeIciee 00IeBoiickoBoe KoMaHIHOE opaeHOB JKykoBa, Jlennna n OKTa0pbckoit PeBomornu
Kpacnosznamennoe yuunnuine, r. Mocksa, POCCUA

Annotanusi: B pabore n3y4arorcst KOMOMHUPOBAHHBIE IUINTHI, COCTOSIINE U3 ABYX MM HECKOJIBKUX Y4acCTKOB C
Pa3NUYHBIMH 3aKOHAMH U3MEHEHUS TOJIIIUHBI M UMEIOIIHE B IUTaHE KPYTOBYIO GOPMY. AHATUTHYECKUE METOIBI
JUTA pacyeTa MoJA00HBIX KOHCTPYKINH MPAaKTUYECKH erle He pazpaboransl. Hinke mpemmaraeTcss aHaTUTHIECKIH
MOJXO0/1 K PEHICHUIO TIOAOOHBIX 33134, TAaKXKe MPOM3BOIUTCS yUeT KOHTAKTa U3y4aeMOi KOHCTPYKIINHU C YIPYTHM
ocHoBaHueM. [logoOHas MeToauKa MOAPOOHO M3JIAracTcsl Ha MPUMEPE PACCMOTPEHHs pacdeTa JHHIIA LHWIHH-
JPUYECKOTO pe3epByapa. BHYTpeHHSSI 4acTh 3TOW KOHCTPYKIHUH NPEICTaBIsAET cO00il KOJBIEBYIO IUIUTY, TOJ-
IIMHA KOTOPOH YBEIMYHMBACTCS MO HANPABICHHUIO OT BHYTPEHHETO KOHTYpa, HAPYyXKHAs 9acTh MPEICTABIIET CO-
6011 TuIMTY MOCTOSTHHOW TONUMHEL. [Ipon3BomuTest ydeT BIMSHHS NOAATIMBOTO OCHOBaHUS M JCHCTBHUS Beca
BEpXHEH yacTu pesepByapa. Pemenns i nepeMenieHui 1 yCWIInil BHYTpEHHEH U BHENIHeH JacTtedl KOMOWHU-
POBaHHOM IUINTHI TIOJIy4EeHBI B 3aMKHYTOM BHJIE U BBIpaXXeHBI B QyHKIMIX beccens. Boimonnstores ycioBus co-
HPSKEHUS OTAEIbHBIX yYaCTKOB.

KiroueBble cjioBa: KOMOMHMpPOBaHHAS IUINTA, THUIE pe3epByapa, pyHkun beccerns

1. INTRODUCTION

The work considers analytical calculation of
combined plates with circular base and consist-
ing of several sections with different laws of
thickness variation. Their thickness may be in-
creasing or decreasing in the direction from the
plate’s center to the outer boundary. The mate-
rial of the plates under study is isotropic or or-
thotropic. The separate sections of the men-

tioned constructions may be made from differ-
ent materials with various physical characteris-
tics. In the places of the sections conjugation the
construction remains continuous. However, in
some cases the plates’ thickness can have the
break of continuity in these positions. The ana-
lytical methods of the such constructions com-
putation are in practice not yet developed. The
present work covers this lacuna. As an example
we will consider the work of the bottom of the
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cylindrical reservoir. The bottom is represented
by a ring plate, resting on an elastic foundation
and consisting of the two sections. The inner
part has the variable thickness increasing in the
direction to the external boundary. The outer
part of the plate has the constant thickness (Fig-
ure 1). The elastic foundation properties are de-
scribed by Winkler’s model.

0,
M,

I

| I
[ I
SRR |
».ﬁl

0

Figure 1. The combined plate
on elastic foundation.

The coefficients of foundation under the inner and
the outer parts of the plate can be both as different
or identical. The loads caused by the upper part of
the structure are distributed along the concentric
circles. Let us assume that the load is applied to
the outer part of the plate and the bottom of the
reservoir is made from the isotropic material.

2. THE COMPUTATION OF THE INNER
PART OF THE CONSTRUCTION

Let us consider the work of the inner part of the
bottom of the cylindrical reservoir when
Xy £x<x,, which is represented by a ring plate

with varying thickness, resting on an elastic
Winkler’s foundation. The construction is sub-
jected to an action of the axially symmetric
loads. The differential equation describing the
similar plate bending has the following form:

1 dw
+3dr+

1 dw}

_|__
art v a8 r2 dr?
dD d*w (2+0') d*w
2
Tdr dr’ roodr
d*D[d*w o dw
|+
ar’* | ar* rdr

D{d“w 2d%w 1 d*w

Sart O

:|+CIW q,

Elena B. Koreneva

where D — cylindrical rigidity, o — Poisson’s
ratio, ¢; — coefficient of elastic foundation for
the section where x, <x<x;.

Let us assume that the variable rigidity of the

plate to be approximated by the power law

D =Dy, (2)

here D,, m — constants.

Substituting (2) into (1) we get the following
equation:

4d d*w
—tr (2m+2)—+r (-l+m(+o0)+
I”

>
N 2 dw

+m )d7+r((1—m)+0'(m —m))ﬁ— (3)

aw r4—m — qr4—m

Dyn, D,

The analysis shows when m=4 (3) is Euler’s
equation integrating in elementary functions.
However, it is not possible to obtain the solution
of (3) in terms of elementary functions when
m#4 . To receive the result we compare the
coefficients of (3) with the coefficients of Niel-
sen’s equation [3]:

d*w d’w d*w dw
4 3 2
=+ 4 A Ar=—
I N O)
+ Ayw =0,
where we have
Ay =6—-4a—4c,
A, =2(a* -y ) +4(a+c—1)> +4(a—1)(c-1)-1,
A =212 - a*) - (a—1)2c - 2a+2c-1),
Ay = (a* = p*c)(a* +4ac+4c? — ety -bietr*

The equation (4) is integrated in terms of Bessel
functions. When comparing the coefficients of
(3) and (4) we determine that the mentioned
equations are similar when the following pa-
rameter relations are
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a=m/4; c=@4-m)/4; p=-m/(4-m);

4 c m
= 41" -
b=a=\D, "4

The solution of axially symmetric problem of a
circular plate with varying thickness, resting on
an elastic Winkler’s foundation, can be written
in terms of Bessel functions:

W= r_}%[ClJﬂ(b’”c\/;)Jf CZYﬂ(brc\/;)+

(6)
+ Gl (Vi )+ CK (b Vi )}
The solution (6) can be written in the form:
w=r " [Blu# (brC)Jr By, (brC)Jr 7

+ B3f#(brc)+ B4gy(brc)1
Since the Poisson’s ratio for all materials is
0<0<05,

the above-mentioned solution (7) may be used
only for the cases when 0<m<2. This fact cor-
responds to the case when the thickness increas-
es in the direction from the inner boundary to
the outer one (Figure 1). The stresses are deter-
mined by the use of the certain formulae [1].
Further we introduce the dimensionless coordi-

nate x=>br¢.

3. THE CALCULATION OF THE OUTER
PART OF THE CONSTRUCTION

We pass to consideration of the outer part of the
bottom with the constant thickness. Let us as-
sume that the load caused by the upper part of
the structure is subjected along the circumfer-
ence with the radius x,. The plate’s thickness

when x=ux, is continuous and equal to

h:hoxl% when 0<m<2.

Volume 15, Issue 4, 2019

Here the conditions of the two parts conjuga-
tions are fulfilled; the deflections, angles, bend-
ing moments, transverse forces remain continu-
ous. We denote the mentioned values respec-
tivelyas w,, 9,, M,, Q,.

The solution of the homogeneous differential
equation for axially symmetric bending of the
similar plate, resting on elastic foundation, is
expressed in terms of Bessel functions [4-7] in
the following form:

w= Ay (x) + 4oy (x) + 4 fo(x) + 4,80 (%), (8)

where 4,, 4,, 4;, A, —constants;

x:Z, [:4{/§’
! ¢y

¢, — modulus of the foundation relevant to the

outer part.
To write the expression for the plate’s elastic
surface we introduce the fundamental functions

wi(x5), Wy (xy5), wi(xp5x), wy(x5x), which
properties are described in [1]. We have
W (x5 0) = S g’ ()20 (1) = 0y’ (1) X
% fo(0)+ 3! (o (0+ &6 (¥ g (1))
Wy (15) = 5[ 10y ()20 () — v (7)) %
% fo(0)+ fo (0o (e gy (xitg (1)),
w3 (03%) = 5L [y’ () fo(¥) =0y () X

x €0(%) = fo' (x))ug (X)+ go' (1 )p (¥)]

)

W, (x;x) = %[“o(xl)fo(x)_uo()ﬁ) X

x g0 (%) = fo (g (x)+ go(x )0y (x)].
Thus, when x > x,, we can write

w=wy =w,w (x;x)+8 0w, (x;x)—

10
= M 0wy (x5%) = O 1Ly (3,5 ). o
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The influence of the construction upper part can
be represented by the moments M, and forces

O, distributed along the circumference with the
radius x,. Then the expression for the deflec-

tions of the combined plate by taking into ac-
count the inner and the outer parts is:

W= wy +wy + M, ws (x,;x) +

(11)
+0, 07w, (x5 ).

The coefficients incoming in the expression for

w; are determined from the boundary condi-

tions and the conditions of the sections conjuga-
tion. The values of modulus of subgrade may be
either different or similar.

4. CONCLUSION

The analytical method for computation of the
combined plate consisting of a few sections with
different laws of the thickness variation is pro-
posed. This techniques is stated for the example
of the bottom of the cylindrical reservoir exami-
nation. The influence of the upper part of the
construction under study is considered. The so-
lutions are obtained in the closed form in terms
of Bessel functions.
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CROSS-SECTIONS WITH STABILITY CONSTRAINTS
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Abstract: The special properties of optimal systems have been already identified. Besides, criteria has been for-
mulated to assess the proximity of optimal solutions to the minimal material consumption. In particular, the cri-
teria were created for rods with rectangular and I-beam cross-section with stability constraints or constraints for
the value of the first natural frequency. These criteria can be used for optimization when the cross sections of a
bar change continuously along its length. The resulting optimal solutions can be considered as an idealized ob-
ject in the sense of the limit. This function of optimal design allows researcher to assess the actual design solu-
tion by the criterion of its proximity to the corresponding limit (for example, regarding material consumption).
Such optimal project can also be used as a reference point in real design, for example, implementing a step-by-
step process of moving away from the ideal object to the real one. At each stage, it is possible to assess the
changes in the optimality index of the object in comparison with both the initial and the idealized solution. One
of the variants of such a process is replacing the continuous change in the size of the cross sections of the rod
along its length with piecewise constant sections. Boundaries of corresponding intervals can be selected based on
an ideal feature, and cross-section dimensions can be determined by one of the optimization methods. The dis-
tinctive paper is devoted to criteria that allow researcher providing reliable assessment of the endpoint of the op-
timization process.

Keywords: criterion, optimization, special properties, stability, frequency, critical force, buckling,
eigenmode, reduced stresses

KPUTEPUU OLIEHKN ONITUMAJIBHBIX PEIIEHUN
P ®OPMUPOBAHUU CTEPKHEHN C KYCOYHO-
MNOCTOSAHHBIM U3MEHEHUEM MONEPEYHBIX CEUEHUI
NPU OTPAHUYEHUSX IO YCTOMYUBOCTHU UIN
HA BEJIMUUHY NEPBOM COBCTBEHHOM YACTOTBI
YACTb 1: TEOPETUYECKHUE OCHOBBI

JI.C. JIaxosuu’, I.A. Akumos > *, B.A. Tyxpamynnun'’

! Tomckwuit TOCYIapCTBEHHBIH apXUTEKTYPHO-CTPOHUTENBHEIN yHUBepcuTeT, T. Tomck, POCCHUA
? Poccniickast akaIeMust apXHTEKTYpbI H CTPOMTEIBHBIX HayK, T. Mocksa, POCCHS
3 Hayuno-uccnenosarensckuii nentp Cra/luO, r. Mocksa, POCCHUA
* Poccnifckmii YHHUBEPCHUTET JIpY>kO0bI Hapo1oB, T. MockBa, POCCUA

AHHOTaIII/[SI: Panee ObLIM BBISBICHBI 0COOBIE CBOMCTBA ONTHMANILHBIX CUCTEM M C(lJOpMyJ'II/IpOBaHI)I KpUTCpUU,
OLCHUBAKOIIUC OIU30CTH ONTUMAJILHEBIX peIHeHI/Iﬁ K MUHUMAJIBHO MAaTE€pUaIOCMKOMY. B YaCTHOCTH, OBLIN CO-

88



Assessment Criteria of Optimal Solutions for Creation of Rods With Piecewise Constant Cross-Sections With Stability
Constraints or Constraints for Value of the First Natural Frequency. Part 1: Theoretical Foundations

3/1aHbl KPUTEPUH, ISl CTEPAKHEH € IIPSIMOYTOJIbHBIM U ABYTaBPOBBIM IIOIIEPEYHBIM CEUEHUEM IIPU OIPaHUYCHHUAX
M0 YCTOMYMBOCTH MJIM HA BEJIMUUHY NEPBOW 4aCTOTHI COOCTBEHHBIX KOJICOAHUH. DTH KPUTEPUH ITPUMEHUMBI [IPU
ONTUMH3ALNHU B CIy4asx, KOI/a NONEpEeYHbIe CEYEHUs CTEPKHS HENPEPBIBHO U3MEHSIOTCA 10 ero JuinHe. [lomy-
YEeHHBIE IIPU 3TOM ONTHUMAIbHBIC PELICHUSI MOTYT PacCMaTpPUBATHCA KaK MICATN3UPOBAHHBIN OOBEKT B CMBICIC
npenensHoro. JlanHast GyHKIMA ONTUMAIBHOTO MIPOEKTa MO3BOJISIET OLIEHUBAThH PealbHOE KOHCTPYKTOPCKOE pe-
IIEHHUE 110 KPUTEPHIO €r0 OIM30CTH K NpeaeIbHOMY (HalpuMep, 0 MaTepHaJOeMKOCTH). Takoi onTHMalbHBIA
HNPOEKT TAaKXKE MOMKET UCIONb30BAThCS M KAK OPUEHTUP MPU PEaNbHOM IMPOEKTHUPOBAHUH, HAIPUMED, PEATU3Ys
MOATAIHBINA IIPOIECC OTXO0Ja OT MICATBHOIO 00BEKTa K peasibHOMY. IIpH 3TOM Ha Ka)KIOM 3Tare MOsBISeTCS
BO3MOXKHOCTb OLIEHKH U3MEHEHUS IT0Ka3aTelisi ONTHMAILHOCTH 00BEKTa 110 CPAaBHEHHMIO, KaK C Ha4aJIbHbIM, TaK U
C MJeaTU3UPOBaHHBIM perieHreM. OfHM U3 BapHAHTOB TaKOTO MPOIECCa COCTOUT B 3aMEHE HEIPEPBIBHOIO H3-
MEHEHUS pa3MepoOB IOIEPEUYHBIX CEYCHUM CTEPKHS II0 €r0 JJIUHE COOTBETCTBYIOIUMU KYCOYHO-IIOCTOSIHHBIMU
yuacTkaMH. ['paHHIBI Y4aCTKOB MOI'YT BHIOMPATHCS Ha OCHOBE MJICAJIbHOTO OOBEKTa, a pa3Mephl MOMEPEUHBIX
CEYCHUH OIPENENAThCS OAHUM U3 METOJO0B ONTUMHU3ALMU. B HacTosLIed cTaThe MpeaIaraloTcs KpUTepuu, mo3-
BOJIAIOIIME HaIE)KHO OLIEHMBATh MOMEHT OKOHYAHMS IIPOLIECCa TAKOW ONTHUMHU3ALMH.

KioueBble c10Ba: KpuTepuii, ONTUMHU3aNNUs, 0COObIE CBOWCTBA, yCTOWYNBOCTD, 9ACTOTA, KDUTHUECKAS CHJIA,
(hopMBI TTOTEPH YCTOHYNBOCTH, POPMBI COOCTBEHHBIX KOJIEOAHMUH, TPHUBEICHHBIC HAPSHKCHUS

As is known, there are numerous papers devoted
to problem of minimizing the weight of rods
under various restrictions. In this connection we
should mention pioneer papers of Clausen [1],
Lagrange [1], E.L. Nikolai [3], where special
properties of optimal constructions were formu-
lated. For example, in paper [4], special criteria
were formulated that made it possible to evalu-
ate the proximity of solutions for optimizing
rods of rectangular and I-beams to a minimally
material-intensive design with limitations on
stability or on the value of the first frequency of
natural vibrations. The criteria obtained in [4]
are applicable for the case when the parameters
of the cross sections vary continuously along the
length of the rod. Despite the fact that such an
optimal project in the overwhelming majority of
cases 1s not directly implemented, it, being the
limit, for example, by the minimum material
consumption, allows researcher to evaluate the
adopted design solution. In addition, the mar-
ginal project can be used as the initial stage of
the step-by-step process from an ideal object to
a technologically acceptable design solution (for
example, [4,6]). In particular, such a process
may consist of replacing a continuous change in
the size of the cross sections of the rod along its
length with a corresponding piecewise constant.
I order to provide this, sections along the length
of the rod are selected, in each of such section
the dimensions of the cross-sections do not
change. The choice of the boundaries of these

Volume 15, Issue 4, 2019

sections is determined by technological re-
quirements and objective to approximate to
minimally material-intensive solution. After se-
lecting the boundaries of the sections, the di-
mensions of the cross-sections are determined at
each section using one of corresponding optimi-
zation methods.

In most optimization methods, the criterion for
corresponding the step-by-step process is the
state in which at the next search step, the change
in the objective function is less than the selected
small value in advance.

However, there are cases when, with a small
change in the objective function at neighboring
steps, the coordinates of the optimum point no-
ticeably change. Obviously, the presence of a
criterion that more objectively evaluates the
proximity of the solution to the optimum will
increase confidence in the result.

Such criteria were formulated in [4] in order to
optimize rods of a rectangular and I-shaped
cross section under stability restrictions or by
the value of the first frequency of natural vibra-
tions, when the parameters of the sections
change continuously along the length of the rod.
These criteria make it possible to evaluate the
proximity of the obtained solution to a minimal-
ly demanding project.

The distinctive paper proposes similar criteria
for some cases of designing the least weight
rods with rectangular or I-shaped piecewise
cross-sections continuously varying along the
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length of the rod, with limitations on stability or
on the value of the first frequency of natural vi-
brations.

Let us consider the derivation of such a criterion
for a rod with a rectangular cross-section. In this
case, it is sufficient to formulate a criterion with
a limitation of the magnitude of the first fre-
quency of natural oscillations, but taking into
account the influence of the longitudinal force.
Such a criterion can also be used when only a
stability constraint is introduced. In this case, in
the expression of the criterion, the value of the
natural frequency is assumed to be zero.

The designations of the dimensions of the cross
section are shown in Figure 1.

& bZk [l]"
T
p * byl
}

v
Yy
Figure 1. The designations of the dimensions

of the cross section.

Rectilinear rods (including multi-span) are con-
sidered, bearing mass and loaded with longitu-
dinal force. The rod is divided into sections,
within each of which the dimensions of the sec-
tions do not change. The designations of the
lengths of the sections and the coordinates of
their boundaries are shown in Figure 2.

It is required to determine the dimensions of the
cross sections of the rod b,[i] and b, [i]

(i=12,..,n), but provided that the first fre-
quencies in the main planes of inertia ( @1[1] and
@?2[1]) are not less than the specified value (@, )

and that, with the selected boundaries of the rod
sections and the constraints, its volume would
be minimal.

Thus, the objective function (the volume of the
material of the rod) is defined by formula

V=3 byl by [i]*1,[4]. (1)

Restrictions on the magnitude of the lowest fre-
quency of natural vibrations,

o, <olll], o, <w02[l]

with allowance for vibrations in the two main
planes of inertia of the cross section of the rod,
can be written as

w, = ol[1]= 02[1]. )

It is known that if @1[1] and @?2[1] are the first
frequencies of natural vibrations in the principal
planes of inertia, then the energy functionals
must continuously take zero values when the
cross sections are continuously changed. Thus,
we have

ll % (1, \2 % (1, \2
Ou =5 j (EL(x)* (V) = P(x)*(V)* - 5

— " *[m(x)+ p* F(x)]*v_ }dx=0;

11 % AYEE % rN2
90,2—5{ (EL (0 () = PO O0) =
—o” *[m(x)+ p* F(x)]*w’ }dx = 0.

With a piecewise constant change in cross sec-
tions, requirements (3) and (4) with allowance
for restrictions (2), take the form

1< x[i]
O =7 {EL[1*(v,)* = Pl1*(v,)" —
2;“““[;[1] i1*(v i*(v )

—(@[1])? *[m(x) + p * F[i]*v2 }dx = 0;

5 il
IS THEL I 0) = Pl () -

9@2 :22

i=l x[i-1] (6)
—(@2[1])* *[m(x) + p* F[i]* w2 }dx = 0.

Here E is the elastic modulus of the material of
the rod; 7,(x), 1,[i], 1,(x), 1,[i] are respectively,
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x[0]  x[1]

x[2] x[i—1] x[i] x[n—2]
A A

x[n—1] x[n]

] [1]>e— 1,[2]—>

-
<%

Yv

s

1

<«—1 [n—-1]—'<« 1, [n] »

[
>

Figure 2. The designations of the lengths of the sections and the coordinates of their boundaries.

the moments of inertia of the cross sections of
the rod in the main planes of inertia; v, w, are
the coordinates of the modes of natural vibra-
tions in the main planes of inertia; p is the spe-
cific gravity of the material of the rod;

F(x)=b(x)*b,(x), FT[i]= by [i]* b, [i]

1s the cross-sectional area of the rod.
Thus, it is required to find the values b,,[i] and

b,,[i] that give the function (1) the minimum

value when conditions (5), (6) are satisfied.

So, we have to consider corresponding paramet-
ric problem.

The expression extremum of which will ensure
the minimum of function (1) and the fulfillment
of conditions (5), (6), can be written as

Vow = Zn:buc [i1%b,, [i1*1,[i]-

3r. .
*[E* by [l]l*zbzk [] "

n  xli]

>

i=l x[i-1
- Pli]*(v,)* -
—(oI[1])* *(m(x) + p*by, [I1* by [iD *vi 1= (7)

e bl Bl
2 12

{//L(ul (V;: ) -
]

(wh)? -
- P(i)*(w,)* -
—(@2[1])* * (m(x) + p*b, [il* b2k[i])wi]}dx,

where A, and A, are arbitrary factors. In the

parametric problem, the factors A, and A4,

are constant values.

Volume 15, Issue 4, 2019

Obviously, variations of expression (7) with re-
spect to 4, and A, lead to the fulfillment of

conditions (5) and (6), and therefore to con-
straint (2).

In order to find the minimum of expression (7)
under conditions (5), (6) it is necessary to write
the system of equations

v,

Ow

Oby il

v, e
ob,[i]

0,.. (i=1,2,.,n). (7)

Let us write 7 -th couple of equations

- = 1|—
Oby ]
x[i] 27 .
_ I ﬂm*[E*M*(VZ,)z_

x[i-1]
—{(@I[1)* * p*b,, [i1*v, ] -

b i
~ A *[E*—Zk[l] *(wy,)’ =

—(@2[1])* * p* by [i]* W 1}dx = 0

0w

0by[1]

= blk[l]*lu[l]_

x[i] b13k[i] -

—x[ijuuwl*[E*T*(vw )2 -

—(@I[1])* * p*b,, [i]*v2 ]~

b, [i1* b5, [i]
4

—(@2[1])* * p * by, [i]* w2 }dx = 0.

~ Ao *[E* *(wy,)" =

(8)
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Dividing all the terms of the first equation by
b,,[i], and the second by b,,[i] and performing

simple transformations, we get

I o0

x[i-

*(,)" -

2 % * g 2k Zk[]
—(@l[ID* * p*vy1+ A, *[E =

—(@2[1])* * p*wy 1}dx =1,[i];

x[i]

j ) *[E*@*(v")z _
wl 12 2]

*(w,)" -

b2 i
—(@l[11)* * p*v2 1+ 4, *[E*%[’]*(w;:)z -

—(@21])* * p* w2 1jdx = 1,[i].
©)

Multiplying all terms of the obtained equations
by E and taking into account that

&,(x) =§*b1 X (O0); o

021 = 4,0 * ()

we can rewrite corresponding equations:

x[i]
J.{ﬂ‘wl *ol (x)—(0l[1])* *E* p*v. ]+
x[i-1]

+ Z’aﬂ *[%*0-22(0()6) -

(@21 *E* p* w2 dx = 1 [i]* E:
| G - @I *E* i
[i-1]
2y *02, () -
(@21 *E* p* w2 jdx = 1 [i]* E,
(an

where o,,(x) and o,,(x) are normal stresses
in the extreme fibers of the rod from bending

moments arising from natural vibrations in the
main planes of inertia. These stresses, as well as
displacements, are determined up to a constant
factor.

Taking the difference of equations (9), we ob-
tain

2 x[7]
“* 0, * ol (x)dx—
3 x[i-1] (12)
2 x[i] ,
[ * —
3 1(02 Jo-Za) (X)dx - O

*[i-1]

Therefor the following formulas can be ob-
tained:

x[i] x[i]
%k 2
A * [or,(dx=14,,* [oF,()dx; (13)
x[i—1] x[i-1]
x[1]
2 d
O'Zw X
A=A, —V[l] ;
jalw dx
x[i-1]
x[i]
2
Ialw dx
5 x[i-1]
ol X
> d
o,, dx
x[i—1]

(14)

(15)

Based on (13)-(15), equations (11) can be writ-
ten in the following form

x[7]
[12, [0, () dx = (@[1])* * E* p*v2]+

x[i-1]

%k
+4,,

1
E*Uzzw(x)—

— A, (@21 *E* p*wdx =1 [i]* E;
x[i]
| 70t - @) <% p*02 4
x[i-1]
+1, *azzw(x)—
— A, *(02[1])* *E* p*w? Ydx =1 [i]* E;
(16)
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1 2 (N d T2 *E* 0 *y? |4 Since 4,,4,,,E are constant values, we re-
1x[,J:|[]O-lw () dx = (@I[1]) PV, ldxt write (18) in the form
x[i] !
2 X[1
| Jolds k[ o (- (ol) *E* o2 -
%) xiz[l—]l] * (o2 (x)dx— LIl iy 3
O_2w dx x[i—1] x[i]
x[i-1] ’ J.Glza) dx
A . -2 (21> *E* p*w’ldx =
x[i] ‘ O, 9X 0_22 dx
A | S * @21 FE* p*wdx = x(i-1]
i joﬁm dx = E = Const;
x[i-1] x[i]
=1 [i1*E; [y o,, dx
x[i] % i 02 X)— x[i—Al] *
J‘O-Zza) dx x[i] lu [l] x[:'[l] { 3 0 ( ) xv[f] 2
1 o,, dx
3 o x[— J-O-m (x)dx— X[i-1]
I% dx ! *(I[1])* *E* p*vi]-
x[i-1]
] —(@2[1])* *E* p*w’ }dx = E = Const.
— [ *(@I1]) *E* p*v] Jdx + (19)
x[i-1]
x Substituting @, = wl[1]= w2[1] and dividing by
i J.[Gzzw () = (@21)* * E* p*w, Jdx = 4/3, we obtain
x[i-1]
=1, [1* E; -
o j (05,002 * (@) FE* p* (02 +
x[i] x[i-1
| Gron - (@) B p - i
xli-1] I 0-12(0 dx
x[i] x[i—
o2 dx + —)E[i]l] *w? )dx = Const,
: 2
S (@I FE* ptwl = [_f P20 &
Iofw dx ! J i (20)
A[i-1] I (o3, ()c)——*(a)o)2 *E*p*
= [i]*E; (18) Ll
x[i] x[i]
[o3, dx I o5, dx
{ﬂ *o2 (x)- XECI, * * ("] +w;)]dx = Const.
3 l7]

ol dx
x[i-1]
*(olll]) *E*p*v,]- P
Y kw2 o If the boundary conditions in the principal
—(@2[1])" *E* p*w,jdx =1 [i]*E. planes of inertia are the same, then
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V(u = W(u 5 O-la) O-Za)
and (20) take the form

x[i]
ko7, (0= 1.5 (@,)° *E* p*v2 Jdx =
L]

x[i-1]
= Const;
x[i]

I[O'm(x) 1.5%(w,)* *E* p*w? Jdx =
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Let us introduce the notation
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Thus, we can rewrite (20) and (21) in the fol-
lowing form
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Both equations (21) become identical. Never-
theless, the conservation of two equations is ad-
visable in order to construct algorithms for the
implementation of criterion (16).

If the natural vibrations are considered only in
one of the main planes of inertia, then, based on
(11), the criteria are presented in the form

§,[i] = ——*
1 R
1,[i]
x[i]
* j[afw (x)—(@,)” * E* p*v 1dx = const;
x[i-1]
. 1
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(25)

It is advisable to normalize values of S,[7] and
S,[i]. One of the normalization options, for in-
stance for S,[i] (i =1,2,...,n) includes choosing
the highest value in this series and dividing all
members of the series into it. Thus, in a row
there will be no values of larger than unity. The
proximity of the solution to the optimum will be
evaluated by the proximity of the values to uni-
ty. The series is also normalized.

Let us compare the criteria (23), (24), (25) ob-
tained with a piecewise constant change in rec-
tangular cross sections with similar criteria with
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a continuous change. These criteria were ob-
tained in [6] and have the form
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Each of the criteria is presented in two versions.
The second versions of presenting the criteria
are optional. They were presented only in order
to emphasize their connection with the previ-
ously formulated criteria (for example, in [3]),
where the constant stresses served as a sign of
optimality under stability limitations, in the ex-
treme fibers of the rod from bending moments
arising from loss of stability.

The use of the second versions of the criteria
with restrictions on the value of the lowest fre-
quency of natural oscillations to evaluate the
optimization process at the initial stages of the
search can lead to negative values of the radical
expressions. Therefore, the first criteria presen-
tation options should be used in order to avoid
malfunctions in the computing process.

As noted above, the formulated criteria can be
used when only a stability constraint is intro-
duced. In this case, in the criteria expressions,
the value of the natural frequency is assumed to
be zero.

A comparison of the criteria (23), (24), (25) ob-
tained with a piecewise constant change in rec-
tangular cross sections with similar criteria for a
corresponding continuous change (26), (28) and
(30) shows that under the integrals in (24) and
(25) are expressions (28) and (30), respectively,
and in (23) the modified expression (26). Crite-
ria S,[i] and S,[7] contain a multiplier 1// [i].
Therefore, the criteria (24) and (25) can be con-
sidered on each piecewise constant section as
the average value of the criteria (27) and (28),
respectively, per unit length of the section; crite-
rion (23) based on the modified criterion (26) is
similarly considered. If we use the noted inter-
connection of criteria for determining the values
of §[i] and S,[7], then it is also advisable to

normalize these values to assess their proximity
to unity.
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Figure 3. The cross-section of considering rod.

Let us consider criteria similar to those given
above for an I-section rod (Figures 3a, 3b) with
stability constraints or constraints for the value
of the first natural frequency when the section
height (b,), shelf thickness (5,), and wall
thickness (J,) do not vary. Only the dimen-
sions of the width of the shelf (b,(x)) vary with
continuous change of dimensions or b,,[i]
(i=1,2,...,n) with piecewise constant change
(Figure 2). Natural oscillations occur in one
main plane of inertia x—o—y (Figure 2).

A criterion that allows researcher to evaluate the
results of solutions of optimization of the width
of a shelf under stability constraints or con-
straints for the value of the first frequency of
natural vibrations, for the case when the width
of the shelf varies continuously along the length
of the rod, was formulated in [6].

This criterion can be presented in the form of
three versions:

o, () *b =0y, () * (b, —2%5,) -

32
—3*E*(a)0*kw)2*p*2*5p*v;=const;( )
b b
02, () =02, () (1) -
2*%5, 2%5, (33)
—3*E* (@, *k,)’ *v: * p = const;
Elwt(x):
= o2 0 =252 () (21— (34)
lo 2*517 lot 2*5p

—-3*E*(w, *k,)’ *v2 * p = const,

where o,,(x) and o, are respectively, normal

stresses in the extreme fibers of the I-section
and in the fibers at the boundary of the wall and
the shelf.

Version (34) was introduced only to emphasize
its relationship with the previously formulated
criteria. The use of this version of the criteria
with constraints for the value of the lowest fre-
quency of natural oscillations for assessments of
the process at the initial stages of optimization
can lead to negative values of the radical ex-
pressions. Therefore, version (34) should not be
used in order to avoid malfunctions of the com-
putational process.

Let us formulate a criterion similar to (32) for
piecewise-constant changes in the dimensions of
the width of the shelf.

The objective function has the form

V, =S Fli*L,[]. (35)

where
Fli]=2%b,k[i]*5, +b, *05, —2%5,*0,,. (36)

But since only the values b,,[i] vary we have

Vo= 2%b,[11%6, *Ll].  (37)
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Constraints for the value of the lowest frequen-
cy of natural oscillations have the form
o, < ol[1]. (38)
Method of searching for a conditional extremum
is used in order to identify the criterion of min-
imum of the objective function with allowance
for constraints for the value of the lowest fre-
quency of natural oscillations.
Let us form an integral, the extremum condi-
tions of which should provide minimum of the
objective function (37) and the fulfillment of the
conditions that the given frequency will be the
lowest frequency of natural oscillation in the
principal plane of inertia, i.e.
o, =ol[l]. (39)
If (39) i1s satisfied in the form of equality, we
have the following condition

n i
=5; [j (L v,") = Plil*(,") -
—(@I[1])* *[m(x) + p* F[i]*v2 }dx = 0.

(40)

The moment of inertia of the section is defined
by formula

Zk[]

L[=——=*[b' = (b -2%6,)’]+
(41)

5
+1—;’*(b1—2*§p)3.

An expression whose extremum provides a min-
imum of function (37) and the fulfillment of
conditions (5) can be written as
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VOw:iz*bzk[i]*5p*lu[i]_
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—(@,)" *[m(x) + p*(2*b,, [i1*5, +
+b,%6,-2%5,%5,)]*v, 1}dx.

(42)

Obviously, the variation of expression (42) by
A, will lead to the fulfillment of condition (5).

Let us write the following system of equations
in order to find the minimum of expression (42)
under the given conditions (39), (5):

W,
0b,[i]

=0, i=1,2,..n. (43)

We can write the i -th equation

Wk[l]—z*é‘ *l [l]—

x[i]
- | {&m*{—*[b%(b —2%5,)°1* (44)
x[i-1]

*(v) = ()’ * p*2% 5, *v, }hdx =0

or

x[i] E ,
[ 6B =0 =25, 10" -
x[i-1]

(@) pr2*E, v ) dx =
=2%5 *[[i]/ 4,

(45)

Taking into account that 6, and 4, are con-

stant values, we can write

g E 3 3 ”N\2
i X[L]{E (B = (b, =28, 1 ()" = o

—(®,)’ FpE2ES, *v2 4 dx = const.
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As is known, normal stresses in a rod during
bending in a fiber that is separated from the neu-
tral layer by a distance y, are determined by the
dependence o =(M *y_ )/1.

Since M

After simple transformations (46) can be rewrit-
ten in the form

=—FE[*V",wehave o =—E*y_ *V".

x[i] * * "
L* I 1 [(E b, w)2*b]_
11i] i 3YE
sk
_hz2o 5P*E* (b ~2%8 )]~ (47)

—(a)o)2 *p*2*o, *v2Ydx = const.

Let us note that

E*b, *v"
(——2) =0}, (%);
(#*E*v;)z :O-lzwt(x)

are the square of the normal stress in the ex-
treme fibers of the I-section and in the fibers at
the boundary of the wall and the shelf.

Thus, (37) can be written as

1 x[i]
——* [0}, (x)*b, -0, (x)* (b, —2%5 )~
0 x[,j_.[] 7B =0 (6, =2%6,)= o
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We can rewrite dependencies (48) and (49) in
the form

x[i]

S,[i]= T r[,j[]%(x)*b_
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As noted above, the formulated criteria can be
used when only a stability constraint is intro-
duced. In this case, in the criteria expressions,
the value of the natural frequency is assumed to
be zero.

A comparison of the criteria (50), (51) obtained
with a piecewise constant change in the width of
the shelf with similar criteria for its continuous
change (32), (33) and (34) shows that under the
integrals in (50) and (51) are respectively the
expressions (32) and (33). Criteria S,[i] and
S,[i] contain a multiplier 1// [i]. Therefore,

criteria (50) and (51) can be considered on each
piecewise constant section as the average value
of criteria (32) and (33), respectively, per unit
length of the section.

When optimizing rods with a rectangular and
two-T-shaped cross-section under stability con-
straints or constraints for the value of the first
frequency of natural vibrations, if the cross-
sections continuously vary along its length, cri-
teria were formulated to evaluate the proximity
of the obtained solutions to the minimum mate-
rial-intensive [6]. However, in most cases such
projects are not directly implemented. At the
same time, they allow researcher to evaluate a
real design solution by the criterion of its prox-
imity to the limit (for example, by material con-
sumption), and also be used as a guideline in
practical (real) design. One of the options for
moving from a limiting project to a really ac-
ceptable one is to replace continuous change in
cross-sectional dimensions with piecewise con-
stant sections. The boundaries of the plots can

98 International Journal for Computational Civil and Structural Engineering



Assessment Criteria of Optimal Solutions for Creation of Rods With Piecewise Constant Cross-Sections With Stability
Constraints or Constraints for Value of the First Natural Frequency. Part 1: Theoretical Foundations

be selected on the basis of an ideal object, and
the dimensions of the cross sections are deter-
mined by one of the optimization methods.
Generally this paper proposes criteria that allow
researcher to evaluate (reliably) the end of the
process of such optimization.
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Abstract: The special properties of optimal systems have been already identified. Besides, criteria has been for-
mulated to assess the proximity of optimal solutions to the minimal material consumption. In particular, the cri-
teria were created for rods with rectangular and I-beam cross-section with stability constraints or constraints for
the value of the first natural frequency. These criteria can be used for optimization when the cross sections of a
bar change continuously along its length. The resulting optimal solutions can be considered as an idealized ob-
ject in the sense of the limit. This function of optimal design allows researcher to assess the actual design solu-
tion by the criterion of its proximity to the corresponding limit (for example, regarding material consumption).
Such optimal project can also be used as a reference point in real design, for example, implementing a step-by-
step process of moving away from the ideal object to the real one. At each stage, it is possible to assess the
changes in the optimality index of the object in comparison with both the initial and the idealized solution. One
of the variants of such a process is replacing the continuous change in the size of the cross sections of the rod
along its length with piecewise constant sections. Boundaries of corresponding intervals can be selected based on
an ideal feature, and cross-section dimensions can be determined by one of the optimization methods. The dis-
tinctive paper is devoted to criteria that allow researcher providing reliable assessment of the endpoint of the op-
timization process, and the second part of the material presented contains corresponding numerical examples,
prepared in accordance with the theoretical foundations given in the first part.

Keywords: criterion, optimization, special properties, stability, frequency, critical force, buckling,
eigenmode, reduced stresses, verification

KPUTEPUU OLIEHKU ONITUMAJIbHBIX PEIIEHUH
P ®OPMUPOBAHUU CTEPKHEH
C KYCOYHO-ITOCTOAHHBIMHA YYACTKAMMU,
HA KAKIOM U3 KOTOPBIX IOIIEPEYHBIE CEYEHU S
HE MEHAIOTCA, IPU OI'PAHUYEHUAX
MO YCTOMYNUBOCTHU UJIU HA BEJIMUUHY NEPBOM
COBCTBEHHOM YACTOTBI
YACTD 2: IPUMEPBI PACYETA

JI.C. JIaxoeuu ', IT.A. Akumos ">>?, B.A. Tyxgpamynnun’

AHHoTanus: Panee ObUTH BBISBICHBI 0COOBIE CBOMCTBA ONTHMAJIBHBIX CHCTEM M C(HOPMYIHPOBAHBI KPUTEPHH,
OIICHUBAIOIIHE OJIM30CTH ONTHMANBHBIX PEHICHHH K MUHHMAaJIbHO MaTepHalloeMKoMy. B dacTHOCTH OBLIH CO-
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3/1aHBl KPUTEPUH, IS CTEPIKHEN C IMPSAMOYTOJIBHBIM U IByTaBPOBBIM IIONIEPEYHBIM CEYCHHUEM IIPH OTpaHUYCHHUAX
[0 YCTOWYMBOCTH MJIM Ha BEJIMUMHY IIEPBOH 4aCTOTHI COOCTBEHHBIX KOJIeOaHUIl. DTH KpUTEpUHU IPUMEHUMBI IIPH
ONTUMH3ALNH, KOT /1A TIONEPEYHbIE CEUEHHsI CTEPKHSI HEMPEPBIBHO U3MEHSIOTCS 0 €ro AnuHe. [lonydeHHsle pu
3TOM ONTHUMAJIbHBIC PEIICHHUS MOTYT pacCMaTpPHUBAThCs KaK MICATN3HPOBAHHBIH OOBEKT B CMBICIIE IPEIEIBHOTO.
Ota QyHKIMS ONTHMAIBHOTO MPOEKTa IO3BOJSIET OLCHUBATh PEAbHOE KOHCTPYKTOPCKOE PELIEHHE MO KpHTe-
pHIo ero OIM30CTH K MpEAeTbHOMY (HAampuMep, 0 MaTepualoeMKOCTH). Takoi ONTHMAabHBIN IMPOEKT TaKkKe
MOJKET HCIHOIB30BAThCS M KaK OPHEHTHUP NPU PeaJbHOM MPOECKTUPOBAHHMHU, HANIPHMEpP, PEalU3ys MOITAaIHbIA
IpoLecc 0TXO0Aa OT UACaTbHOTO 00BEKTa K peansHoMy. [Ipn 3TOM Ha KaskAOM 3Tare MOSBISIETCS] BO3MOKHOCTh
OLICHKH M3MEHEHHUS TI0Ka3aTelis ONTUMAaJIbHOCTH O0BEKTa [0 CPAaBHEHHIO, KaK C HA4aJIbHBIM, TaK U C WACATU3U-
poBaHHBIM penieHneM. OHU U3 BapUaHTOB TaKOIoO MIPOIlecca COCTOUT B 3aMEHE HENPEPhIBHOTO U3MEHEHHS pas-
MEpOB MONEPEUYHBIX CEYECHUIl CTep)KHSA MO €ro AJHHE KYCOUHO-NOCTOSHHBIMU ydacTKaMM. ['paHMIBI y4acTKOB
MOT'YT BBIOMPAThCSl HA OCHOBE WJICAILHOTO O0BEKTa, & pa3Mephl MOMEPEYHBIX CEYCHUH ONPENENATHCS OJHUM M3
METOJZIOB ONTHMHU3AIMK. B NaHHOI cTaThe mpeanararoTcsi KpUTEpPHUH, MO3BOJAIOIINE HAJEKHO OLIEHHBATh MO-
MEHT OKOHYAHHUS Mpolecca TaKOW ONTUMH3AINHM, IPHUEM IpeAcTaBiIsgeMas BTOpas 4acTh MaTepuana myOinka-
LIUU COAEPIKUT MPHUMEP pacyeTa B COOTBETCTBUU C U3JIOKEHHBIMU B IIEPBON 4aCTH TEOPETUIECKHMU OCHOBAMH.

KoueBble c10Ba: KpuTepuii, ONTHMHU3AINs, 0COOBIE CBOMCTBA, yCTOHUYMBOCTD, YaCTOTa, KPUTHUYECKAs CHJIA,
(hOpMBI IOTEPH YCTOHYMBOCTH, OPMBI COOCTBEHHBIX KOJI€OaHUH, IPUBEICHHBIC HANIPSDKEHNMS, BepUUKansI

EXAMPLE 1

Let us consider a straight cantilever rod (struc-
ture), the span of the structure of rectangular
cross section is equal to /=6m. Let the struc-
ture be loaded with a longitudinal force
P=300000 N and corresponding intensity of
distributed mass is equal to m(x) =75 kg/m. Af-
ter the transition to corresponding discrete mod-
el (including 25 segments), the nodal mass is be
equal to 18kg. Specific mass is equal to
p = 2400 kg/m’. The given value of the first cir-

cular natural frequency is equal to @, =20 s,

the elastic modulus of the material is equal to
E =24000 MPa (Figure 4a) [8, 9].

Since the boundary conditions in both main
planes of inertia are the same, when optimizing
the cross-section should be square.

Let us first consider the use of criterion (22) for
evaluating optimization stages [1-7, 9, 10] for
the case when the cross sections change contin-
uously. Optimization is performed by random
search. For the initial approximation, a rod of
constant cross-sectional length is taken with the

ratio b'[i]/b)[i]=1/1. The values of the desired

parameters at the first exit to the boundary of

the region of feasible solutions turned out to be
equal to b [i]=b;[i]=0.3039 m. In this case,
the objective function is equal to
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V, =0.5543 m’. The results of the three stages of

the search are summarized in Table 1. The re-
sults of the first stage are obtained after
n=1000 attempts of the random search meth-
od, the second after n=1500 attempts, the
third when »n>2000. The second column of
Table 1 shows the values of the cross-sectional
dimensions at the first exit to the boundary of
the region of feasible solutions

b [i1= b;[i]=0.3039 m. The penultimate row of
the table shows the values of the objective func-
tion ¥, at each stage, and the last one shows its

percentage reduction compared to the initial
one. Columns 3, 5, 7 show the sizes of the cross
sections obtained at each stage, and in columns
4, 6, 8 the values of criterion (22). The table
shows that the values of the objective function
in comparison with the first stage are almost not
reduced. The differences concern only the
fourth significant digit. The difference in the
size of some sections concerns the third signifi-
cant digits. However, the values of criterion (22)
in the first and second stages indicate that the
optimization process is not completed.

The values of criterion (22) at the third stage are
close to unity, which allows researcher to confi-
dently make a decision about stopping the opti-
mization process at this stage.
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Figure 4. About the first example.
Table 1. Information about solution of the first example.
1 Optimization stages
Initial The first n=1000 The second n =1500 The third n > 2000
No- 11 B[], m b[i], m o, il blil.m | o] | Bl m o, il
1 0.3039 0.3072 0.8359 0.3065 0.8414 0.3076 0.9997
2 0.3039 0.3057 0.7926 0.3050 0.8019 0.3038 0.9996
3 0.3039 0.2983 0.8491 0.2986 0.8513 0.2998 0.9997
4 0.3039 0.2995 0.7622 0.2973 0.8012 0.2956 0.9996
5 0.3039 0.2917 0.8206 0.2886 0.8722 0.2912 0.9996
6 0.3039 0.2865 0.8249 0.2883 0.7992 0.2865 0.9996
7 0.3039 0.2815 0.8224 0.2867 0.7404 0.2815 0.9995
8 0.3039 0.2754 0.8447 0.2761 0.8280 0.2762 0.9997
9 0.3039 0.2723 0.7922 0.2693 0.8456 0.2706 0.9996
10 0.3039 0.2653 0.8185 0.2639 0.8354 0.2646 0.9995
11 0.3039 0.2599 0.7917 0.2562 0.8666 0.2582 0.9999
12 0.3039 0.2529 0.7966 0.2515 0.8218 0.2515 0.9997
13 0.3039 0.2425 0.8649 0.2403 0.9168 0.2442 0.9998
14 0.3039 0.2383 0.7819 0.2390 0.7693 0.2364 0.9998
15 0.3039 0.2238 0.9477 0.2265 0.8634 0.2281 0.9996
16 0.3039 0.2217 0.7673 0.2196 0.8155 0.2193 0.9998
17 0.3039 0.2071 0.9186 0.2112 0.7779 0.2097 0.9997
18 0.3039 0.1972 0.9097 0.2022 0.7275 0.1995 0.9996
19 0.3039 0.1885 0.8326 0.1898 0.7655 0.1885 0.9997
20 0.3039 0.1739 0.9330 0.1717 1.0000 0.1765 1.0000
21 0.3039 0.1598 1.0000 0.1636 0.7799 0.1634 0.9996
22 0.3039 0.1486 0.8121 0.1481 0.8078 0.1486 0.9994
23 0.3039 0.1328 0.6891 0.1320 0.7145 0.1315 0.9993
24 0.3039 0.1181 0.1642 0.1134 0.4544 0.1099 0.9988
25 0.3039 0.0964 -0.6147 0.0889 -0.3683 0.0761 0.9994
V., m’ 0.5543 0.3397 0.3391 0.3384
% 0 38.71% 38.83% 38.95%
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Table 2. Information about variants of solution of the first example.

Bapuanr 1 Bapuanr 2
1 2 3 5 6 7
No. b [i], m oy, [i] Sili] b[i], m oy, [i] Sl
1 0.2901 0.4123 0.9999 0.2956 0.3627 0.9999
2 0.2901 0.3811 0.9999 0.2956 0.3357 0.9999
3 0.2901 0.3502 0.9999 0.2956 0.3090 0.9999
4 0.2901 0.3198 0.9999 0.2956 0.2827 0.9999
5 0.2901 0.2900 0.9999 0.2956 0.2570 0.9999
6 0.2901 0.2609 0.9999 0.2956 0.2319 0.9999
7 0.2901 0.2327 0.9999 0.2956 0.2075 0.9999
8 0.2901 0.2053 0.9999 0.2956 0.1838 0.9999
9 0.2901 0.1790 0.9999 0.2956 0.1610 0.9999
10 0.2901 0.1536 0.9999 0.2956 0.1390 0.9999
11 0.2901 0.1293 0.9999 0.2956 0.1179 0.9999
12 0.2901 0.1060 0.9999 0.2346 0.4226 0.9998
13 0.2901 0.0837 0.9999 0.2346 0.3539 0.9998
14 0.2190 0.4363 1.0000 0.2346 0.2888 0.9998
15 0.2190 0.3496 1.0000 0.2346 0.2275 0.9998
16 0.2190 0.2685 1.0000 0.2346 0.1702 0.9998
17 0.2190 0.1934 1.0000 0.2346 0.1167 0.9998
18 0.2190 0.1242 1.0000 0.2346 0.0670 0.9998
19 0.2190 0.0609 1.0000 0.1570 1.0000 1.0000
20 0.1474 1.0000 0.9998 0.1570 0.6696 1.0000
21 0.1474 0.6081 0.9998 0.1570 0.3794 1.0000
22 0.1474 0.2761 0.9998 0.1570 0.1370 1.0000
23 0.1474 0.0145 0.9998 0.1570 -0.0541 1.0000
24 0.1474 -0.1737 0.9998 0.1570 -0.1948 1.0000
25 0.1474 -0.2925 0.9998 0.1570 -0.2900 1.0000
V., m 0.3630 0.3645
% 34.52% 34.24%

The values of criterion (22) at the third stage are
close to unity, which allows researcher to confi-
dently make a decision about stopping the opti-
mization process at this stage.

The results obtained determine the core of min-
imal material consumption. The shape of the
cross-sectional dimensions of this rod (b,[i]) is

shown in Figures 36 and 3c.

If technological requirements do not allow such
a law to change the size of cross sections, but
allow a piecewise-constant change in cross sec-
tions, then the choice of the boundaries of such
sections is determined not only by technological
requirements knowledge, but also the desire to
come closer to a minimally material-intensive
solution. Suppose that technological require-
ments are allowed for the design of the rod from
three sections, in each of which the dimensions
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of the cross sections do not change. Suppose
that additional restrictions are also imposed on
the length of sections, for example, such as

2.8m<1[2]<3.8m;
LI=1,131=(~1,[2])/2.

Let us consider two options for the boundaries
of the segments. Variants of the boundaries of
the segments and the corresponding segment
sizes obtained by optimization are shown in
Figures 4b and 4c¢ and are shown in Table 2.

Columns 2 and 5 show the cross-sectional di-
mensions b, [i]=0D,,[i] of the respective op-

tions. Columns 3 and 6 show the values of crite-
rion (28), and columns 4 and 7 of criterion (24).
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Figure 5. About the second example.

Both criteria are given because, as noted above,
in each piecewise constant segment, criterion
(24) is implemented as the average value of cri-
terion (28) per unit length of the segment.

The values of criterion (24) in both cases turned
out to be close to unity, which indicated the
possibility of completing the optimization pro-
cesses.

The objective function of the minimum materi-
al-intensive solution (Table 1, column 7) is
equal to ¥, =0.3384 m’, which is 38.95% less

than the original version, which has
V, =0.5543 m® (Table 1, column 2). In the first

version of the boundaries of piecewise constant
resizing, the objective function is equal to
V, =0.3630 m’, which is 34.52% less than the

original version. In the second version, the ob-
jective function is equal to V, =0.3645 m’,

which is 34.24% less than the original version.
Thus, the first option for choosing the bounda-
ries of the plots is less material-intensive. Note
that the minimally material-intensive option
contributed to the selection of the boundaries of
the segments, allowing researcher to choose op-
tions that are closest to it.

EXAMPLE 2
Let us consider an example of the use of criteri-

on (50) for the case when stability constraints
are introduced.

Volume 15, Issue 4, 2019

Particularly let us consider a straight-line simply
supported rod of an I-section with a span
[=6m loaded with longitudinal force
P =9000000 H (Figure 5a). The modulus of
elasticity of the material is equal to
E =206000 MPa . I-section height is equal to

b, =029m, wall thickness is equal to
O, =0.009m, shelves thickness is equal to
0, =0.014m.

It is required to determine the shape of the
shelve of the I-beam in such a way that the criti-
cal force would not be greater than the acting
force, and the volume of material of the shelf
would be minimal.

The stability constraint can be written as

P=P

(52)
Besides, the objective function has the form
(37). We will carry out optimization by a ran-
dom search method based on a discrete model
from 25 segments.

Let's consider three versions. Within the initial
version a shelf of constant section length is tak-
en. The values of its sizes are determined at the
first exit to the boundary of the region of feasi-
ble solutions. They turned out to be equal to

b)[i]1=0.2737 m. In this case, the objective
function is equal to ¥, = 0.0460 x> . The results

of this version are presented in the second col-
umn of Table 3 and in Figure 5b.

105



Leonid S. Lyakhovich, Pavel A. Akimov, Boris A. Tukhfatullin

Table 3. Information about variants of solution of the second example.

No. bg[i],M b2k[i]9 m Ulzw[i] b2k[i]7 m Ulzw[i] Sl[i]
1 2 3 5 6 7
1 0.2737 0.009 0.7308 0.1233 0.0153 1.0000
2 0.2737 0.0581 0.9994 0.1233 0.1351 1.0000
3 0.2737 0.1075 1.0000 0.1233 0.3596 1.0000
4 0.2737 0.1524 0.9986 0.1233 0.6605 1.0000
5 0.2737 0.1926 0.9976 0.1233 1.0000 1.0000
6 0.2737 0.2277 0.9999 0.3139 0.2564 0.9992
7 0.2737 0.2584 0.9997 0.3139 0.3220 0.9992
8 0.2737 0.2843 0.9994 0.3139 0.3852 0.9992
9 0.2737 0.3057 0.9985 0.3139 0.4426 0.9992
10 0.2737 0.3220 0.9997 0.3139 0.4908 0.9992
11 0.2737 0.3341 0.9976 0.3139 0.5274 0.9992
12 0.2737 0.3412 0.9975 0.3139 0.5501 0.9992
13 0.2737 0.3435 0.9979 0.3139 0.5578 0.9992
14 0.2737 0.3412 0.9975 0.3139 0.5501 0.9992
15 0.2737 0.3341 0.9976 0.3139 0.5274 0.9992
16 0.2737 0.3220 0.9997 0.3139 0.4908 0.9992
17 0.2737 0.3057 0.9985 0.3139 0.4426 0.9992
18 0.2737 0.2843 0.9994 0.3139 0.3852 0.9992
19 0.2737 0.2584 0.9997 0.3139 0.3220 0.9992
20 0.2737 0.2277 0.9999 0.3139 0.2564 0.9992
21 0.2737 0.1926 0.9976 0.1233 1.0000 1.0000
22 0.2737 0.1524 0.9986 0.1233 0.6605 1.0000
23 0.2737 0.1075 1.0000 0.1233 0.3596 1.0000
24 0.2737 0.0581 0.9994 0.1233 0.1351 1.0000
25 0.2737 0.009 0.7308 0.1233 0.0153 1.0000
Vo o’ 0.0460 0.0372 0.0399
% 0 19.20% 13.18%

In the second version, a continuous change in
the size of the width of the shelf is considered.
Here, the criterion for stopping the optimization
process is the proximity of the normalized value
of criterion (32) to unity. In sections 1 and 25,
the criterion is significantly different from unity,
which is explained by the achievement of the
width of the shelf the size of the wall thickness
and the optimization process stopping in these
sections. The results of this option are shown in
columns 3 and 4 of Table 3 and in Figure 5b.
The objective function in this version is equal to

V, =0.0372 m°, which is 19.20% less than the

original version.

In the third version, a piecewise constant change
in the width of the shelf is considered. As noted
above, the choice of the boundaries of segments
where sizes do not change is determined by both
technological requirements and the desire to get
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as close as possible to a minimally material-
intensive solution, in this example, a solution
according to the second version. Let us assume
that the technological requirements allow the
design of the rod from three sections. Since the
purpose of the example is to illustrate the crite-
rion (50), then, given the limitation of the size
of the paper, we consider only one option for
choosing the boundaries of the segments (Figure
5).

The optimization results of this version are
shown in columns 5, 6, 7 of Table 3 and in Fig-
ure 5b. The values of criterion (50) (column 7 of
Table 3) in all sections are close to unity, which
allows the optimization process to be stopped.
The goal function in this version is equal to

V, =0.0399 »*, which is 13.18% less than the
original version.
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Figure 6. About the third example.
EXAMPLE 3 are presented in the second column of Table 4

Let us consider an example illustrating the ap-
plication of criteria for multi-span rods.

In particular, let us consider a two-span rod of
an I-section, loaded with longitudinal force
P =5000000 A and bearing a distributed mass

m(x)=200kg/m (Figure 6a).

The modulus of elasticity of the material is
equal to E =206000 Mlla, specific gravity is
equal to p=7850kg/m’. I-section height is
equal to b, =0.29m, wall thickness is equal to
0, =0.009m, shelves thickness is equal to
6, =0.014m.

It is required to determine the shape of the
shelve of the I-beam in such a way that the first
frequency of natural vibrations would be no

more than a given value @, =90sec”', and the

volume of material of the shelf would be mini-
mal. Optimization can be done by a random
search method based on a discrete model from
40 segments (sections).

Let us consider three versions. For the initial
version, a shelf of constant section length is tak-
en. The values of its sizes are determined at the
first exit to the boundary of the region of feasi-
ble solutions. They turned out to be equal

b)[i]1=0.2934 m. In this case, the objective
function is equal to. The results of this option

Volume 15, Issue 4, 2019

and in Figure 6b.

In the second version, a continuous change in
the size of the width of the shelf is considered.
Here, the criterion for stopping the optimization
process is the proximity of the normalized value
of criterion (32) to unity. In sections 7 and 22,
the criterion differs significantly from unity,
which is explained by the achievement of the
width of the shelf size close to the wall thick-
ness and the optimization process stopping in
these sections. The results of this option are
shown in columns 3 and 4 of table 4 and in Fig-
ure 6b. The objective function in this version is

equal to ¥, =0.0758 »°, which is 23.10% less

than the original version.

In the third version, a piecewise constant change
in the width of the shelf is considered. As noted
above, the choice of the boundaries of areas
where sizes do not change is determined by both
technological requirements and the desire to get
as close as possible to a minimally material-
intensive solution. Given the limitation of the
volume of the paper, we consider only one op-
tion for choosing the boundaries of the segments
(Figure 6).

The optimization results of this option are
shown in columns 5, 6, 7 of Table 4 and in Fig-
ure 6b. The values of criterion (50) (column 7 of
Table 4) in all sections are close to unity, which
allows the optimization process to be stopped.
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Table 4. Information about variants of solution of the third example.

No. b'[i], m b [i], m o, li] b, [i], m o, li] Sili]
1 2 3 4 5 6 7
1 0.2934 0.3400 0.9962 0.2772 0.6888 0.9994
2 0.2934 0.2842 0.9961 0.2772 0.4922 0.9994
3 0.2934 0.2243 0.9974 0.2772 0.3177 0.9994
4 0.2934 0.1610 0.9948 0.2772 0.1743 0.9994
5 0.2934 0.0939 0.9982 0.0706 0.7387 0.9994
6 0.2934 0.0254 0.9766 0.0706 0.1250 0.9994
7 0.2934 0.0099 0.2779 0.0706 -0.0121 0.9994
8 0.2934 0.0574 1.0000 0.0706 0.2994 0.9994
9 0.2934 0.1116 0.9900 0.0706 0.9401 0.9994
10 0.2934 0.1556 0.9955 0.2199 0.2063 0.9997
11 0.2934 0.1906 0.9971 0.2199 0.3243 0.9997
12 0.2934 0.2168 0.9976 0.2199 0.4317 0.9997
13 0.2934 0.2350 0.9930 0.2199 0.5129 0.9997
14 0.2934 0.2439 0.9950 0.2199 0.5574 0.9997
15 0.2934 0.2451 0.9914 0.2199 0.5605 0.9997
16 0.2934 0.2370 0.9954 0.2199 0.5232 0.9997
17 0.2934 0.2206 0.9963 0.2199 0.4523 0.9997
18 0.2934 0.1958 0.9960 0.2199 0.3589 0.9997
19 0.2934 0.1625 0.9945 0.2199 0.2561 0.9997
20 0.2934 0.1206 0.9986 0.1046 0.5722 0.9989
21 0.2934 0.0722 0.9970 0.1046 0.2569 0.9989
22 0.2934 0.009 0.0091 0.1046 -0.0045 0.9989
23 0.2934 0.0778 0.9993 0.1046 0.2657 0.9989
24 0.2934 0.1657 0.9938 0.1046 1.0000 0.9989
25 0.2934 0.2407 0.9946 0.3908 0.1419 0.9998
26 0.2934 0.3030 0.9947 0.3908 0.2415 0.9998
27 0.2934 0.3528 0.9972 0.3908 0.3473 0.9998
28 0.2934 0.3916 0.9955 0.3908 0.4472 0.9998
29 0.2934 0.4192 0.9959 0.3908 0.5300 0.9998
30 0.2934 0.4364 0.9962 0.3908 0.5868 0.9998
31 0.2934 0.4436 0.9962 0.3908 0.6115 0.9998
32 0.2934 0.4410 0.9962 0.3908 0.6017 0.9998
33 0.2934 0.4281 0.9974 0.3908 0.5588 0.9998
34 0.2934 0.4057 0.9943 0.3908 0.4876 0.9998
35 0.2934 0.3714 0.9967 0.3908 0.3961 0.9998
36 0.2934 0.3264 0.9945 0.3908 0.2946 0.9998
37 0.2934 0.2686 0.9960 0.3908 0.1942 0.9998
38 0.2934 0.1987 0.9944 0.1365 0.8821 1.0000
39 0.2934 0.1163 0.9988 0.1365 0.3351 1.0000
40 0.2934 0.0250 0.9633 0.1365 0.0382 1.0000
V,, m’ 0.0986 0.0758 0.0813
% 0 23.10% 17.57%
The goal function in this version is equal to REFERENCES

V, =0.0813 %, which is 17.57% less than the
original version.
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MODELING OF BLAST EFFECTS
ON UNDERGROUND STRUCTURE

Oleg V. Mkrtychev, Anton Y. Savenkov
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Abstract: Modeling of the impact of a point explosion shock wave on a soil mass and an underground structure
at different locations of the explosion epicenter from the ground surface was performed. The study of the stress-
strain state of soils was carried out using a nonlinear dynamic method and a fully coupled numerical model, in-
cluding various models of materials. The result of numerical modeling showed the adequacy of the adopted nu-
merical calculation methods. The findings showed that solving the problem in a nonlinear dynamic formulation
allows obtaining the parameters of the shock wave at different depths from the explosion center, as well as ob-
taining a complete picture of the interaction of the shock wave with the underground structure in surface and un-
derground explosions.

Keywords: explosion loads, shock wave, compression wave, nonlinear dynamics, stress-strain state,
underground structure, soil model

MOJEJUPOBAHME BO3JIEUCTBUS YJIAPHOM BOJIHBI
HA HOA3EMHOE COOPYKEHUE

O.B. Mkpmuwiues, A.FO. Casenkos
Hanunonaneselit ucciaenoatenbckuii MOCKOBCKUM TOCYJapCTBEHHBIN CTPOUTENBHBIN YHUBEPCUTET,
r. Mocksa, POCCHU

AHHOTaUMA: BBINOIHEHO MOAETUPOBAHUE BO3JACHCTBUSl YAApHOW BOJHBI TOYEUHOTO B3pbIBA HA TPYHTOBBIH
MAaCCHB U MOJ3EMHOE COOPYKEHHUE IIPU PA3IMYHOM PACIOJIOKEHUH dIHUIEHTPA B3pbIBA OT NOBEPXHOCTH TPYHTAa.
HccrienoBanre HanpsKEHHO-IE(QOPMHUPOBAHHOTO COCTOSHUS TPYHTOB OCYIISCTBISUIOCH C UCTIOJNB30BaHUEM He-
JIMHEWHOTO JWHAMHUYECKOT0 METOJIa U IMOJHOCThIO CBA3AHHOM UYMCIIEHHOM MOJENH, BKIIOYAIOUIEH pa3jiuvHbIe
MOJIEJIM MaTepHaJIOB. Pe3ynbTaT YHCIEHHOTO MOJEIMPOBAHUS MOKa3all aJeKBATHOCTb MPUHSATHIX YUCIEHHBIX
MeTouK pacuera. ChenmaHHble BBIBOJBI MOKA3ajH, YTO PEIICHUE 3a/la4l B HEJIMHEHHOW TUHAMHYECKOW MocTa-
HOBKE TI03BOJISIET TIOJIYYUTh IMapaMeTphl YAApHOW BOJHBI Ha Pa3IMYHBIX TJIyOMHAX OT IIEHTpa B3pHIBA, a TAKKe
MOJIYYUTh MOJHYI0 KapTHUHY B3aUMOJIEUCTBHUS YJapHOM BOJHBI C MOJA3EMHBIM COOPYKEHHEM IPH IOBEPXHOCT-
HOM U TI0JI3€MHOM B3pBbIBE.

KiaioueBnble ciioBa: B3PbIBHBIC BO3Z[€I>1CTBPI$I, yaapHas BOJIHA, BOJIHA C)KATHUA, HeJIMHEHHAS JUHaMUKa,
HaprDKeHHO-,He(l)OpMI/IpOBaHHOG COCTOSIHUEC, TOA3EMHOEC COOPYIKEHUE, TPYHTOBAA MOJCIIb

1. INTRODUCTION

Currently, various industrial undertakings are
being built, relating to oil and gas and space in-
dustries, as well to nuclear power facilities,
which include underground structures. Such un-
derground structures include repositories, shel-
ters, civil defense shelters, command posts, etc.

The current design standards [1-4] require the
calculation of such structures for emergency ac-

tions, including explosions. At the same time,
the structures located on the surface have been
thoroughly studied and there are a sufficient
number of approved calculation methods for
them, including the explosion triggered progres-
sive collapse, earthquake loads, and fires [5-8].
For example, the most common methods are
equivalent-static, linear-spectral, as well as di-
rect dynamic methods of calculation [9-11],
while there are not enough methods for under-
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ground structures and they are in great demand,
in which case the problem is complicated, since
it is necessary to take into account the soil sur-
rounding the underground structure. Therefore,
there is a need to find and study new approaches
to solving the problem of the interaction of
shock waves with a structure.

1.1. Work relevance.

The relevance of the work lies in solving the
problem of the interaction of a point explosion
shock wave with an underground structure using
a nonlinear dynamic method of calculation and
a fully coupled numerical model, including the
model of the soil, air, and an underground struc-
ture.

1.2. Study objective.

The primary objective of this study is to investi-

gate the soil strain-stress state and the response

of an underground structure soil under various
explosion scenarios. To achieve this goal, the
specific objectives of the study include:

e analysis of soil behavior under explosive
loads;

e analysis of soil models used in the calcula-
tion of underground structures for explosive
loads;

e a study of the strain-stress state of the soil
mass in the propagation of shock and seismic
waves; and

e modeling of loads on an underground struc-
ture.

2. MATERIALS AND METHODS

2.1. Soil model.

Soils tend to have a complex structure consist-
ing mainly of mineral particles that form the soil
skeleton. The space between the solid particles
is filled with air and/or water. When the pores
between the solid particles are filled with air,
the soil is of the dry type. When the pores are
filled with water containing a small proportion
of air, the soil is called saturated soil. Therefore,
in general, soils can be called three-phase soils
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(Figure 1). Relative volume fractions of the
three constituent materials of the soil are usually
quantitatively determined by the porosity a and
the saturation degree f3.

- Water

Figure 1. Soil element.

e For many processes with a low loading rate
(under static loads), the overall macroscopic
behavior of the soil skeleton can be deter-
mined within the framework of the principles
of continuum mechanics, which makes it
possible to simplify modeling and apply the-
ories and methods of continuum mechanics.
Under conditions of fast loading, which are
typical for explosions, soil models should in-
clude constitutive models of three phases
necessary for determining the soil behavior;
thus, different soil behavior should be taken
into account, namely:

e Dilatancy/contraction: Shear strains in soils
can lead to volume changes. This determines
the relationship between the shear strength of
the soil and its strain properties. This effect
was first described by Osborne Reynolds in
1885-1886 and was called dilatancy and the
decrease in volume is called negative dila-
tancy or contraction. In dense sand and over-
compacted clay, with a displacement, the
height of the sample is increased by a certain
amount, thereby increasing the soil volume,
and in loose sand and normally compacted
clay, a decrease in volume can be observed.
Thus, the shear stress initially rises rapidly to
a peak value with a relatively low displace-
ment value with a corresponding increase in
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volume. With this new volume, the blocking
is reduced, and, therefore, as the displace-
ment continues, the shear stress decreases
and, finally, is aligned with the final residual
value.

Such a nature of strain is explained by the
fact that when one part of the soil is dis-
placed relative to another, its shear strength
is determined by sliding friction. To over-
come the adhesion forces, it is necessary to
extend and uplift them to a certain level, in
which case loosening occurs in the shear
zone, which is accompanied by a decrease in
its shear strength. Thus, dense soils become
looser, as a result of dilatancy, and loose
soils become denser, as a result of contrac-
tion.

Plasticity: An increase in the applied stress
usually results in some irreversible strain,
with no signs of cracking or failure. Most
soils have a very small elastic area and show
plasticity from the beginning of loading.
Hardening/softening (thixotropy): It is the abil-
ity of soils to reduce their viscosity (to liquefy),
as a result of mechanical damage, and increase
the viscosity at rest. Freundlich found that
thixotropy is manifested in soils, in which the
content of clay particles exceeds 2%. It is sug-
gested that all clay soils are potentially thixo-
tropic, but for a specific manifestation of thix-
otropy, certain conditions and, first of all, quite
intense exposures are necessary (Figure 2).

T, MPa Dense soil

/
/ Tmax /

Strein-softening

|
|
L .
Streinthardening
|
@ |
ol
1.
s I \ Loose soil
|
|
|
| .
, | Irreversible
I .
/ Displ
/ isplacement I
. / mm
Reversible / ’

Figure 2. Response of soil with respect
to shearing.
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e High strain rate behavior: Soils with different

water content exhibit different behavior at
high strain rates. In experiments with different
soils from sands to clays, it was noted that
with a decrease in the loading time (an in-
crease in the loading rate), the compressive
strength increases. Thus, in clay soils, when
comparing experiments with a loading rate of
0.02 s with tests at a loading rate of 10 min,
the strength increased by 1.5-2 times and
smaller values were obtained for more durable
clays. In sandy soils, the effect of loading rate
was significantly lower and the strength in-
crement did not exceed 15% of the static val-
ue.

With repeated impulses and vibrations, all
observations and experiments show the op-
posite picture, a significant reduction in the
soil shear resistance in some cases.

Effects of drainage and volume changes: In
saturated soils, an increase in the applied
compressive stress causes an increase in the
pore pressure of water. If drainage is possi-
ble, water outflows to the surrounding areas,
where the water pore pressure is lower. The
outflow rate depends on the soil permeabil-
ity; in gravel and sand, it is relatively fast and
in silts and clays, it is slow. When the excess
pressure of the pore water is dissipated, the
applied stress is transferred from the pore
pressure to the effective stress.

It should be noted that there are also other
characteristics of soil behavior, such as creep
and temperature dependence. These aspects
are not discussed here, since they are beyond
the scope of this study.

The mechanical behavior of soils can be
modeled at many levels. Hooke’s law of lin-
ear isotropic elasticity can be considered as
the simplest of the available stress-strain re-
lations, but, as a rule, it is too rough to grasp
the main characteristics of the soil behavior.
On the other hand, several researchers have
proposed a large number of soil models to
describe the soil behavior in various aspects
in detail. However, the number of soil mod-
els that are suitable for implementation in
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advanced software systems using finite ele-
ment methods is rather limited.

Let us consider the most commonly used soil
models that can predict the soil behavior de-
scribed above. These models include elastic,
perfectly plastic soil models, hardening-
plastic soil models, elastic-viscous soil mod-
els, three-phase soil models, viscoplastic soil
models, SFG unsaturated soil model, and un-
saturated plasticity models of the bounding
surface.

The most commonly used soil models that can

predict the soil behavior described above are:

Elastoplastic soil models:

e Mohr-Coulomb model;

e Drucker-Prager model.

e Hardening soil models;

e (Cam-clay tent model (for some soils it is re-
quired that they were tent-like, so that there
would be a limitation on the resulting hydro-
static pressure);

e Three-phase soil models;

e Viscoplastic soil models.

Among them, the most commonly used in prac-

tice is the Mohr-Coulomb model. In further

work we will accept it as the main one.

A classical Mohr-Coulomb model is described

by the following strength conditions, which

have a different appearance under different test
conditions. The first strength condition:

T=o0,tge’ +c (1)
— consolidated-drained shear;
T= (0, —utgy +c (2)
— consolidated-undrained shear;
T=Cy 3)

— unconsolidated-undrained shear (for water-
saturated soils);

7= (ug —wWitgep® + (o, —wWitge' +c' 4

— consolidated-untrained shear, sedentary soils;
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T =0,tger ¢y (5)

— in the case of large shear strains.

wheret is a shear stress, upon reaching which
the destruction of the ground will occur; o, — is
an effective normal stress; ¢’ — is an effective
angle of internal friction; ¢ — is a drained angle
of internal friction; ¢ — are drained specific ad-
hesion forces; ¢’ — is effective specific adhesion
forces; u, — is a pore air pressure; u — 1is a pore
water pressure; ¢, is an angle of internal fric-
tion, depending on the magnitude of the matrix
suction; ¢, — is a residual angle of internal fric-
tion; ¢, — are residual specific adhesion forces;
and ¢, — is an undrained strength.

Second strength condition:

. 01 — 03 6
sing = ———
@ o, + o3 (6)

— for gravel, sandy and coarse soils;

01 — 03

(01 + 03 + 2cctgep) - ome 7

— for clay soils.
With a three-dimensional stress-strain state, the
equation takes the following form:

loy — 03| = (2cctgy — 01 — 0,)sing
lo, — 03] = (2cctgp — 0, — 03)sing )
los — 01| = (2cctgy — 03 — 01)sing

According to this equation, the Mohr-Coulomb
yield surface in the space of primary stresses
has the form of a hexagonal pyramid (Figure 3),
with a vertex at the point with coordinates.
{cctgp; cctge; cctge}

As is obvious, this model describes different
types of soil, with different water saturation. But
in addition to the classical model, there are other
modifications of the model used for certain spe-
cific tasks.
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O1

Os

Figure 3. Mohr-Coulomb yield surface
in the space of primary stresses.

For example, the Mohr-Coulomb model based
on the works of A.J. Abbo and S.W. Sloan per-
formed in 1995 [12,13], taking into account all
the above-mentioned soil behaviors, as well as
the removal of elements, which is typical for
explosive loads [14,15]. Therefore, we will use
this version of the Mohr-Coulomb model.

The usual Mohr-Coulomb yield surface is de-
scribed by the function:

F = —Psing + K(Q)\/]_z —ccosp=0 (9
where P is a mean pressure; ¢ is an angle of
internal friction; K (@) is a function of the angle
0 in the deviator plane; \/]_2 is a square root of
the second invariant of the stress deviator; and
C is an adhesion.

The modified yield surface is a hyperboloid “fit-

ted” to the Mohr-Coulomb surface. The modi-
fied surface equation has the following form:

F = —Psing ++/J,K(8)2 + a2sin2¢
—ccosp =0

(10)

where “a” is a parameter that determines the ap-
proximation of the modified surface to the ordi-
nary Mohr-Coulomb surface.

Volume 15, Issue 4, 2019

2.2. Air model.
The model used in the calculation is described
by a polynomial equation:

p = Co+ Ciu+ Cop® + C3p® + (Cy + C (11)
+ Cop*)E
1

p=—-1 (12)

|4

where V- relative volume, E - internal energy.

2.3. Model of an explosive.
The explosive model is described by the Jones-
Wilkins-Lee (JWL) equation of state:

p =A(1—i)e—R1V+B(1—i)
RV RV (13)
e~RaV 4 8
14

2.4. Modeling methods.

Since the explosion in the ground has a highly
linear character, for this purpose the best option
is to apply a numerical calculation method using
arbitrary ALE Lagrangian-Eulerian meshes,
where Eulerian meshes were used for air, soil,
and explosive and Lagrangian meshes were
used for an underground structure.

To solve the problem, we will use the LS-
DYNA software suite, which allows solving
such problems in a nonlinear dynamic formula-
tion, using the central difference method [16-
18].

For approximation of the equations in this work,
the second-order Godunov method was used.
The time integration of the equations was car-
ried out using an explicit second order accuracy
scheme (central difference method) with the ob-
servance of the scheme stability condition ac-
cording to the Courant criterion.

A differential equation of motion of a system
with a finite number of degrees of freedom:

Mii+ Cu+ Ku = f¢ (14)
for an explicit scheme, it looks like this:
Miit+Cllt+Kut=fta (15)
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Figure 5. Results of the finite element mesh convergence study with dimensions: a) 0,3 m; b)
0,25m; c) 0,2 m; d) 0,15 m (where A,B,C,D,E — numbers of reference points).

Acceleration vector: Accounting for various types of non-linearities
is performed through the internal force vector
a, = M—l(ftext _ ftmt) (16) {F}

where f,#* — external force vector;

fti”t — internal force vector. fi tint - z ( f q [B"Ho}da + {Fcont}) (a7
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where B — deformation—displacement matrix; ¢ —
displacement vector; F€°™ — contact force vector.
The velocity and displacement vectors in the
corresponding step are determined as follows:

Veratjz = Vi-aejz + acAt (18)
Att + Att+At (19)
Uepat = U T Vetae2 —
3. STUDY RESULTS

For the analysis of soil strain-stress state, a
computational model was created with dimen-
sions of 20.0 x 20.0 x 20 m (h) (Figure 4). In

Pressure
3183006
2878440
2573874

471787
776353
1080919 |

¢) d)

this model, the ground and air areas, as well as
an explosive weighing 200 kg were modeled
using solid elements.

When using the central difference method, the
accuracy of the calculations largely depends on
the size of the region to be broken, in other
words, in our case, on the size of the solid finite
elements. Several computational models with
variable size of solid finite elements from 0.3 m
to 0.15 m were considered.

The optimal model was chosen with a cell size
of 0.2 m, in which the difference with the refer-
ence diagram of 0.15 m did not exceed 5%. The
structure is located at a depth of 3 m (Figure 5).

Pressure
843989

747029
650069 1
553100 _
456149 _
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262230
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222570
-319530
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513450 _|
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1942456 _
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Figure 6. Isopoles of pressures at time points: a) 0,0077 s; b) 0,022 s, c) formation of explosive

crater; d) propagation of air shock waves and compression wave.
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Figure 7. Isopoles of pressures at time points: a) 0,0077 s; b) 0,026 s, c) 0,056 s;
d) formation of explosive crater.
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Figure 8. Isopoles of pressures at time points: a) 0,0077s; b) 0,01s; c) 0,022s; d) 0,05s.
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3.1. Explosion on the ground surface.

The propagation of a shock wave during an ex-
plosion on the ground surface is considered
(Figure 6), where it can be seen that immediate-
ly after detonation, spherical shock waves prop-
agated in the air from the charge epicenter,
which was on the ground surface. Shock waves
penetrated the ground in the form of hemispher-
ical waves, forming a crater in the ground, fol-
lowed by the propagation of seismic waves.

3.2. The explosion at a depth of 1m.

Next, an explosion at a depth of 1 m from the
ground surface was considered (Figure 7).
Taking into account the results of these two
loading cases, it can be concluded that the most
dangerous case is an explosion at a depth of 1
m, since the propagating seismic waves have a
greater depth and blast pressure.

3.3. Impact of an explosion on an under-
ground structure at a depth of 1 m.

Figure 8 shows the impact of an explosion on an
underground structure at a depth of 1 m. The
wave front reached the surface of the structure
within 7 ms from the beginning of the explo-
sion. The blast pressure was 1.7 MPa.

4. CONCLUSIONS

The parameters of the shock wave in an explo-
sion on the surface and at a depth of 1 m were
compared with empirical values using the for-
mulas [19] and the calculation results with accu-
racy of 5-10% coincide, which proves the ade-
quacy of the adopted numerical calculation
methods. Solving the problem in a nonlinear
dynamic formulation makes it possible to obtain
the parameters of a shock wave at different
depths from the explosion center, as well as to
get a complete picture of the shock wave inter-
action with the underground structure during a
surface and underground explosion.

Volume 15, Issue 4, 2019

REFERENCES

1.

Federal'nyy zakon No. 68 ot 11.11.1994 “O
zashchite naseleniya 1 territoriy ot chrezvy-
chaynykh situatsiy prirodnogo i tekhnogen-
nogo kharaktera” (in Russian).

Design Code of the Russian Federation SP
248.1325800.2016. Svod Pravil. Sooru-
zheniya podzemnyye. [Underground struc-
tures. Design principles] (In Russian).
Design Code of the Russian Federation SP
88.13330.2014. Svod Pravil. Zashhitnye
sooruzheniya grazhdanskoj oborony. Aktual-
izirovannaya redaktsiya SNiP II-11-77*
[The protective shelters of civil defense. Up-
dated Version of SNiP II-11-77*] (in Rus-
sian).

Design Code of the Russian Federation SP
56.13330.2011. Svod Pravil. Proizvod-
stvennyye zdaniya. Aktualizirovannaya
redaktsiya SNiP 31-03-2001 [Production
buildings. Updated Version of SNiP 31-03-
2001] (in Russian).

Mkrtychev O.V., Dorozhinskiy V.B.
(2012). Analiz podkhodov k opredeleniyu
parametrov vzryvnogo vozdeystviya [Anal-
ysis of approaches to determining the pa-
rameters of explosive exposure]. // Vestnik
MGSU, 2012, No. 5, pp. 45-49 (in Russian).
Mkrtychev O.V., Dorozhinskiy V.B., Laz-
arev O.V. (2011). Raschet konstruktsiy
zhelezobetonnogo zdaniya na vzryvnyye
nagruzki v nelineynoy dinamicheskoy post-
anovke [Structural analysis of reinforced
concrete buildings for explosive loads in a
nonlinear dynamic formulation]. // Vestnik
MGSU, 2011, No. 4, pp. 243-247 (in Rus-
sian).

Mkrtychev O.V., Dorozhinskiy V.B., Si-
dorov D.S. Nadezhnost' stroitel'nykh kon-
struktsiy pri vzryvakh i pozharakh [Relia-
bility of building structures during explo-
sions and fires]. Moscow, ASV Publishing
House, 2016, 173 pages (in Russian).
Mkrtychev O.V., Savenkov A.Y. Chislen-
noye modelirovaniye fronta vozdushnoy

119



10.

11.

12.

13.

14.

120

udarnoy volny pri vzryve v vozdukhe i nad
zemley v programmnom komplekse LS-
DYNA [Numerical simulation of the front
of an air shock wave in a ground and air
explosion in the software package LS-
DYNA]. // Structural mechanics of engi-
neering constructions and buildings, 2018,

No. 14(6), pp. 467-474 (in Russian).
Savenkov  A.Y., Mkrtychev O.V.
Nelineynyy raschet zhelezobetonnogo

sooruzheniya na vozdeystviye vozdushnoy
udarnoy volny [Nonlinear calculation of re-
inforced concrete structure to the impact of
the air shock wave]. // Vestnik MGSU,
2019, No. 14(1), pp. 33-45 (in Russian).
Rastorguev  B.S., Plotnikov  A.l,
Khusnutdinov D.Z. Proektirovanie zdaniy
1 sooruzheniy pri avariynykh vzryvnykh
vozdeystviyakh [Design of Buildings and
Structures Exposed to Emergency Blast Ef-
fects]. Moscow, ASV Publishing House,
2007, 152 pages (in Russian).

Pavlov A.S. Chislennoye modelirovaniye
vzryvnykh vozdeystviy na zdaniya i1 sooru-
geniya proizvol'noy formy. [Numerical
method of calculation of blast loads pressure
to structures with complex geometry
Shapes]. // Academia. Architecture and con-
struction, 2017, No. 3, pp. 108-112 (in Rus-
sian).

Boldyrev G.G., Aref’yev D.V.,
Muyzemnik A.Yu. Identifikaciya par-
ametrov modeley gruntov [Identification of
soil model parameters]. URL:
https://docplayer.ru/68796939-
Identifikaciya-parametrov-modeley-
gruntov-boldyrev-g-g-arefev-d-v-
muyzemnik-a-yu-ooo-npp-geotek-
annotaciya.html

Manual for LS-DYNA Soil Material Model
147 Evaluation / Report No FHWA-HRT-04-
095. Lincoln, University of Nebraska, 77 pag-
es.

Huang Y., Willford M.R. Validation of
LS-DYNA® MMALE with Blast Experi-
ments // 12th International LS-DYNA®
Users Conference. 2012. URL:

15.

16.

17.

18.

19.

Oleg V. Mkrtychev, Anton Y. Savenkov

https://www.dynalook.com/12th-
international-ls-dyna-conference/blast-
impact20-c.pdf

Goel M., Matsagar V., Gupta A. An
Abridged Review of Blast Wave Parame-
ters. // Defense Science Journal, 2012, Vol-
ume 62, Issue 5, pp. 300-306.

Bate K., Wilson E. Chislennyye metody
analiza 1 metod konechnykh elementov
[Numerical analysis methods and the finite
element method]. Moscow, Stroyizdat,
1982, 448 pages (in Russian).

Van Leer B.J. Towards the ultimate con-
servative difference scheme. Second-order
sequel to Godunov's Method. // Journal of
Computational Physics, 1979, Volume 32,
Issue 1, pp. 101-136.

LS-DYNA. Keyword user’s manual. 2017.
Volume I. Version 971. Livermore Soft-
ware Technology Corporation (LSTC).
URL:
https://www.dynasupport.com/manuals/Is-
dyna-manuals/ls-dyna-manual-r-8.0-vol-iii
Orlenko L.P., Andreev S.G., Babkin
A.V., Baum F.A., Imhovik N.A., Kobyl-
kin LF., Kolpakov V.I.,, Ladov S.V.,
Odintsov V.A., Ohitin V.N., Selivanov
V.V., Soloviev V.S., Stanyukovich K.P.,
Chelyshev V.P., Shehter B.I. Fizika
vzryva [Physics of a Blast]. Volume 2.
Moscow, Fizmatlit Publ., 2004, 832 pages
(in Russian).

CIIMCOK JIMTEPATYPbI

1.

®denepanbHbiii 3ak0H Ne68 ot 11 HOSOps
1994 r. «O 3amuTe HaceleHUsI U TEPPUTO-
pUid OT Ype3BBIYAMHBIX CUTyallMid MPUPO/I-
HOTO ¥ TEXHOTEHHOTO XapaKTepay.

CII 248.1325800.2016. CBog mpasui. Co-
opyxeHust noazemusnie. [IpaBuna mpoekTu-
poBanusi. YTB. Ilpukazom MunHpernona
Poccun ot 16.06.2016. Ne416/mip.

CII 88.13330.2014. CBoa npaBui. 3amur-
HbIE COOPYKECHHUSI TPAXKAAHCKOH OOOPOHBI.
AxtyanuszupoBanHas penakiusa CHull 1I-

International Journal for Computational Civil and Structural Engineering



Modelling of Blast Effects on Underground Structure

11-77*. V1B. Ilpukazom Munpernona Poc-

cun ot 18.02.2014. Ne59/mp.

4. CII 56.13330.2011 Csox mnpaBui. IIpous-
BOJICTBCHHBIE 3/1aHUA. AKTyaTu3UpOBAHHAS
penakuust CHull 31-03-2001. VTB. Ilpuxa-
30M Munpernona Poccun ot 30.12.2010.

Ne&50.

5. Mkprbiues O.B., [lopo:xkunckuii B.b.
AHanu3 MOJIXOJO0B K OIpEIeJIeHUI0 Mapa-
METPOB B3PBIBHOTO BO3JeicTBUA. // Becm-

Huk MI'CY, 2012, Ne5, c. 45-49.

6. Mxkptbeiues O.B., Jlopoxunckuii B.b.,
JlazapeB O.B. Pacuer koHCTpyKuHUi Keje-
300€TOHHOTO 37]aHUSI HA B3PBIBHBIC HATPY3-
KU B HEJIUMHEWHOW JIMHAMHYECKOW IIOCTa-
HoBke. // Becmuux MI'CY, 2011, Ne4, c.

243-247.

7. MxprtbiueB O.B., Jlopoxunckuii B.b.,
Cupopos JI.C. Hane:xHOCTb CTPOUTEIBHBIX
KOHCTPYKUMI IIpU B3pbIBaX M IOXKapax. —

M.: ACB, 2016. - 173 c.

8. MkprtbiueB O.B., CaBenkoB A.lO. Yuc-
JICHHOE MOJIeMpoBaHue (POHTA BO3IYLI-
HOM yJTapHOU BOJIHBI ITPH B3pPBIBE B BO3yX€
W HaJ 3eMJIell B IPOrPaMMHOM KOMIUIEKCE
LS-DYNA. // Cmpoumenvnas mexanuxa
UHIICEHEPHbIX KOHCMPYKYUL U COOpYyoice-

Huu, 2018, Tom 14, Ne6, c. 467-474.

9. CasenkoB A.lI0., Mkprsiues O.B. Henu-
HEWHBIH pacueT Kene300€TOHHOTO COOpY-
JKEHHUSI Ha BO3JIEHCTBUE BO3IYIIHOW yAap-
HO# BoNHEL // Becmnuux MI'CY, 2019, Tom

14, Beinyck 1, c. 33-45.

10. Pacropryes b.C., ILliiothukoB A.U., Xy-
cauyrauHoB JI.3. IIpoextupoBanue 3naHuit
U COOPYXKEHUU IPU aBAPUNHBIX B3PBIBHBIX
Bo3aeiicTBusax. — M.: ACB, 2007. — 152 c.

11. MaBaoB A.C. YucneHHOE MOJEIMPOBAHKE
B3PBIBHBIX BO3JICUCTBUI Ha 3JaHUS U CO-

OpYXEHHS  TPOU3BOJBHOW  (HOPMBI

Academia. Apxumexmypa u cmpoumenn-

cmeo, 2017, Ne3, c. 108-112.

12. boaawipes I'.I'., ApeprveB [.B., Myii-
3eMHUK A.JO., Unentudukamus napamer-
URL:

poB MoJenen TPYHTOB.
https://docplayer.ru/68796939-
Identifikaciya-parametrov-modeley-

Volume 15, Issue 4, 2019

13.

14.

15.

16.

17.

18.

19.

gruntov-boldyrev-g-g-arefev-d-v-
muyzemnik-a-yu-ooo-npp-geotek-
annotaciya.html

Manual for LS-DYNA Soil Material Model
147 Evaluation / Report No FHWA-HRT-04-
095. Lincoln, University of Nebraska, 77 pag-
es.

Huang Y., Willford M.R. Validation of
LS-DYNA® MMALE with Blast Experi-
ments // 12th International LS-DYNA®
Users Conference. 2012. URL:
https://www.dynalook.com/12th-
international-ls-dyna-conference/blast-
impact20-c.pdf

Goel M., Matsagar V., Gupta A. An
Abridged Review of Blast Wave Parame-
ters. // Defense Science Journal, 2012, Vol-
ume 62, Issue 5, pp. 300-306.

bare K., Buiacon E. UncieHHbIC METOIBI
aHaJIM3a U METOJ| KOHEYHBIX JJICMECHTOB. —
M.: Crponnznat. 1982. — 448 c.

Van Leer B.J. Towards the ultimate con-
servative difference scheme. Second-order
sequel to Godunov's Method. // Journal of
Computational Physics, 1979, Volume 32,
Issue 1, pp. 101-136.

LS-DYNA. Keyword user’s manual. 2017.
Volume I. Version 971. Livermore Soft-
ware Technology Corporation (LSTC).
URL:
https://www.dynasupport.com/manuals/ls-
dyna-manuals/ls-dyna-manual-r-8.0-vol-iii
Angpees C.I'., baokun A.B., baym ®.A.,
NmxoBuk H.A., Koobuikun U.®., Koa-
nakos B.U., u ap. ®Pusuka B3peBa. B 2
tomax. — M.: ®U3MATIINUT, 2004. — 832
c.

Oleg V. Mkrtychev, Professor, Dr.Sc., Department of
Strength of Materials, National Research Moscow State
University of Civil Engineering; 26, Yaroslavskoe
Shosse, Moscow, 129337, Russia;

phone: +7(499)183-85-59;

E-mail: mkrtychev@yandex.ru.

Anton Y. Savenkov, Ph.D. student, Department of
Strength of Materials, National Research Moscow State

121


mailto:mkrtychev@yandex.ru

University of Civil Engineering; 26, Yaroslavskoe
Shosse, Moscow, 129337, Russia;

phone: +7(499)183-85-59;

E-mail: savenkov.asp@mail.ru.

MzxpsiTaeB Oner BapranoBud, mpodeccop, JOKTOp Tex-
HUYECKAX HaykK; mpodeccop Kadenpsl COMPOTHBICHUS
marepuanoB, HanumoHaneHelil uccnenoBarenbckuii Moc-
KOBCKMM I'OCYJapCTBEHHbII CTPOUTEIbHBIM YHUBEPCUTET;
129337, Poccus, r. MockBa, SIpocinaBckoe 1mocce, I0M
26; Ten. +7(499)183-85-59;

E-mail: savenkov.asp@mail.ru.

CasenkoB AuTOH IOpheBuu, acmupaHT Kadeapbl COmpo-
THUBJICHUS] MaTepuaioB, HalnmoHambHBIN HCCIe10BaTehb-
ckuii MOCKOBCKHUH TOCYyAapCTBEHHBIA CTPOUTENIbHBII
yauBepcureT; 129337, Poccus, r. Mocksa, SIpocnaBckoe
mocce, 1oM 26; Ten. +7(499)183-85-59;

E-mail: savenkov.asp@mail.ru.

Oleg V. Mkrtychev, Anton Y. Savenkov

122 International Journal for Computational Civil and Structural Engineering


mailto:savenkov.asp@mail.ru
mailto:savenkov.asp@mail.ru
mailto:savenkov.asp@mail.ru

International Journal for Computational Civil and Structural Engineering, 15(4) 123-132 (2019)

DOI:10.22337/2587-9618-2019-15-4-123-132
SUPERELEMENT SIMULATION TECHNIQUE OF DYNAMICS
FOR LARGE-SIZE SYSTEMS “BASE — REINFORCED
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Abstract: The distinctive paper presents short descriptions, verification and approbation of the developed tech-
nique of numerical (superelement) simulation of dynamics for large-size combined systems “base — reinforced
concrete structures — metal structures”.
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INTRODUCTION

A key feature of the numerical simulation of the
static and dynamic stress-strain state of unique
construction objects: the development and op-
timization of related large-sized basic subsys-
tems ‘“base”, “reinforced concrete structures”,
“metal structures of roof” are carried out inde-
pendently various design organizations. The
dimension of combined building systems can

reach hundreds of thousands of different types
of structural elements and, accordingly, tens of
millions of degrees of freedom of their finite
element models. It is not possible for such or-
ganizations to build an adequate computational
model of a complete system, for example, mod-
ern football stadiums. Obstacles to this are vari-
ous factors: from the incompatibility of file
formats of computational models in various
software systems and the large computational
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dimension of such models to commercial se-
crets.

To solve this problem, it is necessary to develop
and apply “advanced” methods of numerical
simulation, which make it possible to justify the
possibility of switching to investigations within
the framework of individual subsystem models
(the “organizational” aspect) and reduce the
computational dimension of the problem.

It is convenient to build such a technique on the
basis of superelement approaches. The superel-
ement method or the substructure method is a
procedure in which a group of finite elements is
combined into one element, presented in the
form of a matrix.

A single-matrix element is called a superele-
ment and can be used in the calculation as a fi-
nite element.

For problems of static, a variant of the superel-
ement method is used - static condensation
(Guyan reduction) [1]. For dynamic problems,
methods of dynamic synthesis of substructures
(component mode synthesis) are used. Their ad-
vantage is that they allow you to correctly simu-
late the behavior of the structure under dynamic
influences, by taking into account the truncated
sets of generalized coordinates of the natural
modes defined for each substructure of the sys-
tem under study. The component mode synthe-
sis, in turn, are divided into methods of fixed [2,
3], free [4, 5], mixed [6] and loaded boundaries

[7].

1. DESCRIPTION OF THE TECHNIQUE

The developed superelement technique of nu-
merical simulation of the dynamics of the sys-
tems “base - reinforced concrete structures -
metal structures” is intended to determine the
parameters of stress-strain state, strength, dy-
namics of these large-sized combined systems
under the influence of various kinds of influ-
ences. The general block diagram of the tech-
nique is shown in Figure 1.

To realize the possibility of investigation the as-
sociated subsystems “base — reinforced concrete
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structures” and “metal structures”, developed, as
a rule, by various organizations, two ways are
proposed. In the first case, comparing the dynam-
ic characteristics of the complete system and sub-
systems, evaluate their mutual influence and
thereby justify the possibility of switching to in-
dividual models (blocks 1-5). In the second, uni-
versal, case to use superelement technologies.
With the superelement approach (blocks 6-14),
each of the organizations develops a FE-model of
its “own” subsystem (block 6), forms a superel-
ement (SE) (blocks 8-11), which is a set of influ-
ence matrices. Further, the teams of investigators
exchange these superelements and join “their”
FE-model with a superelement developed and
formed by colleagues (blocks 12). This ensures
the transition from the study of the complete sys-
tem to individual subsystems with the correct
consideration of the dynamic characteristics of
the subsystems developed by subcontractors.

The proposed methodology uses two versions

of the dynamic synthesis method, which differ

in the way of limiting the docking degrees of

freedom — the fixed interface method and the

free interface method. Docking degrees of

freedom are called those by which the superel-

ement is docked with the FE model of the sub-

system or other superelements.

The technique is implemented on the basis of

the ANSYS Mechanical software package and

the author's own software development.

A more detailed description of the developed

superelement technique is given in [8, 9].

2. VERIFICATION OF THE TECHNIQUE

To verify the developed technique, the follow-
ing tasks were selected. The task from the origi-
nal verification report of the ANSYS Mechani-
cal was selected as the first verification exam-
ple. In this test example, the dynamic character-
istics of the tuning fork, obtained using a full
FE-model and superelement models using vari-
ous methods for taking into account the internal
mode shapes of substructures, are determined
and compared.
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System «base — reinforced concrete structures — metal structures of roof»
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Results of calculation of stress-strain state and dynamic characteristics of the system |

Figure 1. General block diagram of the developed technique of superelement simulation
of dynamics of the systems “base - reinforced concrete structures - metal structures”.

This example demonstrates the operability of
the component mode synthesis of substructures.
A comparative analysis of the obtained natural
frequencies and mode shapes of the tuning fork
for the mentioned models showed similar results
for all the investigation options. The maximum
difference between the obtained natural fre-
quencies was 0.014%. The most effective and
convenient, from the point of view of practical
use and implementation in the PC used, have
shown themselves to be fixed and free interface
methods.

As a second example of pricing for a real object

— the entrance block of the Volgamall shopping

center in Volzhsky, having a design similar to

the type investigated for large-sized systems. In
this example, the analysis was carried out:

o the influence of the details of the FE-model (fi-
nite element mesh) on the accuracy of the ob-
tained dynamic characteristics of the structure,
as well as on the "machine" time spent on the

Volume 15, Issue 4, 2019

obtaining;

the possibility of transition to the investiga-
tion of the dynamic characteristics of subsys-
tems within the framework of individual
models “base - reinforced concrete struc-
tures” and “metal structures of the roof”;

the possibilities and features of the application
of the component mode synthesis to the inves-
tigations of this kind of combined systems. The
influence of the choice of the method of ac-
counting for the internal mode shapes of the
substructure and the number of internal fre-
quencies and mode shapes of the substructure
taken into account were analyzed.
“organizational” and computational effec-
tiveness of the proposed options developed
by the superelement technique.

Comparison of the obtained natural frequencies
and mode shapes of the entrance block of the
Volgamall on FE models of various details
showed that dividing the model by 3-4 finite el-
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ements into one structural element of the struc-
ture (span of a plate, beam, column corresponds
to optimal results and computational dimen-
sions), element of the truss cover).

A comparative analysis of the obtained dynamic
characteristics of the complete system “base —
reinforced concrete structures — metal structures
of the roof” and subsystems showed a significant
effect of the compliance of the support subsys-
tem on the behavior of the coating structure sub-
system. This indicates the impossibility of con-
ducting independent investigations of the sub-
systems “base — reinforced concrete structures”
and “metal structures of the roof”.

Comparison of the natural frequencies and mode
shapes of a complete system modeled “head-on”
by finite elements and subsystems with superel-
ements (hereinafter, the subsystem with superel-
ement for brevity denotes the complete system in
which one of the subsystems is modeled by finite
elements and the second is dynamic superele-
ment) shows almost identical results. The differ-
ence in natural frequencies, taking into account a
sufficient number of internal mode shapes of
substructures for the fixed-interface method, was
mainly no more than 0.007%, and for individual
mode shapes up to 0.295%. For the free interface
method, basically, no more than 0.005%, and for
individual mode shapes, up to 0.038%.

The number of internal mode shapes of the sub-
structures, which must be taken into account to
obtain an adequate result, significantly depends
on the stiff-bone and inertial characteristics of
the construction itself. For constructions of the
type under consideration, it is necessary to take
into account the internal mode shapes of the sub-
structure in the frequency range 1.5-2 times
higher than the studied frequency range of the
entire system [9, 10].

For the considered problem of “small” dimen-
sion (bearing in mind real unique structures), the
factor of computational efficiency, as shown by
a comparative analysis with full FE models, is
expectedly not a strong point of the developed
superelement technique.

Based on the presented and analyzed results of
verification and computational studies, the ap-
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plicability of superelement methods to simulating
the dynamic characteristics of the investigated
combined large-sized systems is substantiated.
Verification of the developed superelement
technique in more detail is given in [8, 9].

3. APPROBATION OF THE TECHNIQUE

To approbate the developed superelement tech-
nique as the research objects were selected de-
signed and constructed for the 2018 World Cup
2018 are large-capacity stadiums (45,000 spec-
tators): in Nizhny Novgorod and Rostov-on-
Don, as illustrative examples of all branches of
the technique.

Spatial shell-beam finite element and superele-
ment models of stadium structures were devel-
oped and verified (Tables 1 and 2). For founda-
tion slabs, walls, ceilings, stairwells and elevator
shafts, folds of stands, beams under the folds of
stands, SHELL181 type shells were used. Beams
and columns are modeled by beam FEs of the
BEAM188 type. MPC184 — an element of kine-
matic restrictions, was used at the junction of
columns and floor slabs. LINK180 is a spatial
core element working in tension or compression.
Piles are modeled with special FEs of
COMBIN14 type. The SURF154 element is used
to assign various load effects. MATRIX50 — Su-
perelement.

To obtain a significant part of the spectrum of
natural frequencies and oscillation forms, the
direct block Lanczos method was used. The in-
vestigations were carried out taking into ac-
count the masses only from the dead weight of
supporting structures. For each system and sub-
system, the frequencies and modes of natural
vibrations in the range from 0 to 6 Hz were ob-
tained. In the investigations using superele-
ments, the internal mode shapes of the substruc-
ture were taken into account using the methods
of a fixed boundary and a free boundary. The
number of internal mode shapes of the substruc-
ture varied. The internal natural frequencies
falling into the intervals were taken into ac-
count: up to 3 Hz, 6 Hz, 9 Hz, 12 Hz.

International Journal for Computational Civil and Structural Engineering



Superelement Simulation Technique of Dynamics for Large-Size System “Base — Reinforced Concrete Structures —

Metal Structures”. Verification and Approbation

Table 1. Developed FE-models of the stadium in Nizhny Novgorod.

Number | Number
FE-models )
No. Picture of of FE types
of system / subsystem
nodes | elements
SHELLI181,
“base — reinforced concrete BEAM18S,
construction of foundations and MPC184,
1.1 stands — 633 461 | 699 383 SURF154,
metal structures of the roof” LINK180,
COMBIN14
SHELL181,
“base — reinforced concrete BEAM188,
1.2 construction of foundations 624 127 | 684 500 MPC184,
and stands ”’ SURF154
COMBIN14
BEAMI8S,
« R MPC184,
1.3 metal structures of the roof’ 9728 15102 SURF154,
LINK180
SHELLI181,
“base — reinforced concrete BEAM188,
construction of foundations and MPC184,
1.4 stands” + 624127 | 684 501 SURF154,
superelement of the roof COMBIN14,
MATRIXS50
BEAMI18S,
“metal structures MPC184,
1.5 of the roof”+ superelement 9728 15103 SURF154,
of of foundations and stands LINKI180,
MATRIXS50

A comparative analysis of the natural frequen-
cies and mode shapes of the complete system
“base - reinforced concrete structures of founda-
tions and stands - metal structures of the roof”
and subsystems of the stadium in Nizhny Nov-
gorod revealed a weak effect of the flexibility of
the support subsystem on the dynamic charac-
teristics of the coating structure subsystem,
which allows us to justify study of the latter in a
separate model. In turn, the subsystem “metal
structures of the roof” does not have a signifi-
cant effect on the behavior of the support sub-
system “base - reinforced concrete construction
of foundations and tribunes”, which also gives
reason to carry out studies of the isolated sub-
system.

A similar comparison of the natural frequencies
and mode shapes of the complete system and
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subsystems of the stadium in Rostov-on-Don
showed a significant mutual influence of the
reference subsystem and the subsystem of the
coating structures on the dynamic characteris-
tics. This indicates the impossibility of conduct-
ing independent calculations of subsystems
without taking into account the stiffness and
mass characteristics of all elements of the com-
plete system.

In Tables 3 and 4, the natural frequency of the
complete system and subsystems on which the
mode shapes coincide are marked with a green
background. The red background marks those
frequencies of subsystems at which the mode
shapes do not correspond to the mode shapes of
the complete system or are absent.
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Table 2. Developed FE-models of the stadium in Rostov-on-Don.

Number | Number
FE-models of }
No. Picture of of FE types
system/subsystem
nodes | elements

SHELLI181,

“base - reinforced concrete MPC184,
construction of foundations and BEAM18S,

2.1 stands — metal structures of the 621 048 | 604 358 SURF154,

roof”’ LINK180,
COMBIN14

SHELLI181

“base - reinforced concrete BEAM188

2.2 | construction of foundations and 599417 | 589 387 MPC184

stands ” SURF154
COMBIN14

« BEAMI188

23 metatl structures Ofthi.no,‘“fh 9185 | 6304 LINK180

east wing of the coating SURF154

« BEAMI188

24 metalt structures gfﬁhe Sog,th 12446 | 8667 LINK 180

western wing of the roo SURF154
SHELLI18I1,

“base - reinforced concrete MPC184,
construction of foundations and BEAM18S8,

2.5 stands -+ 599417 | 589 388 SURF154,
superelement of the roof COMBIN14
MATRIX50

"metal structures of the roof’+ BEAMI188

superelement of the reinforced LINK 180

2.6 concrete construction 21 651 14972 SURF154
of foundations and stands MATRIXS0

A comparative analysis of the natural frequencies
and mode shapes of the complete system “base -
reinforced concrete structures of foundations and
stands - metal structures of the roof” and subsys-
tems of the stadium in Nizhny Novgorod revealed
a weak effect of the flexibility of the support sub-
system on the dynamic characteristics of the coat-
ing structure subsystem, which allows us to justify
study of the latter in a separate model. In turn, the
subsystem “metal structures of the roof” does not
have a significant effect on the behavior of the
support subsystem “base - reinforced concrete
construction of foundations and tribunes”, which
also gives reason to carry out studies of the isolat-
ed subsystem.

A similar comparison of the natural frequencies
and mode shapes of the complete system and
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subsystems of the stadium in Rostov-on-Don
showed a significant mutual influence of the
reference subsystem and the subsystem of the
coating structures on the dynamic characteris-
tics. This indicates the impossibility of conduct-
ing independent calculations of subsystems
without taking into account the stiffness and
mass characteristics of all elements of the com-
plete system.

In Tables 3 and 4, the natural frequency of the
complete system and subsystems on which the
mode shapes coincide are marked with a green
background. The red background marks those
frequencies of subsystems at which the mode
shapes do not correspond to the mode shapes of
the complete system or are absent.
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Table 3. Comparison of natural frequencies of the complete system and its constituent subsystems

of the stadium in Nizhny Novgorod.

Model 1.1 Model 1.2 Model 1.3 Model 1.4 Model 1.5

No. Freq, H No. Freq, H No. Freq, H No. Freq, H No. Freq, H
1 0,4116 1 0,4381 6,040 1 0,4116 0,000 1 04116 | 0,000
T T ot | 2 6069 | 2 0000 | 2 0,000
3 0,4701 3 0,4906 4,174 3 0,4701 0,000 3 0,4701 | 0,000
7 0,9120 7 0,9359 2,550 7 0,9120 0,000 7 0,9120 | 0,000
8 0,462 8 0,000 8 0,000
682 5,0317 369 5,0325 0,015 | 682 5,0343 0,052 | 682 | 50322 | 0,010
749 EEssN 415 0,010 | 749 0015 | 749 [ISB5S3M 0,030
922 5,7199 287 5,7239 0,070 | 922 5,7199 0,000 | 922 | 57199 | 0,000
1021 619 0,057 | 1021 H 0,003 | 1021 - 0,003

A comparison of the natural frequencies and
mode shapes of complete systems and subsys-
tems taking into account superelements shows
that obtaining of dynamic characteristics using
the component mode synthesis give results close
to those when investigating the complete sys-
tem. The discrepancy between the values of the
obtained natural frequencies for most mode
shapes does not exceed 0.050%, and for indi-
vidual modes, in the range under study, up to
0.900% depending on the frequency range con-
sidered, with a sufficient number of internal

forms of vibration of the substructure taken into
account.

Comparison of the dynamic characteristics, ob-
tained by various versions of the component
mode synthesis, allows us to formulate the fol-
lowing recommendations: for the formation of a
superelement of the subsystem “base - rein-
forced concrete construction of foundations and
tribunes”, it is preferable to use the method of
freedom boundaries, for the superelement of the
subsystem “metal structures” — a fixed border
method.

Table 4. Comparison of natural frequencies of the complete system and its constituent subsystems

of the stadium in Rostov-on-Don.

1
2

ol e W IR 2E

Model 2.1 Model 2.2 Model 2.3 Model 2.4 B Model 2.5 = Model 2.6 -
Ne Freq, Hz Ne Freq, H Ne Freq, H Ne Freq, H Ne Freq, H Ne Freq, H
1,2304 1,3157 1,2304 1,2323

1,7469

1
2
3
4
5
6
7
8
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Model of the subsystem “base — reinforced
concrete construction of foundations and stands”
+ superelement
“metal structures of the roof”

Model of the subsystem “metal structures of the
roof + super element “base — reinforced con-
crete structures of foundations and stands”

Fix interface

Free interface
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Figure 2. Comparison of the time for obtaining the dynamic characteristics of a complete system
and subsystems with super elements of the stadium in Rostov-on-Don.

It 1s with this approach that the minimum dis-
crepancy between the natural frequencies and
mode shapes of the complete system and sub-
systems using superelements is achieved. Also,
the recommendation was confirmed to hold for
the substructure all mode shapes and natural
frequencies of which are 1.5-2 times higher than
the studied frequency range for the entire sys-
tem [9, 10].

The total “machine” time for the formation of a
superelement and obtain the dynamic character-
istics of the subsystem with its application, tak-
ing into account a sufficient number of internal
modes of the substructure, is comparable to the
time spent on the investigation of the complete
system. The time for investigation the subsys-
tem “metal structures of the roof” taking into
account the superelement “base - reinforced
concrete structures” (not taking into account the
spent “machine” time for the genegation of the
superelement) is 15-30 times (for Rostov-on-
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Don. Figure 2) and 40-75 times (for Nizhny
Novgorod) less than that spent on the investiga-
tion of the complete system. This gives a signif-
icant gain in computational efficiency when
conducting multivariate computational investi-
gations of the subsystem “metal structures of the
roof” in order to optimize it, since it is not nec-
essary to re-generate the superelement.

CONCLUSION

Summarizing the results presented in this arti-
cle, we can draw the following conclusions:

1) An effective superelement technique of numer-
ical simulation of dynamic characteristics of large-
sized systems “base — reinforced concrete struc-
tures — metal structures of the roof” was devel-
oped, verified and approbated, which allows us to
proceed to the investigation of subsystems “base”,
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“reinforced concrete structures” and “metal struc-
tures of the roof™ as part of individual models.

2) Verification examples (including the entrance
block of the Volgamall shopping center in
Volzhsky) demonstrated the effectiveness and
features of using the developed superelement
technique to investigate the dynamic character-
istics of combined systems of a similar type.

3) A comparative analysis of the natural fre-
quencies and mode shapes of the complete sys-
tem and subsystems of the stadium in Nizhny
Novgorod revealed a weak effect of the compli-
ance of the support subsystem on the dynamic
characteristics of the coating structures, which
allows us to justify the investigate of the latter
within a separate model. In turn, the subsystem
of coating structures does not significantly af-
fect the behavior of the supporting subsystem,
which also gives reason to perform its investiga-
tions in isolation.

4) On the contrary, a comparison of the natural
frequencies and mode shapes of the complete
system and the structural subsystems of the sta-
dium in Rostov-on-Don showed a significant
mutual influence of the subsystems on the dy-
namic characteristics. This indicates the impos-
sibility of investigating subsystems for individ-
ual models without the use of superelements.

5) Analysis of natural frequencies and mode
shapes of complete systems and subsystems with
superelements of stadiums in Nizhny Novgorod
and Rostov-on-Don show that the dynamic char-
acteristics are almost identical when taking into
account a sufficient number of internal natural
frequencies and mode shapes of substructures.

6) The most valuable, “organizational” effec-
tiveness of the developed technique for two real
combined large-sized systems “foundation —
reinforced concrete construction of foundations
and stands — metal structures of the roof” with
the use of superelement approaches was demon-
strated. The computational competitiveness of
the developed models with superelements was
confirmed (compared to the full FE models).

7) The presented results allow us to recommend
the developed superelemental technique for use
for a wide class of computational investigations

Volume 15, Issue 4, 2019

of combined large-sized systems of unique
buildings and structures.

8) The development and application of the pro-
posed superelement technique of numerical simu-
lation of combined large-sized systems to solve
problems in physical, geometrical, structural and
genetically non-linear settings seems to be a pro-
spect for further development of this topic.
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SOLUTION OF THE PROBLEM OF THERMOELASTICITY
FOR NONLINEAR ELASTIC INHOMOGENEOUS
THICK-WALL CYLINDRICAL SHELL

Lyudmila S. Polyakova, Viadimir I. Andreev
National Research Moscow State University of Civil Engineering, Moscow, RUSSIA

Abstract: The distinctive paper presents the calculation of a thick-walled cylindrical shell with hinged and free
ends on the temperature effect. The shell consists of three layers: two layers of heat-resistant concrete and steel out-
er layer. The calculation takes into account the piecewise linear inhomogeneity of the shell due to its three-layer
construction and the continuous inhomogeneity caused by the action of a stationary temperature field. To take into
account the nonlinear nature of concrete deformation, the problem was solved using the method of successive ap-
proximations described in [1]. A comparative analysis of the results of the calculation of the shell with and without
taking into account the continuous inhomogeneity and the nonlinear nature of the deformation of concrete is given.
Comparison of the results showed a significant decrease in circumferential stresses in the most loaded concrete lay-
ers when calculating the shell with regard to physical nonlinearity and heterogeneity of materials.

Keywords: nonlinearity, inhomogeneity, concrete, elevated temperature, cylindrical shell

PEIIEHUE 3AJAYU TEPMOYIPYI'OCTH
JIJISI HEJIMHEAHO YIIPYTOM HEOJHOPOJHOM
TOJCTOCTEHHOHN HMJINHIPUYECKOH OBOJIOUKHA

JI.C. Iloaakoea, B.H. Anopees

HanuonaneHelit uccienoatenbckuii MOCKOBCKUN FOCYITapCTBEHHBIN CTPOUTENbHbBIN YHUBEPCUTET,
r. Mocksa, POCCHU

AHHOTauus: B HacTosmel craThe MPUBOIUTCS pacueT TOJCTOCTEHHOUN IMMIMHAPUYIECKON 000JI0UKH C IapHUP-
HO 3aKpEIUICHHBIMU ¥ CBOOOJHBIMH TOPIIAMH HA TEMIIEpaTypHOEe Bo3zaercTBre. O00I0UKa COCTOUT U3 TPEX CIIO-
€B: JIBa CJOS W3 APOCTOWKOrO OCTOHA M CTAIBHOW HapyXHbIA cioi. [Ipu pacueTe y4HTBIBaeTCS KyCOYHO-
JMHEHHAasT HEOTHOPOJHOCTh 000JIOYKH, OOYCIIOBIICHHAS €€ TPEXCIONHON KOHCTPYKIMEH M HEeNpephIBHAS HEO-
HOPOJHOCTb, BbI3BAHHASI BO3/IEHCTBUEM CTAL[MOHAPHOIO TEMIIEPATYPHOTO NOJs. [ yueTa HeIMHEHHOTO XapakK-
Tepa neopMupoBaHus OETOHA 33j1a4a PemIaiaCh METOIOM TIOCJIEIOBATEIHBIX MPHOIIKCHUN, OICAHHOM B [1].
[IpuBeneH cpaBHUTENBHBIN aHAU3 PE3yIBTATOB pacyeTa 00OIOYKH C YUETOM H 0e3 ydeTa HEempephIBHONW HEO-
HOPOJHOCTH W HEJIMHEWHOTo XapakTepa nedopmupoBaHusi OeToHa. CpaBHEHHE PE3yJbTATOB MOKA3ajl0 3HAYU-
TEJNIEHOE CHIKEHHE OKPYKHBIX HAaNpsDKEHUI B Hambollee HArpy)KeHHBIX CIIOSX OETOHA IPH pacyeTe 000IOUKH C
ygeToM (U3NIECKO HETMHEHHOCTH ¥ HEOTHOPOJHOCTH MaTePHAJIOB.

KiroueBble cJ10Ba: HEJIUHEHHO pryl"I/Iﬁ Marepuall, HCOAHOPOAHOCTb, 6eTOH, TOBBIIICHHBIC TCMIIEPATYPHI,
HUINHAPpUYCCKas 000J10UKa

INTRODUCTION ronments (reactors and regenerators for many
catalytic processes). In order to protect the steel

Structural elements in the form of hollow cyl- casing of the apparatus, it is lined inside with

inders are widely used in technological equip- heat-resistant concrete, which is coated by a

ment of the chemical and energy industries. corrosion-resistant layer.

Such structures often work in conditions of ele-  This design of the reactor allows to protect the

vated and high temperatures, aggressive envi- metal against corrosion, reduce the metal con-

133



sumption of the apparatus and reduce heat loss.
Modern building standards [2] require taking
into account changes in the mechanical and
elastoplastic properties of concrete depending
on the temperature of exposure, and suggest
using a two-line or three-line deformation dia-
gram for assessing the stress-strain state of
compressed concrete. This article proposes a
solution to the problem of thermoelasticity tak-
ing into account changes in the properties of
concrete depending on temperature and using
experimental deformation diagrams.

1. FORMULATION OF THE PROBLEM

The problem of calculating a three-layer cylin-
drical shell on the temperature effect is consid-
ered. Shell materials are: internal corrosion-
resistant layer of heat-resistant concrete made
of alumina cement (concrete No. 1) of 50 mm
thick, the middle layer of heat-resistant con-
crete made of Portland cement (concrete No. 2)
- of 100 mm, the outer layer made of steel - of
40 mm. A constant temperature of 500 ° C is
maintained inside.

Lyudmila S. Polyakova, Vladimir I. Andreev

Two solutions are considered: with hinged end of
the cylinder and with a free end (Figure 1 a, b).

The temperature distribution inside the multi-
layer wall is determined by solving the heat
equation. The following initial data are used in

the solution: T, =500°C is temperature inside
the shell; T, =20°C is the temperature of the
outside air; oy =162,8 W/m*C is heat transfer

coefficient from the internal area to the con-
crete wall; A, =0,8W/m°C is the thermal con-

ductivity of the first concrete layer;
Ay =0,85W/m°C is the thermal conductivity of
the second concrete layer; Az =25W/m°C -

coefficient of thermal conductivity of steel;
o, =7,6 W/m*C - heat transfer coefficient

from the outer surface of the shell to the air;
n=05m,r=06m rp=0,7m,r,=074m.
The temperature distribution in the three-layer
wall is shown in Figure 1: T;=500°C,
T, =488,9°C, T,=380,4°C, T;=199,5°C,
T, =197,3°C, T, =20°C.

T I Iy Iy
. T = T, g . T P~ T
— - }"2 = 1

&)

Figure 1. Distribution of temperature into a three-layer shell:
1 —concrete No. 1; 2 - concrete No. 2; 3 — steel.

Function of the temperature changes through
the radius of each layer takes the form:

Tin-T, +TJ Inrjy/a-Tyinr/a

In(rj,; /1)) In(r 4 /1))

T r=hria

(1)
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where j is layer number (1,2, ...,n),a=1m.
Thus, the following temperature distribution
functions were obtained for the first and second
concrete layers:
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Solution of the Problem of Thermoelasticity for Nonlinear Elastic Innomogeneous Thick-Wall Cylindrical Shell

T, r ==1247In 1 -256,4,

T )
> r ==1173In 1 -218,9.
The change in temperature over the thickness of

the steel layer is not taken into account in the
solution, the average temperature value

T3 =198,4 " C. is taken instead it.

In order to describe the nonlinear nature of
concrete deformation, the experimental defor-
mation diagrams of heat-resistant concrete giv-
en in [3] are used. The solution uses a diagram

o; —¢, that is described by a dependence with
three constants, proposed in [4]:

o; = Eg, - A, (3)

The heterogeneity of concrete resulting from
exposure under elevated temperatures is taken
into account by replacing the constants E, A, and
o with the functions E (T), A (T), and a (T). In
order to describe the deformation diagrams of
heat-resistant concrete made of Portland cement,
the following functions were used:

AT 03 AT 23
El(T):E01+kE1[T_J +”'E1(T_] ,

0 0

AT 08 AT b
A&U)‘Aoﬁkm(T—} +”'A1(T—} , (@)

0 0

AT b2 AT -
. -I—O o —I—O

The following functions were used to describe
the deformation diagrams of heat-resistant con-
crete on alumina cement:

AT 09 AT 02
Eo(T) =Eg,-exp kEZ[_ 'H”EZ(_] )
TO T,

- ()

AT o7 AT 03
Ay(T) = Ay -exp kAZ[_ +”'A2[_J ;
Ty T,
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AT 09 AT 015
(XZ (r) = (102 ‘eXp kOLZ (T—} + Mg [T—} .

0 0

We accept the following designations in formu-
las (4) and (5): AT =T -T,, where Ty =20°C
is the normal temperature of concrete; Eoy, Ao,
oo, Ke, Ka, Ko, Mg, ma, M, are the coefficients
obtained by approximating the experimental
deformation diagrams.

The work [2] presents the values of the coeffi-
cient of linear temperature deformation of con-
cretes of various compositions depending on
temperature. We accepted the values oy that

correspond to the continuous heating mode up-
on repeated exposure to temperature. To ap-
proximate the data from [2], the following
functions were used:

15 2
abl(T)=k1[£}+kz(£] +k3(£],
Ty Ty Ty

AT . AT 2 AT b
(sz(T) =0 + k4 [T—] + k5 {T—} + kG {—] )

0 0 To

(6)

Where oy is the coefficient of linear tempera-
ture deformation of concrete No. 1; o, IS co-

efficient of linear temperature deformation of
concrete No. 2; k;...ks are the coefficients ob-
tained by approximating the data from [2].

The values of the coefficients from formulas
4), (5), (6), as well as the diagram o; —¢, of

the deformation of concrete of two different
compositions are given in [5], where a solution
to a similar problem for an infinite cylindrical
shell was considered.

2. METHOD OF ANALYSIS

Based on the method of successive approxima-
tions, we developed a numerical method for
solving plane axisymmetric and centrally sym-
metric problems for thick-walled shells made
of physically nonlinear radially inhomogeneous
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material with arbitrary dependences of mechan-
ical characteristics through the radius. We ob-
tained numerical solutions to test problems. A
comparison of the results of numerical and ana-
Iytical solutions showed sufficient accuracy of
the developed method [6]. The solution for the
condition of a planar deformed state assumes
that the cylinder is very long and stresses aris-
ing at a sufficient distance from the ends are
considered. This article proposes a solution to
the problem taking into account local disturb-
ances near the ends of the cylinder.

The solution obtained for the conditions of pla-
nar deformable state requires that normal

stresses o, be distributed at the ends of the

cylinder. The work [7] proposed determining
the stresses in the final cylindrical shell by
summing up the solution for the planar deform-
able state condition and the solution for the cy-
lindrical shell, at the ends of which forces, that
are equal in value and opposite in sign to the
stresses c: , are applied.

In order to determine the stresses caused by
these forces (-o, ), we consider a longitudinal

strip of unit width cut from a cylindrical shell.
Such a strip can be considered as a beam on an
elastic base, for which the equation of deflec-
tion has the form:

d“u
D—+Ku=p(2), @)
i p(2)

where p(z) =0 is the intensity of the radial ax-
isymmetric load,;

Eh3

D=—""—"5"
12(1-v?)

is the flexural stiffness of the cylindrical shell,
replacing the flexural stiffness of the rod El,

_Eh

=
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is the stiffness of the shell in tension-
compression in the circumferential direction,
replacing the stiffness coefficient of the elastic
base.

In the case of a radially inhomogeneous shell,
the equation takes the form:

duh®% E(rydr % E(r)dr
_.r 2+”.f 2

dZ4 12,.1]_—\/ I r 1

0. ®

where h is the thickness of the shell.

For the convenience of integrating equation (8),
we introduce the dimensionless variable:
& =Ac, where

The parameter A depends on the flexural stiff-
ness of the shell and on the stiffness of the shell
in tension-compression in the circumferential
direction. Derivatives with respect to variables
& and z are related by the ratio:

ﬂ_x”. d"

@ " ©

After replacing the variable, the differential
equation takes the form:

4
dUE) | 4y -0.

(10)
dz*
Solution to the homogeneous equation:
u€)=sin & vexp & +ugexp -§ +
(11)

+e0s § Goexp § +ggexp =&

where
E=1¢4 ﬁ )
4Dy
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Stresses arising near the ends of the cylinder
quickly descend with increasing distance from
the end z, and already at a distance of 1.5 m
from the edge tend to zero, therefore, with a
cylinder length of more than L = 3 m, the beam
can be considered as semi-infinite, on the end

of which stresses -c, are attached. Then, as-

suming that the integration constants C; and C,
equal to zero, we obtain the equation:

U(E) =uzexp =& sin & +cexp = cos & . (12)

The constants C; and C4 are determined from
the boundary conditions. Let us consider the
case of hinge supporting and free edge.

For hinge supporting it is

ul =0,

then ¢, =0. Also it is known normal stresses
o, distributed over the ends of the cylinder,

which are equal to the stresses calculated in the
planar deformable state condition, taken with
the opposite sign:

*

6, 0 =-0,.

Stresses o, are determined through displace-
ments:

E L +1,)d%u
G, =~ 2(:—1 4} > (13)
1-v 2 )dz
From the condition ¢, 0 :—Gt,we get:
r, Y
[o,(rydr
.

C3 = ; - (14
STalu E(r) ( |l+,4J (14)
[} r— dr

2 2

rll—Vl

The final expression for the displacement:
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f o (rar
u(z)=—- e X
254 EQ) (r_rlwldr (15)
r I-v1 2 2

Xexp —Az sin Az .

For the condition of a free edge, the conditions

_du

0=0, g=—
¢ o=

are satisfied, then ¢, = -5, the expression for
the displacements takes the form:

f o (rar
u(z) = e X
2.2 ]4. E(r) (r— rl+r4}0|r (16)
r l-vi 2 2

x[exp —h cos Az —exp —he sin Ac |.

Since we have a formula for the deflection
curve, it is possible to calculate the correspond-

ing bending stresses o and tangential stresses

og for any value of z. The component of de-

formation in the tangential direction is equal for
each layer:

u
gg=—.
r

The component of stresses in the tangential di-
rection is determined from Hooke's law:
op = Egg +vo! =

2
—Ed 4y Ez['ﬁ"‘—r}d g
rl-v 2 dz

17
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Figure 2. Curvature of deflections caused by acting of -g,
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Figure 3. Stresses o near the free end of cylinder for r=0,55 mand r=0,7m.

The final stresses in the cylinder are obtained by
summing the stresses obtained assuming that

- . * * *
stress-strain state is ©,,0q4,0,, and the stresses

arising due to the action of the force —Gt at-

tached at the ends of the cylinder are o3, 0p.

3. RESULTS

Figure 2 shows the curve of the deflections that
occur near the end of the cylinder: 1 - deflection
for hinge supporting case, 2 - for the free end.

Figures 3-6 show stresses o, calculated both

for homogeneous materials and in comparison
with the linear calculation. In the solution for
homogeneous materials, the influence of ele-
vated temperature on the properties of concrete
was taken into account, but the values of the
basic elastic characteristics of concrete were
adopted for average temperature over the layer.
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Figure 3 shows stresses o, near the free end of

the cylinder in the most stressed annular con-
crete layers r=0,55mand r=0,7m: 1 - linear

homogeneous material, r=0,7m; 2 - linear
heterogeneous material, r =0,7 m; 3 - nonline-
ar heterogeneous material, r =0,7m; 4 - linear
homogeneous material, r=0,55m; 5 - linear
heterogeneous material, r =0,55m; 6 - nonlin-
ear inhomogeneous material, r = 0,55m.

Figure 4 shows the stresses oy near the hinged

end of the cylinder in the most stressed annular
concrete layers r=0,55m and r=0,7m: 1 -

linear homogeneous material, r=0,7m; 2 -
linear heterogeneous material, r=0,7m; 3 -
nonlinear heterogeneous material, r=0,7m; 4
- linear homogeneous material, r =0,55m; 5 -
linear heterogeneous material, r =0,55m; 6 -
nonlinear inhomogeneous material, r =0,55m.
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Figure 4. Stresses o near the hinged end of cylinder for r=0,55mand r =0,7 m.
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Figure 5. Stresses o, for z=0m.

Figures 5 and 6 show the stresses o, over the en-
tire wall thickness, at the free ends of the cylinder,
at distances z=0m and z=0,55m: 1 - linear
homogeneous material; 2 - linear heterogeneous
material; 3 - nonlinear heterogeneous material.

Figures 7 and 8 show stresses o over the en-

tire wall thickness, with cylinder ends pivotally
attached, at distances z=0mand z=0,32m: 1

— linear homogeneous material; 2 - linear het-

Volume 15, Issue 4, 2019

erogeneous material; 3 - nonlinear heterogene-
ous material.

CONCLUSIONS

When analyzing the results stresses in the com-
pressed zone of concrete are of greatest inter-
est, since tensile stresses on the outside of the
lining should be perceived by steel reinforce-
ment.

139



Lyudmila S. Polyakova, Vladimir I. Andreev

G,,MIla
20

10

0 = NIET S

-30
-40
-50 e

-60 r,M
0,55 0,6 0,65 0,7 0,74

Figure 6. Stresses o for z=0,55m.
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Figure 8. Stresses o, for z=0,32m.
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Taking into account only the heterogeneity of
concrete gives a reduction in circumferential
stresses of about 20% in the compressed zone.
When taking into account the heterogeneity and
physical nonlinearity of concrete, the maximum
circumferential stresses are significantly re-
duced in both the stretched and compressed
zones, by about 2 times.
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DESIGN AND CONSTRUCTION OF FOOTINGS
OF BUILDINGS AND STRUCTURES ON PERMAFROST
SOILS IN CONJUNCTION WITH ENVIRONMENTAL
REQUIREMENTS

Igor I. Sakharov ', Nadezda S. Nikitina °, S. Nyamdorzh’, E.S. Shin *
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Abstract: The article describes features of design and construction of footings of buildings and structures on
permafrost soils. Examples of failures of objects were given. It was shown that the available calculation tools, in
particular the “Termoground” program, allow to estimate many situations connected not only with temperature
problems, but also with the stress-strain state of the “base — structure system”. This allows carrying out design of
arbitrary objects operating without failures during a long time. Consequently, the impact of such objects to ecol-
ogy of surrounded environment is minimum.

Keywords: experimental studies, permafrost, freezing, thawing, bearing capacity, frost heaving

IMPOEKTUPOBAHHUE U CTPOUTEJBCTBO
®YHJAMEHTOB 3JAHUM U COOPY KEHU
HA BEUHOMEP3JIBIX TPYHTAX B YBSI3KE
C TPEBOBAHUSIMU SKOJIOT' A

H.HU. Caxapos ', H.C. Hukumuna °, C. Hamoopac” , E.C. Hlun *
: Cankr-IlerepOyprckuii rocy1apcTBEHHBIH apXUTEKTYPHO-CTPOUTEIbHBIN YHUBEPCHUTET,
r. Cankr-Ilerep6ypr, POCCUA
? HanroHambHEIH MCCIeI0BaTeNbCKIi MOCKOBCKHMIT rOCYAApCTBEHHBIN CTPOUTEIbHBIN YHUBEPCUTET,
r. Mocksa, POCCUA
* Mongolian University of Science and Technology, Ynau-Barop, MOHI'OJIS
# University of Incheon, Republic of Korea, Topox, Urueon, FOXKHAS KOPES

AHHoTanus: B craTthe paccMaTpuBaroTCs 0COOEHHOCTH MPOEKTHPOBAHUS M CTPOUTENHCTBA (PYHAAMEHTOB 37a-
HUM W COOpYXEHHH Ha BEYHOMEpP3NbIX TpyHTax. llpmBemeH®l mpuMmepbl aBapwii 00BexToB. IlokazaHo, 4TO
UMCIOIIUECS] PACYCTHBIC CPEICTBA, B YacTHOCTH mporpamma «Termogroundy, MO3BOJISIOT OICHUBATH MHOTHE
CUTYyallWd, CBSI3aHHBIC HE TOJBKO C TEMIIEPATYpHBIMHU 3a/ladyaMd, HO M C HAMPSKECHHO-IE(HOPMHPOBAHHBIM
COCTOSIHUEM CHCTEMBI «OCHOBaHHE — COOPYXKEHHE». DTO MO3BOJISIET OCYIIECTBISITH MPOECKTHUPOBAHHE JIFOOBIX
00BEKTOB, IKCILTYATHPYIOMIUXCS 0€3aBAPUIHO B TEUCHUE JTUTEIBHOTO BPEMEHH, YTO OKA3hIBAET MUHUMAIBHYIO
Harpy3Ky Ha 9KOJOTHIO OKpPY>Kalollel Cpe/Ibl.

KioueBble ci10Ba: SKCIEPUMEHTANbHBIC HCCIIEI0BAHMS, BEYHOMEP3TIbI IPYHT, MMPOMEp3aHue, OTTauBaHUE,
MOPO3HOE ITy4eHHne, HeCyIas CriocOOHOCTh

The construction of buildings and structures of and sometimes accidents also happen. In addi-
any purpose on permafrost soils presents great tion, construction in northern conditions often
difficulties. Objects in some cases are deformed,

143



Igor I. Sakharov, Nadezda S. Nikitina, S. Nyamdorzh, E.S. Shin

causes damage to the environment and, thus,
negatively affects the environment.

The greatest damage to the frozen state of the
base is caused by its heating. So, the heat
spreading from heated buildings penetrates the
frozen ground, which causes its degradation due
to thawing. Oil and gas pipelines for any pur-
pose at a temperature of the transported product

from 25 to 60 ° C also cause thawing of the sur-
rounding soil. Railways and roads transfer heat
to the base, transferred by filtered water through
the embankment, as well as heat caused by the
action of the transport vibrodynamic load.

Some noted problems are illustrated in Figures
1,2,3,4.

Figure 1. Failure of parts of buildings constructed on permafrost soils when ice
of permafrost soils thaw.

Figure 2. Failure of pipeline due to thawing of
the foundation.

N
Figure 3. Bending of railway caused by thawing
of the foundation.
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Design and Construction of Footings of Buildings and Structures on Permafrost Soils in Conjunction With

Environmental Requirements

The successful construction of buildings and
structures on permafrost soils in accordance
with applicable standards is ensured by the im-
plementation of one of two principles - with
conservation (principle 1) and without conserva-
tion (principle 1) of the frozen state of the base.
For heated buildings, principle | is most often
used. The most rational in this case is the instal-
lation of a ventilated underground (Figures 5,
6). This method is widely used in the North of
Russia and in a number of cases gives good re-
sults. However, the underground is ineffective
with a high height of snow, which has a warm-
ing effect on the base. In addition, when build-
ing on high-temperature soils, the underground
device should be preceded by preliminary cool-
ing of the base.

Figure 5. Construction of ventiatena
underground on metal piles.

Figure 6. Construction of ventilated
underground on reinforced concrete piles.

Principle I1, being significantly cheaper, is often
used for linear structures such as embankments
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of railways and roads. For the Baikal-Amur
Railway (BAR), whose length in the zone of
high-temperature permafrost is about 2000 km,
this principle is fundamental. However, the
practice of exploitation of BAR has shown that
further use of principle 11 is ineffective. Perma-
frost degradation occurs at the base of the em-
bankments, which is accompanied by precipita-
tion reaching 20 cm / year. Thawing processes
at the base of one of the BAR mounds are
shown in Figures 7-9.

Deformations of the railways lead to work on
their repair and straightening. In addition to an-
nual costs, repair work has a negative impact on
the environment. At the same time, the pas-
sageways of the equipment are accompanied by
damage to the natural thermal insulation - the
moss carpet, which leads to complete degrada-
tion of the territory (Figure 10). Thus, attempts
to use the cheaper principle 11 often leads to ac-
cidents of objects and degradation of frozen
soils not only at the construction site, but at a
considerable distance from it.
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Figure 7. Dynamic of thawing process
in the one of the BAR mounds. Numbers on

isolines corresponds to years.
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Figure 8. The dynamics of thawing of the base
with the formation of talik (shaded area).
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Figure 9. Graphs of temperature measured
in the well. The formation of talik not freezing
in the annual cycle. Numbers on isolines
corresponds to years.

Figure 10. Degradation of frozen soils when
moss carpet is damaged

In connection with the aforementioned facts, in
order to minimize the influence of buildings and
structures on the surrounding Arctic environ-
ment, it is necessary to build so that the object
retains its operational properties without repairs
for many years. For buildings, this is usually
achieved using principle I, implemented with
the help of modern cooling systems, and first of
all, seasonal cooling devices (SCD) (Figure 11).
Relatively more rarely are thermo supports used
primarily for bridges or pipelines (Figures 12,
13).
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gre 11. The location of the capacitor parts
of the SCD at the wall of the building.

17/03/2018

Figure 12. Bridge support on stilts with natural
air cooling (thermal supports).

Figure 13. Oil pipeline on stilts equipped
with SCD.

If principle II is used in construction, then a gap
should usually be provided between the sole of
the structure and the base, while pile or post
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supports should be buried in frozen ground,
substantially greater than the depth of the ex-
pected thawing. For highways, in this case,
overpasses will be effective, which will bring
the speed to 300 km / h. In this case, the influ-
ence of objects on the environment will be min-
imal (Figures 14, 15).

Figure 14. The device of the railway track
on the low overpass.

Figur 15. Arrangement of the railway trak
on a high overpass

Note that the arrangement of roads on overpass-
es has a number of advantages. Among them,
simplicity of design due to specific extremely
stringent requirements for maximum precipita-
tion (20 - 30 mm) and profile fracture angle (1 °
/ °°) [1,2], which forces designers to resort to
powerful, relatively deeply laid supports. The
construction of overpasses allows you to aban-
don the large volume of inert materials deliv-
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ered from quarries on temporary roads. In addi-
tion, overpasses practically do not affect the en-
vironmental situation and, with proper design
and construction, guarantee the road’s mainte-
nance-free existence for many years.

The design support for the construction of foot-
ings on permafrost soils should primarily include
an assessment of the temperature fields in the
base. Due to the layering of the base, the fre-
quent presence of thermal insulation, etc. effec-
tive temperature calculations can be performed
only by numerical methods. There are many
programs that allow you to evaluate temperature
fields. However, when calculating temperatures
in freezing or thawing clay soils, it is necessary
to take into account that, due to the large amount
of non-freezing bound water, phase transitions
occur in the so-called “negative temperature
spectrum”, which leads to significant computa-
tional difficulties. However, the greatest difficul-
ty is the assessment of deformations initiated by
freezing and thawing processes. At the same
time, if thawing strains can be relatively easily
calculated using the two-term norm formula
(Lapkin - Tsytovich), then defining frost heaving
strains is a difficult task.

In order to establish deformations of frost heav-
ing, the calculation method proposed in [3] may
turn out to be quite effective. The method allows
you to set all the components of frost heaving -
deformation, as well as tangential and normal
forces. Based on the “Termoground” program
[4], the proposed method allows, in addition to
deformations of raising and lowering, to evaluate
the stability of structures against the action of
tangential forces of frost heaving. In the case of
thawing, the “Termoground” program quite
simply allows you to set the negative friction
forces acting, for example, on piles or pillars.
Below Figure 16 shows a number of examples
of calculations of temperature fields around a
single SCD (Figure 16) and groups of SCD at
the base of a building (Figure 17).

Figure 18 shows the lifting deformations of the
building frame elements under the action of
frost heaving forces. Figure 19 shows the effect
of negative friction on the pile foundation of a
building with possible thawing of the base.
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Figure 16. Temperature contours (a)
and contours of the frozen ground zone (b)
around a single SCD.

Ifigure 17. Temperatljre plots in the base,

cooled by group SCD (horizontal and vertical).
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Figure 18. Lift deformations of building
frame elements under the action
of frost heaving forces.

Figure 19. Increased loads on piles with
negative friction caused by possible thawing.

Thus, the available settlement tools allow you to
implement a fairly reliable and durable design
solutions. This allows the construction of build-
ings and structures, trouble-free operation of
which is possible for a long time. This approach
minimizes the environmental impact of the con-
struction and operation of buildings and struc-
tures, which is important in light of stricter envi-
ronmental requirements, especially relevant in
the northern regions.
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OF A MULTI-STOREY REINFORCED CONCRETE BUILDING
ON AN ELASTIC FOUNDATION WITH ALLOWANCE
FOR DIFFERENT RESISTANTANCE OF MATERIALS
AND CRACKING
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Abstract: In this paper, we consider the construction of a finite-element model for determining the stress-strain
state of a multi-storey building made of monolithic reinforced concrete on an elastic foundation. This takes into
account the dependence of the mechanical characteristics of concrete on the form of the stressed state, the devel-
opment of plastic deformation in the reinforcement, cracking. Confirmed that the account of the complicated
properties of the material is necessary for obtaining correct estimates of the stress-strain state of reinforced con-
crete structures under conditions of progressive cracking.

Keywords: finite element method, reinforced concrete, multi-storey building, multimodulus behavior,
cracking, hybrid finite element, elastic foundation

OIIPEAEJIEHUE ITAPAMETPOB
HANMPAXKEHHO-AE®OPMHUPOBAHHOI'O COCTOAHUASA
MHOI'O3TAKHOI'O KEJIESOBETOHHOI'O 3JAHUA
HA YIIPYT'OM OCHOBAHHUU C YYHETOM
PASHOCOITPOTUBJIAEMOCTHU U TPEHLIMHOOBPA30OBAHUA

A.A. Tpewes, B.I'. Teauuko, H.B. 3010moe

Tynbckuii rocyqapcTBeHHbIN yHUBepcuTeT, r. Tyna, POCCUA

AHHoOTanusi: B nmaHHO# cTaThe, pacCMOTPEHO MOCTPOCHHE KOHEYHO-3JIEMCHTHOW MOJECTH JUIA ONpEACICHHUS
HaNPsHKEHHO-1e()OPMUPOBAHHOTO COCTOSHISI MHOTO3TAKHOTO 3aHUS M3 MOHOJUTHOTO JKEJIe300€TOHA Ha YIIPY-
roM ocHoBaHWU. [IpH 3TOM y4YHTHIBaach 3aBHCUMOCTh MEXaHWIECKHX XapaKTEPUCTHK OCTOHA OT BHJA HAIIPS-
JKCHHOTO COCTOSIHHS, Pa3BUTHE IUIACTHYCCKHUX AedopMaly B apMaTtype, TpemnHooOpa3oBanue. [loareepxkie-
HO, YTO Y4€T YCIIO)KHEHHBIX CBOMCTB MaTepraja HeOOXOAUM JIJIsl TIOJMYyUYEHHUS] KOPPEKTHBIX OIICHOK HAMpPsHKEHHO-
JIe(OPMHUPOBAHHOTO COCTOSIHHS KENe300€TOHHBIX KOHCTPYKIMK B YCIIOBHSIX MPOTPECCHPYIOMIETO TPEIIHMHOOO-
pa3oBaHUsI.

KiioueBble ciioBa: METOJ KOHCYHBIX 3JICMCHTOB, )Keﬂe306eTOH, MHOI'09Ta>XHO€ 3JaHHUC,
Pa3HOCONPOTUBIIAEMOCTD, TpeHIHHOOGpa?)OBaHI/Ie, I‘I/IGPHHHHﬁ KOHEYHEBIN OJICMCHT, YIIPYIrOo€ OCHOBAaHHUE

INTRODUCTION make serious demands on the development of
construction mechanics. With a detailed study

The intensive development of technology and ©f the deformation of some materials widely

the science of materials in the last decade, as used in engineering practice, .SUCI} as concrete, it
Well as the ever increasing demands on the was found that thelr behaV10r 1S Slgnlﬁcantly

economy and reliability of building structures, different from the usual representations. The de-
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formation and strength characteristics of such
materials show sensitivity to the form of the
stress state realized at the point, and under oper-
ational loads the dependences between stresses
and deformations are essentially nonlinear. To
determine the stress-strain state of nonlinear
multimodulus materials, a number of defining
relations were proposed [1-6]. However, almost
all of these models have significant drawbacks,
limiting their application for the calculation of
structures in a complex stress state [2]. There-
fore, in this paper, we use a version of the equa-
tions of state of isotropic, multimodulus materi-
als, based on the method of normalized stress
spaces [1].

It is important to bear in mind the fact that in
order to take into account the entire complex of
effects associated with modeling the behavior of
nonlinear multimodulus materials, fracture of
material in the form of cracking, plastic defor-
mations in the armature, it is necessary to im-
prove the corresponding calculation base, since
existing software packages, as well as known
mathematical models do not always satisfy the
requirements for carrying out calculations with
the necessary accuracy [1, 2, 7-11]. Therefore,
in this study, a variant of a hybrid finite element
(FE) is proposed, taking into account the physi-
cally nonlinear behavior of the material and its
destruction in the form of cracks [7]. The crea-
tion of new mathematical models for describing
the mechanical behavior of reinforced concrete
structures with the most complete account of
complicated properties, as well as the improve-
ment of the corresponding design models, is un-
doubtedly an actual task of the construction in-
dustry and mechanics of a deformable solid [9].
As shown in [2, 9, 10], hybrid modifications of
hybrid FE with three degrees of freedom at the
node are quite effective for the calculation of re-
inforced concrete structures [12]. The direct ap-
plication of R.Kuk's finite elements to the calcu-
lation of reinforced concrete spatial structures
showed that they do not take into account longi-
tudinal forces and displacements in the middle
surface, and also do not allow to determine the
generalized forces vector in the center of the FE
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quite simply and accurately [2, 8]. Therefore, a
modification of the hybrid FE with five degrees
of freedom in the node and a stiffness matrix
obtained directly for an arbitrary plane triangu-
lar element was developed. On the basis of the
chosen defining relations, the model of a hybrid
flexural triangular finite element with 5 degrees
of freedom in a node, taking into account the
longitudinal forces and deformations of the
transverse shear, allowing simple and effective
study of stress-strain state of the construction of
arbitrary geometry is considered. The proce-
dures associated with obtaining the stiffness ma-
trix of the hybrid finite element are described in
detail in [2, 12, 13].

1. FINITE ELEMENT
FORMULATION

To describe the connection between deformations
and displacements, the following relations are used
in the framework of S.P. Timoshenko's hypotheses:

€=U T XYW, 5 Cp Sl =XKW 5,
ey =05y, =u, +u,, +x, (‘//2,2 _‘//1,1); (1

Vi3 =Y TWS Vs ==Y+ Wy,

where u, - horizontal displacements; x,- coordi-
nate in thickness;y, - angles of rotation of the
middle surface;y, - deformation of transverse

shear; w,, - the derivative of the deflection.

Equilibrium equations are written in the traditional
form:

Ny + Ny, =0N,, +N,,, =0;
M, +M,,=0;M,, +M,,=0,; (2)
Q1,1+Q2,2 =d.

The relationship between strains and stresses,

which follows from the potential ¥, [1] looks like
following:
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tej=[4l{}, 3)

where
Oy en
On»n €
{O_} =171 (> {e} =712 (>
T3 713
T V2
(A, Ay A A, A
Ay Ay Ay Ay
[A] = A66 A64 A65
sim Ay Ay
L ASS _

Here A4,,, 4,,, 4\, 4,, A5, Ay, As, Aoy,
Ayg, Ages Agy» Agss Ayys Ays, Ass are the com-
ponents of a symmetric matrix [4] including the
functions and potential constants #,, denoted by
R, [1].

The relationship between stresses and strains can
be represented in the form [2]:

to}=[B]ie;, @

where [ B] :[A]fl.
Then the forces in the section of the element de-
fined as follows [2]:

hi2 hi2

N, = J. o,dxy; M, = J. O, X3dx5;
—h/2 o —h/2 (5)
0, = [ tudx,, (i,j=12)
—h/2

The connection between the vector of generalized
forces and the vector of generalized deformations
of the middle surface takes the form:

(M} =[D]{e},
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where
M, Vi
M,, Vi,
M, Vi =Wy,
M= o) : {g} _ V13 :
0, V23
Ny U,
Ny U
Ny, U, Ty,
D, Dy, Dy Ky Kis Ky Ky K|
Dy, Dy Ky, K5 Ky Ky, Ko
Dgg Koy Kgs Ky Kyg Ko
[D]= Cu Cus Ciy Cyy Cg . (6)
CSS CIS C25 C65
Sim C, C, C,
Cy Cy
L C66_
hi2 hi2
C., = J. B,dx;; K,, J. B, x,dx;

are the integral stiffness parameters obtained as a
result of numerical integration over the thickness of
the element and depending on the stress state.

It is obvious that the mathematical model for
determining the stress-strain state of reinforced
slabs of which the building consists should take
into account the specific features of the interac-
tion of the complex environment "concrete-
reinforcement” at various stages, be quite fore-
seeable and practically realizable. This model
can not be completely free from additional tech-
nical hypotheses, in particular, the following is
considered fair [8, 9]: 1) the loading is simple,
the deformation is active, creep deformations of
concrete are not considered; 2) the dimensions
of the slabs of the structure in plan are large in
comparison with the average distance between
reinforcing bars, the reinforcement is modeled
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by a smeared layer, taking into account the coef-
ficient of layer reinforcement; 3) in view of the
structural heterogeneity in thickness, the plates
are broken up into a series of fictitious layers: a)
non-reinforced (concrete) layers without cracks;
b) reinforced (reinforced) layers without cracks;
¢) non-reinforced (concrete) layers with cracks;
d) reinforced (reinforced) layers with cracks; ¢)
reinforced (reinforced) layers with intersecting
cracks. 4) The stresses within the reinforced
layers of the element are defined as the sum of
the stresses in the concrete and reinforcement,
and the condition for compatibility of concrete
and reinforcement assumes the equality of de-
formations of these two materials; 5) the middle
surface of the plate is represented by a network
of hybrid finite elements, taking into account
the thickness partitioning into a number of ficti-
tious layers; 6) the stiffness characteristics cal-
culated for the center of the fictitious layer of
this finite element extend to the entire layer; 7)
the criterion for the strength of concrete in each
fictitious layer is adopted according to P.P. Bal-
andin's condition [8]; 8) cracks in the region of
the cracked fictitious layer within the finite ele-
ment are considered to be continuous and paral-
lel to each other. The effect of stretched con-
crete is taken into account by the coefficient of
V.I. Murashev and the characteristic of concrete
damage [8, 15]; 9) in the presence of cracks,
concrete within the fictitious layer is modeled
by a transversely isotropic body with an iso-
tropic plane parallel to the plane of cracks.

2. FICTITIOUS LAYERS

Non-reinforced (concrete) layers without cracks.
The relationship between strains and stresses is:

tej=[4l{o}, ™

where [A4] the symmetrical square matrix is 5 x 5
(neglecting voltages in the calculation o, ).
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Ay ={2(R,+2R,)/3+ R,E(3-2&7)/3+ R, x
[£(2-1)+4(0), —20,)/98,]+ Ry[nx

><cos3(0(1+§Z)+2\/§§—2cos3(/)—x/§%]}/3;

0

A, =1{2(R,—R,)/3+(Ry+R,/3)&+R[cos3px
x(1-6) =213 /3;

Ay = (2R, 13+\2R )71, 1383 sy = Ay;

4, =(2R, 13+2R, )7,,/38,;

Ay =2(R,/3-V2R, )7, /38,

A, ={2(R,+2R,)/3+ R,[£(3-2£7)/3+R,[£x
x(2—772)+4(0'22—2011)/9SO]+R5[770053(0><
x(1+&%)+ 2428 - 2c083p- 20, / S, 1}/ 3;

Ay =2(R, /3-\2R; )7, /38,3’

Ay =(2R, /3+\2R )7, /35,;

Ay =22R,-R,E+R,[E(2-1) (0, +0,)/
138,14 Ry[N2n (0, — 05, )/ 27 cos 3]}/ 3;
Ay =2R.7,,/S,; Ag=\2R.z/S,;

Ay =202R, - Ry’ +R,[E(2-1) (0, +0,)/
38,1+ Ry[N2n (0, —204, )/ 2— 1 cos 3]}/ 3;
A =\2R1,/8,;

A =2{2R, - Ryp* +R,[£(2-1)~ (0, + 0 )/
38,1+ Ry[N2n (0, =20, )/ 2= 17 cos 3p]} /3.

Here: £=0/S,, n=rt/S,- normalized normal
and shear stresses on the octahedral platform;

S, =vo’ +7° - module of the total voltage vec-

tor on the octahedral platform; o =0,0,/3 and

7=/8;S;;/3 - normal and tangential stresses;
Cos3p = \/Edet(SU.)/ 7’ ; ¢ - phase of stresses;

S;=0,;-0,0 .
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The matrix of "elasticity" [B] for each of the unre-

inforced layers of the FE is expressed through the
matrix of compliance:

[B]=[4] . ®)

Reinforced layers without cracks. Taking into ac-
count the accepted hypotheses, the stresses in the
reinforced concrete layer are taken as the sum of
the stresses in concrete and reinforcement, from
which the matrix of "elasticity" for reinforced lay-
ers without cracks follows:

1
[B]=[4]" +B;]. ©)
where
[ ,Ullfs fullﬁ;svs 0 0 0 1
l=vip, 1=vim,
/Ll22E2SVs ;uzzzEs 0 0 0
1=vip, 1-v i,
[Bs]=| o0 0 By, O 0 |;
E
1+v o,
E
L 1+V51U11_
HE; o E
s3,3 s
l+vo, l+vu,

E - modulus of elasticity of reinforcement,v -

Poisson's ratio of reinforcement;
y=Ag 1Sy hg, gy = A, 1S, b

- the reinforcement factors in the direction of the
axes X, and X, the initial coordinate system, re-

spectively; A, - cross-sectional area of the rein-

forcing bar; S,,,, S,,, - the pitch of the rods paral-
lel to the axes X, and X, ; A - total thickness of

reinforced layers. Note that the matrix components

[4]”
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in the expression (9) are determined by the

formulas in which instead of the total stresses o,
the stresses in the concrete o 5, should be used.

Not reinforced (concrete) layers with a crack. Ac-
cording to the hypothesis No. 7 cracks will be
formed if the following condition is fulfilled:

0-121 +0222 +3-(Z'122 +Z'223 +T123)—(0'11622)_ (10)
~(R,,—R,)(0,+05,)-R,R, >0 ’

where 0,,,0,,,7,,,7;,7,; - stresses in concrete at

the time of crack formation, calculated for the cen-
ter of the fictitious layer. Here R,,,R, - the ulti-

mate strength of concrete for axial tension and
compression, respectively.

When inequality (10) is satisfied, a crack is
formed in the concrete layer along the areas or-
thogonal to the direction of the greatest of the
principal tensile stresses, calculated from the
formula for a plane stress state:

0, =[0y, + 0y, +(0, — 0, +473]/ 2.

The direction of the development of cracks is
determined by the magnitude of the angle be-
tween the normal to the crack and the axis x; :

1 =arcigl(o, —oy,)/ 7,].

We note that when parallel cracks arise in the
region of the layer of a given finite element, the
initially isotropic concrete acquires the proper-
ties of orthotropy. In this regard, the acceptabil-
ity of potential defining relationships is lost,
oriented to a nonlinear dilatable, mutually resist-
ing isotropic material. We assume that the valid-
ity of the selected potential relationships is only
valid for directions along the cracks, where the
integrity of the concrete is not violated. In the
indicated direction, the physically nonlinear
properties of concrete will be approximated by
the secant modulus of elasticity £, and the se-

cant coefficient of transverse deformations v,

determined from equation
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* * * * * * *
ey =4,0,,+ 4,0, :(0_22 _VBO_II)/EB )

1.€.

*

225

E,=1/4,;v,=-4,,/ 4

where A4;,, A, are the components of the com-

pliance matrix, calculated from the formulas for
concrete layers without cracks; 0';. - stresses in
concrete, calculated in an orthogonal coordinate
system X, OX,, rotated relative to the initial
system X, OX, by an angle y,.

Taking into account the foregoing, the relation-
ship between strains and stresses in a rotated
coordinate system can be represented as:\

(=L Tfei)

where
el*l O-Zl 1
622 0-222
{e*} = 71*2 ;{O-;} = z';12 >
v 1*3 7;3
e ;3 7223
4, 4, 0 0 0]
4, 0 0 0
[47]= Ag 0 0 |;
Sim 4, 0
_ i

or for the case with a crack in the direction of
the axis X :

B, B, 0 0 0
* . B, (1 0 0
[B"]=[4] = By, 0 0 |;
Sim B, 0
I Bs |

Volume 15, Issue 4, 2019

where

Bl*l =0; Bl*z =0; B;2 :EB;B:4 :Bz6 =0;

By =E,/[2(1+v)].

Then, having carried out the transformation of
coordinates from the system X,0X, to the ini-
tial one, we obtain a stiffness matrix for the
cracked concrete [BC] :

Bi, Bi, B, 0 0]

B, B, 0 0

(4] =[B]= B, 0 0
sim B, O

i B

where

B, = B,,Sin"y,; B;, = B,,Cos" ,;
B, = B.,Sin’ y,Cos’ y,;
Bf, = B,,Cos y,Sin’ y,; B;, = B,,Cos’ y,Siny,;
B:, =4B,,Sin’ y,Cos’ y,; B, = B..Sin’ y,;
Bg = B;Coszzl.

Reinforced (reinforced) layers with a crack. The
appearance of cracks is determined by the trigger-
ing of the Balandin condition within the fictitious
FE layer:

2 2 2, 2, 2
O i1 T 05y +3'(712 TTy +713)_

_(0-3110_822)_(Rbt _Rb)(o-Bll +O—BZZ)_’ (11)
-R,,R, >0

where o, - stresses in reinforced concrete.

The direction of the development of cracks is de-
termined by the magnitude of the angle y, between

the normal to the crack and the axis X, of the orig-
inal system:
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_ |:(O-1t_0811):|
x=arclg| ———— |,
T

where o,, - the largest of the main tensile stresses in

the carrier layer (concrete). Further, taking into ac-
count the arguments given above, we have:

*

€y = AIZ Opn ™t Azz Opxn =
(12)

£ £
= (O-BZZ _VBo-Bll)/EB
ie,

*
220

E,=1/4,;v,=-4,,/ 4
where 4,,, A}, are the components of the com-
pliance matrix, calculated from the formulas in
whicho |, and o,, it is necessary to replace by
the stresses calculated in the orthogonal coordi-
nate system X;0X; rotated relative to the initial
system X,0X,by an angle y,;0},,, G- Te-

spectively, the stresses in concrete in this coor-
dinate system.

Then the dependencies between strains and stresses
in the rotated coordinate system will take the form:

Ll o
where
61*1 G;n
) ezz ) 0-222
{e }: 71*2 ’ {O-B}: 2';12 .
71*3 Z';13
7;3 7223
4, 4, 0 0 0]
A4, 0 0 0
[4"]= 4 0 0 |;
Sim 4, 0
_ i)
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A, =1/(Eyw); A, =—v, /| Ey; Ay, =1/ Ey;
Ay, = Ay =2(1+v, )/ (E,o);
A5 =2(1+Vv)/ E,,

where in the direction of the axisX, the secant
modulus of elasticity (modulus of deformation of
concrete) is determined by the value £ ,0 (@ - the
function by which the degree of concrete damage is

taken into accountO <w<1). Then in the initial
coordinate system, the compliance matrix for the

cracked concrete takes the form [A ¢ ] .

Ay Ay, A 0
A% Ay 0
[4°]= A5, 0 |. (14)
sim A, 0
i Ass |

The matrix of "elasticity" for the reinforcement of a
cracked reinforced layer in the original orthogonal

coordinate system X, OX, has the form:

'BS, B, 0 0 0 |
B, Bscz,z 0 0 0
[BS]=| 0 0 BG, 0 0 |, (15
0 0 0 B, 0
| 0 0 0 0 BSCS’5
where
S1,1 > =812 s
(I_Vszmun)}'n (l_vszlllull)j’ll
¢ _ MnEpVin o c _  MpEni,
s21 = > Dg2p =
(1 ~ Vit )izz (1 ~ Vit )j'zz
: E. .z
BSC3,3: 1 suXii —
( +Vs11/u11)ﬂ110tg VA
n En
(1 TVt )ﬁzztgzll
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c Esn%ﬁ .
S44 = ;
(1 TVl ) /111Ctg2}(1

9

BC. — Eszzlé(z
$5,5 2
(1 TVt ) Antg™ 1,

where E , - the secant modulus of deformation
of the reinforcement located along the axes X,
and X,, v

verse deformation of the reinforcement (k =
1,2).

« - the secant coefficient of trans-

S

+ Hi (1_/111l//s)Es11 cos’ X

k
=1 ,
X E,
g, Mo (1 — A, )Eszz sin’ Xi
Zzz - 1 + )
E,
.4y Ky

Ay =

.4, +ﬂ220tg2;(1 T .ty +ﬂ11tg27(1 ’

n, — coefficient taking into account the in-

creased flexibility of reinforcing bars to tangen-
tial movements in concrete near a crack 7, =16
[19].

In order to take into account the development of
plastic deformations in the reinforcement, we
will calculate their values by the formulas:

Eg, = {ES P T 1,

/ > ’
O,/ €4 NPU Ogy =0,y

whereo, is the yield stress of the reinforcing

material.
The matrix of "elasticity" of the reinforced layer
represented in the form

[B]=| By |+[ B¢ ] (16)

(][4

Volume 15, Issue 4, 2019

To specify the model of a cracked reinforced layer,
a damage function® is defined, defined with the
help of the parameter of V. I. Murashev v, which

takes into account the work of stretched concrete in
the areas between the cracks:

wy=E,/(E,0+E,),  (7)

is the elastic modulus of the reinforce-

n

where £

ment in the direction along the normal to the crack,
E, = Egpty,c08” g, +Egpuy,sin® . (18)

Solving jointly equations (17) and (18) with respect
to the damage function, we obtain an expression of
the form:

0= (ESIIIUII cos’ g, + E g, i, sin’ Zl)x (19)
x(1/y, -1)/E, '

The parameter y ; is calculated using the empirical

formula recommended in the works of G.A. Ge-
niev, V.N. Kissyuk. and Tyupin G.A. [15]:

ws=1-0,7R, /o), (20)

where it is assumed that

O = 0, TR, ,

* * . .
0,,, Op, - the normal stresses in reinforced con-

crete and concrete on sites coinciding with the
crack.

Expression foro,,, taking into account the rules of
transformation of coordinates for stresseso ,, we

obtain a nonlinear equation with respectto @ :

c c c 2
(BBllell +Bgpen +33167/12)COS Xt

+(B§12612 + Bgzzezz + Bzce Y2 ) sin’ Nt 21

+(B§16611 + Byoes6 + Byes V10 )Sin 2%,=0,7R

bt*
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The solution of this equation constructed in the
framework of the method of successive approxima-

tions. Thus, the matrix [AC} and components of

the "elasticity" matrix [B]are determined from the
calculated damage function and the parameter of
V.1. Murashev.

Reinforced layers with intersecting cracks. Taking
into account the accepted model of the reinforced
layer with cracks and the hypotheses introduced
earlier, the matrix of "elasticity" within the
fictitious layer is obtained in the form:

[8]=[5 .

where the matrix [BSC } is determined according to
condition (15).

(22)

3. MODEL TESTING

To demonstrate the features developed by the
authors of the model, the problem solved on de-
termining the stress-strain state of a building on
an elastic foundation. The building contains 12
floors with the same layout (Figure 1), the exte-
rior of the building in the form of a 3D model is
shown in Figure 2.

North facade
9959y

r———— =1
/‘__7_7 T
e

e

I 3 I I I
/
= .

b 32 000
Figure 1. Plane plan of the building scheme.

25 000

Eastern facade

Western facade

South facade
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o 5.0

5250

720.00(m)

Figure 2. General view of the building
(model in ANSYS Workbench 2019 R1).

The following assumptions were made: 1) the
design model of the building consists only of
horizontal and vertical load-bearing elements of
a monolithic reinforced concrete skeleton, re-
spectively - interfloor ceilings and pylons; 2) the
thickness of all the inter-floor ceilings is the
same and equal to 300 mm (the thickness of the
foundation slab is 800 mm); 3) the thickness of
all pylons assumed to be the same and equal to
400 mm; 4) all the interface nodes of the ele-
ments of the supporting skeleton between them-
selves are taken rigid; 5) the deformation of the
horizontal and vertical elements of the support-
ing skeleton takes into account the destruction
processes, 6) the elastic base is modeled in ac-
cordance with [16-18], based on the defining re-
lations for anisotropic differently resisting mate-
rials [3]. As the main material of the building
was used concrete with a compressive

strength R~ = 28,4 MPa [1, 2]. Foundation slab

reinforcement adopted by A400 rods with a di-
ameter of 16 mm in the form of a grid symmet-
rically disposed in the cross-section of the plate
(protective layer 50 mm, yield strength

International Journal for Computational Civil and Structural Engineering
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Table 1. Characteristics of soil layers.

Laver Mechanical characteristics
y (all deformation and shear moduli are given in MPa,
number . . S i :
Poisson's ratios in fractions of a unit)
E+ El_ E; EZ_ E;— E?:_ GIZ G13 G23
1 31,05 27,95 29,74 24,16 26,35 19,12 10,72 9,39 10,1
o Vio ia Vis Vas Vas - - -
0,38 0,32 0,37 0,32 0,37 0,32 — — —
E'lJr E; E2+ E; E3+ E; Gl 2 Gl 3 G23
5 40,55 3242 42,01 2942 2535 20,24 14,33 10,6 11,14
Vi) Via Vis Vi3 Vi Vas ~ ~ ~
0,33 0,25 0,33 0,25 0,33 0,25 - - -
EJIJr Ef E2+ E; E‘3+ E; Gl 2 Gl 3 G23
3 80,00 64,15 70,9 55,3 60,0 35,0 2736 | 2381 | 25,64
Vi) Via Vis Vi3 Yy Vas — — —
0,27 0,2 0,27 0,2 0,22 0,17 — — —
ET E'1_ E; E2_ E; ES_ G12 G13 G23
4 10,05 7,5 12,25 9,12 10,35 8,28 3,83 3,92 3,55
o Vio ia Vis Vas Vas - - -
0,27 0,23 0,27 0,23 0,25 0,25 — — —
o, =400 MPa), reinforcement of the slabs is Table 2. Loads.
adopted by A400 rods with a diameter of 14 mm Load Load step Malxngum
in the form of a grid symmetrically disposed in : 04
the cross-section of the plate (protective layer Units: kPa | kN/m | kPa | kN/m
35 mm, yield strength o, =400 MPa), pylon re- Cover-qw | 1,5 - 30 -
inforcement adopted by A400 rods with a diam- |Floorslab—ga| 1,5 ' 30 -
eter of 12 mm in the form of two nets symmet- Wind-qw | 05 | 0,152 | 10 | 3,04
rically located in the cross-section of the pylon | Wind2-qw [ 0,7 | 0,212 | 14 4,24
(protective layer 30 mm, yield strength Wind 3 - q.3 | 0,45 | 0,136 8 2,42

o, =400 MPa). The characteristics of the soil

base layers given in Table 1.

In our study, we took into account the vertical,
evenly distributed load on the slabs (on all floor
slabs and the foundation slab), as well as the hor-
izontal wind load. Loads are given in Table 2.
Figures 5-6 show the results of calculating the
vertical deflections (m) in the floors of the
building, at characteristic points - the floors of
the 12th and 6th floors (maximum deflections
are shown). Deflections are presented in com-
parison with a similar calculation performed in
ANSYS Workbench \ ANSYS APDL.

Volume 15, Issue 4, 2019

Three calculation options presented: 1) the
model proposed by the authors of the work
based on Treschev A.A. theory for concrete
model; 2) calculation in ANSYS 2019 taking in-
to account the nonlinear strain-stress diagram

for concrete R~ =28,4 MPa [8]; 3) calculation
in ANSYS 2019 taking into account the linear
strain-stress diagram for R =28,4 MPa con-
crete.
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Figure 3. South facade.

q"

Figure 4. Western acade.

4. CONCLUSION

Based on the results obtained, the following
conclusions can be drawn:

£
¥ -0.05

£
5004

0
-0,01
-0.02
-0,03
-0,04

-0.06
-0,07
-0,08 = current study (A.A. Treschev theory)
0,08 ANSYS 2019 (nonlinear concrete)
loq = ANSYS2019 linear concret)
'O 01 02 03 04 05 06 07 08 09 1
The load in fractions

Figure 5. Maximum vertical movement
at a point (12th floor).

0
-0,01
-0,02
-0,03

-0.05

0.06 _ current study (A.A. Treschev theory)
-0,07 === ANSYS 2019 (nonlinear concrete)
~a— ANSYS 2019 (linear concrete)

008 01 02 03 04 05 06 07 08 09 1
The load in fractions
Figure 6. Maximum vertical movement
at a point (6th floor).

1. The model of different resistance, adopted in

accordance with the work of [2, 3, 8],
showed good results in terms of determining
displacements, the results differ from those
obtained as a result of nonlinear calculation
in the ANSYS program, at the extremum
point by 24 %.

. A numerical experiment to solve the problem

of determining the stress-strain state of a
building allows us objectively state that this
model has several advantages over existing
ones implemented in popular CAD systems.
The model allows one to take into account
the material’s different resistance, cracking,
plastic deformations in the reinforcement, the
final element constructed is obtained in the
form convenient for its software implementa-
tion, which was demonstrated in this work, it
is also possible to take into account the work
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of the elastic state for calculating combined

structures.
Failure to take into account the phenomenon of
different resistance, as well as the effects asso-
ciated with crack formation in reinforced con-
crete structures, leads to significant errors in the
calculation of the main characteristics of the
stress-strain state of structures. To obtain relia-
ble results of engineering calculations and to
prevent the occurrence of emergency conditions
of structural elements and structures, it is neces-
sary to take into account the influence of the
complicated properties of materials in full.
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STRESS-STRAIN RELATION FOR CONCRETE
IN NONUNIFORM TENSION

Michael L. Zak
Ariel University, Ariel, ISRAEL

Abstract: Discrepancy between reported in the literature tensile stress-strain relations for concrete is addressed.
A conclusion is reached that in the post-peak (softening) range of deformation the stress-strain relation is not
unique and depends on the gradient of stress. A simplified variant of such a relation, intended for analysis of
concrete beams with regard to the effect of size (the depth of section), is proposed.

Keywords: concrete, stress-strain relation, tension, size effect

COOTHOWEHHUE «HAIPAXKEHUA-AE®OPMALIUN»
JJIAA BETOHA ITPM HEOJJHOPOJAHOM PACTA’KEHUN

ML 3ax
VYHusepcuret Apuais, r. Apuans, U3PANJIb

AHHOTALNA:

PaCCMOTpeHO HCECOOTBCTCTBUEC MCKAY MNPUBOAUMBIMHU B JIUTCPATYpC

COOTHOIICHUAMHU

«HanpsbkeHus-1epopmanum» Ui OetoHa. Jlemaercs BBIBOJ, YTO B MOCTIHMKOBOM (CMSTYarolieM) IHara3oHe
ne(hOPMHUPOBaHUS COOTHOLICHHE «HANPSDKCHUS-Ie(QopMalny He SBISETCS CIUHCTBEHHBIM W 3aBHCUT OT
rpagueHTa HanpspkeHus. [IpeasyiokeH YNPOINEHHBIH BapHAHT TaKOTO COOTHOIUCHHUS, NPEIHA3HAUYCHHBIH s
aHanm3a OETOHHBIX 0AJIOK C yUETOM pa3MepHOTo P deKTa (TITyOHNHBI CEYCHN).

KroueBble ciioBa: 0ETOH, COOTHOIIEHNE «HANPSIKEHUs-Ie(opMalumy», pacTsHkeHue, pa3MepHsblid daddekr

INTRODUCTION

The tensile stress (o)-strain (&) relation is one
of principal characteristics of concrete behavior.
Unfortunately, there is a considerable
uncertainty with regard to the choice of its
appropriate variant for nonlinear analysis of
concrete and reinforced concrete structures. In
particular, (a) reported in the literature (e.g. [1-
5]) relations differ essentially from each other
(see Figure 1), and (b) in deformation-controlled
direct tension tests on standard concrete
specimens the deformation localizes when the
ultimate load is attained and, therefore, the
descending branches of diagrams, like those in
Figure 1, are unrealizable (see [6, 7]).

The aim of this paper is to consider this issue
and formulate a new o-¢ relation for concrete in

le64

tension. The paper is organized as follows.
Firstly, a ratio m=f; ;5/f; is shown to be a

o/f,

0 S 10 15 20

E/SFt
Figure 1. Tensile o-¢ diagrams for concrete:
1-[1],2—-[2],3—-[3],4—[4], 5-[5].

suitable calibration parameter. Here, f=the
strength of concrete in direct tension, f;,;5=the
flexural tensile strength of concrete determined
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in tests on standard 15x15x60 cm concrete
beams with the third-point loading. Then, a
calibrated relation is presented and an example
given illustrating the accuracy of results
obtainable with the use of this relation in
analysis of relatively small elements. Finally, an
extended version of the same relation, intended
for analysis of bending elements of any depth, is
proposed and its applicability range discussed.
The compressive o-¢relation [§]

o k(g/gﬁf,)—(g/f,‘ﬁ:)2 |
£ 1+ (k-2)ele,) M

where f. 1s the concrete compressive strength, &
is the strain corresponding to f., k=E.o&/fc, Eco
is the tangent modulus of elasticity at the origin
of the o-¢ diagram, and a conventional plane
sections hypothesis are adopted in this work for
analysis of concrete elements acted upon by the
bending moment, M, and longitudinal load, P,
applied at x=x,, using the equilibrium equations

b[o(e)xdx=M +Px,, b[o(e)dx=P. (2)

Here b, d are the width and depth of section,
respectively.

1. COMPARISON OF DIAGRAMS
IN FIGURE 1

See Figure 2.

2.0

1.5+

10 1 2 3 4 5

Figure 2. m-ratios for concrete of grade C30
[8](fe=2.9MPa , E.p=33.6GPa, &.=2.04 f./ Eco)
according to diagrams in Figure 1.
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2. PROPOSED RELATION

The tensile o-¢ relation for concrete is taken in
the form similar to that adopted in [9]

oc=E.¢ ife<e,=f/E,,
€)

7/(8/‘9]'[) .
ife>¢,

o=/ 7D
I+(y-D(e/e,)

Here y=y,s is a parameter indicating steepness of
the descending branch of the diagram (see
Figure 3) and obtainable, as a function of the m-
ratio, from a graph in Figure 4.

Figure 3. Proposed diagram depending on .

M=Fg o157 Tt
2.0 —
/'——"P—"—'—_—'—F
1.75
1.5
1.25
1.0

10

Figure 4. m versus y=y;s.

In absence of experimental values of f;;;5 and
/1 this ratio can be assessed as follows

m=217-0.02f.[MPa] for f. <25.5MPa, 4
m=1.66 for f.>255MPa.

See Figure 5.
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M
2.0 Mq\\[\propos&'d
15 S '
: o - Ref. [10]
. - Ref. [11]
| | 1
10 20 20 &0

f.IMPa]
Figure 5. m versus f..

Values of f,7;5 and m for standard concrete
beams tested with the third-point loading are

lower than the corresponding values, ﬁf’;’ls and

m", for identical beams tested with the center-
point loading. According  to [11],

m=m"/1.09.

3. EXAMPLE

In tests [12], shown schematically in Figure 6,

- phare
Figure 6. Schemes of tests [12].

the following data have been obtained:
Feure=350kgflem’, fi=15 2kgflem’, m“F=1.9,
PP =3.19P,, where F, = fbd. Here P’ is

ult ult
the mean experimental value of ultimate loads
for eccentrically loaded plain concrete
specimens. From the graph in Figure 4, y =4.0

for m=m/1.09 =1.74. f~0.8 feupe , k=2.1.
P =3.08F,

ult

deviates from P’ by 3.4%. Note that shrinkage

ult

The calculated wultimate load

of the concrete in the considered tests [12] was
prevented.
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4. PROPOSED RELATION:
EXTENDED VERSION

When the concrete shrinkage is prevented, f; is
practically independent of the specimen’s cross-
sectional dimensions. See Appendix and Ref.
[12]. Unlike f;, the concrete flexural tensile
strength  fi7 = 6M.y, /(bd’), where M, is the
ultimate bending moment for a plain concrete
beam of rectangular (bxd) section, depends
essentially on d. In order to reflect this size
effect, parameter y in the proposed relation is
taken as a function of d

v =05 10<d <20cm, 5)
y=max[1.01;1+ (3,5, —1)0.1“] if d > 20cm,

where a=(d[cm]-20)/30. See Figure 7.

Ft,Fl /F't,Fl,lS
1.2 o]
11 r

~
1.0
09t
08 N

Ref.[15]
0.7 F *- Ref.[13] Al
o- Ref.[14] b

06 1 Proposed
0.5 L L 1 1

0 20 40 60 80 100
dlcm]
Figure 7. f, n/f, .15 versus d.

5. DISCUSSION

Irrespective of the cross-sectional dimensions,
the behavior of concrete in uniform tension is
similar to that in flexural tension when d — .
Therefore, the shape of the tensile o-¢ diagram
depends on the stress gradient. In the proposed
simplified relation, intended for analyses of
bending elements, this dependence is taken into
account implicitly.

International Journal for Computational Civil and Structural Engineering
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CONCLUSIONS

1. A new o-¢ relation for tensile concrete is
proposed.

2. The proposed relation models ductile and
brittle modes of the concrete behavior in
shallow and deep bending elements,
respectively.

3. Based on tests of relatively small laboratory
specimens, empirical formulas, like that in
Ref. [16] for reinforced concrete beams’
deflections, may be unsafe in application to
large elements.

APPENDIX

Figure 8 presents the averaged data obtained in
direct tension tests [17] on concrete specimens
with dimensions of the working parts 10x10x30,
20x20x70 and 50x50x110 cm. In series 1 of the
tests, the specimens were sealed in order to
prevent shrinkage of the concrete. In series 2,
the specimens were not sealed. It is seen that
sealing the specimens reduces the size effect to
the level predicted by the “weakest link” theory

(e.g. [18])

L
le—v m(i)’ (6)
1 (Ly) 'L
where fi(L) is the strength of specimen of length
L, Ly=30cm, v is the variability of f/(L) assumed

to be in the interval (0.05, 0.1).

FCL/FLLY

1.0

.

0.9 3 2

n — theory v=0.05

u - theory v=01

0.8 - - sealed specimens
O - unsealed specimens

v :
01 e 3 4

L/L,
Figure 8. fi(L)/fi(Ly) versus L/Ly.
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It can be concluded, therefore, that — when
shrinkage of the concrete is prevented — f;
depends moderately on L, but is practically
independent of the cross-sectional dimensions.
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Peuenzusa

Ha yueOuuK « TeXHomorus BO3BeIeHNs BEICOTHBIX, OONBIIENPOTIETHEIX 31aHUH 1
COOPYIKEHUIN».

Asropel:  A. W. Tueips - 3asenyromuit kapenpor «TCID» TI'ACY, nOKTOp TEXHUYECKUX -
HayK, mpodeccop.

A. I1. BosipunIeB - 3aCTyKeHHBIA CTpOUTENb, AoueHT Kadeaprl « TCID».
B. Y. Tenmuenko - akanemuk PAACH.

VYuyebuuk mnpegHasHadeH g m3ydeHuss Kypca «BosBemeHue BEICOTHBIX H
OONBIIENPOJIETHEIX 3NAaHMM U COOPYXEHHi». B  cooTBeTCTBMM ¢  TpeOOBaHMAMHU
rOCylapCTBEHHOr0  O0pasoBaTeBLHOrO  CTAaHAApTa  BRICHIEI0  IPOQECCUOHANBHOTO
o6pazoBanus 110 HanpasieHuo noarotosku 08.05.01 «CTponTenscTBO yHUKANLHBIX 31aHUH 1
COOPYXECHUMY.

Ipoduns mogrorosku 08.04.01.24. «CTpOUTEIBCTBO BEICOTHBIX M OONBIIENPOIIETHRIX 3MaHUA
Y COOPYIKEHUIN. -

Kpanuduxaiusa(creneHs )BEITYCKHUK — CIICIUAATHCT.

Bun rpodeccroHaBHOM NeaTeNbHOCTH BHITYCKHUKA - IIPOM3BOACTBEHHO-TEXHOTIOTMIECKas!.
®opwma 00yyeHUs — OYHasl.

V4eGHUK COCTOUT M3 YEeThIPEX pa3aesioB u comepxut 6omnee 700 crpanum.

Pasnen nepsbiii. CTpOUTETbHBIE TEXHOJOTUN BO3BEIEHMS BBICOTHBIX, OOJBIIEIIPONETHBIX U
CIIELIMAJIBHBIX 3[IaHUH U COOPYKEHUH.

Pasznen Bropoii. TeXHONOrHWs BO3BENCHHS JKHIIBIX U OOIIECTBEHHBIX 3[@HUM IOBBIIICHHON
3TaXXHOCTH.

Pazpen TpeTﬂﬁ. Texnomorus BO3BEACHUS MHOI‘OQ)}’H_KHHOH&HBHBIX BBICOTHBIX 3JaHUM.

Pasnen yerBepThii. TexHOIOTHS BO3BeNeHUs OOBIIENIPONETHRIX U CHEHHANBHBIX 3MaHUH U
COOPYKEHUI.

B nepsBbrii pazgen «CTpoUTeNsHbIE TEXHOJIOTUM BO3BEAECHNA BBICOTHBIX, OOJIBIIEIIPOIETHBIX
Y CIENHUAIBHBIX 3/1aHUN U COOPYKEHUI» BXOAUT:

I'maBa 1. Opra#u3aliMoHHO-TEXHUYECKAass IOATOTOBKA CTPOWUTENBCTBA  BBICOTHBIX,
OONBUIEITPONIETHRIX U CHEIHAIBHBIX 31aHUHM H COOPY)KEHHUIL.

I[aHHaH TjiaBa COICPKHUT! KII&CC-H(IJHK&HHIO MNPOMBILNLICHHBIX, I'PAXKIAHCKHX W XUIIBIX
3[aHUU 10 KOHCTPYKTUBHBIM DCHICHUAM H 0COOEHHOCTSIM TEXHOJOTHH CTPOUTEIIBbHO-
MOHTaXHBIX pa60T. TexHonorudeckoe IIPOCKTHPOBaHUE, TAC paACCMaTpUBArOTCA BOIIPOCHI
COLCPXKaHusd OPPaHI/IBaIlI/IOHHO-TeXHI/ILICCKOﬁ AOKYMCHTalUH, IIPUHIIUIIBI BO3BCACHHA
BBICOTHBIX BEaHHf{, KaJICHAAPHOC H CETEBOE TNIAHUPOBAaHUE U IIPOCKT IIPOU3BOLCTBA paGOT.



I'maa 2. MmxeHepHas NOATOTOBKAa CTPOMTENHHON IIIOMIAJKH BO3BEICHUS BBICOTHBIX,
OOJIBIIEIIPOJIETHBIX U CIIELHATBHBIX 3JaHUN H COOPYKEHUH.

BraroycTpo#icTBo,  OpraHM3alds  I[IOBEPXHOCTHOTO  CTOKa,  BOXOOTBOX |
BOJIOIIOHIDKEHHE., Pa3paboTka BBIEMOK, CHOC CYLIECTBYIOIIMX 3MaHMH W COOPYXKCHHH,
BEpTUKAIbHAS ILIAHHPOBKA. 3eMIIsSHbIE paGoThl B OCOOBIX YCNIOBHSAX, B3PHIBHBEIE DPabOTBHI
ceaiiple  (yHAAaMEHTbl,  [IIYHTOBBIE  OrPaXAEHWS W aHKEPBl.  YCTPOMCTBO
BOJOHENPOHUIAEMBIX TIPErpajl B OTPKICHHUAX KOTIOBAaHOB. Bo3BeneHre MON3EMHEBIX YacTel
BBICOTHBIX 37[aHUH ¥ 3aIIUTa UX OT arpeCCUBHBIX BO3AECHCTBHH.

I'naa 3. CucTeMa MOHMTOPHHTA BBICOTHBIX, OONBIIEIIPONIETHBIX M CHELAAIBHBIX 30aHUN U
COOPYXKEHUH.

B onaHHOM TIWlaBe pacCMaTPUBAIOTCS BOIPOCHEL  reojesuueckoe obecnedenue
CTPOUTENBCTBA, IIPOEKT MMPOM3BOACTRBa Teofesudeckux pabot (IIIIPTY). Hayuno-Texnmdeckoe
COTIPOBOXICHHE ¥ MOHHTOPUHI  BBICOTHBIX 3JaHMH Ha CTaAuM CTPOMTEILCTBA.
HuctpymenTanpable  oOCNeNOBaHUS  KOHCTPYKLMM W IPYHTOB  OCHOBaHWM  H
celiCMOMETPUYECKHA MOHUTOPHHT.

Bo BTOpOﬁ pa3aeii «TexHoJIOTHS BO3BECICHMS KUNBIX U OOIIECTBEHHBIX 3IaHUM ITOBBIIICHHOM
OTaXHOCTHU» BXOAHT:

I'naBa 4. CTpouTenbHO-KOHCTPYKTHBHBIE CUCTEMBI MHOT'O3TaXKHBIX JKUIIBIX U 001IEeCTBEHHBIX
30aHUuH.

CTpOHUTENbHO-KOHCTPYKTHBHBIE ~ CUCTEMBI  JKHNIBIX 3HaHUM W WX  3IEMEHTHI
(KpymHOIaHebHbIe CUCTEMBI, KapKacHO-COOPHBIE B COOPHO-MOHONUTHBIE CUCTEMBI, OIIOYHbIE
CHCTEMBI, KOHCTPYKTHUBHBIE CHCTEMBI KUIIBIX 30aHUH U3 MOHOJMTHOTO JKeJle300eTOHa, KHIIbIE
3MAHMST W3 KHpOWYa H KepaMH4YecKWX KaMHeM, CHCTeMBl HaBECHBIX OTpaXIaroIluX
KOHCTpYKImif). OTeueCTBEHHBIH OIBIT CTPOUTEIBCTBA MHOIOITAXKHBIX XHUIBIX JOMOB H
O0IIIeCTBEHHEIX 3IaHTH.

Tnasa 5. TexHONOTHS BO3BEACHUA IKWILIX W OOMECTBEHHBIX 30aHUUA MOBLIIICHHOH
3TaXHOCTU CO COOPHO-MOHOJIUTHBIM KapKacoM.

OcobeHnOCTH TEXHOIOTHY IPOU3BOACTBa paboT. Bo3BeneHne cOOpHBIX ¥ MOHOJIUATHBIX
ene300eTOHHBIX KOJIOH U nuadparM )ecTKOCTH. TeXHOJOrus onany6odHbIX, apMaTypHbIX U
O6eToHHBIX paboT. beToHHpoBaHWE MOHOIMTHBIX KOHCTPYKLMHW TIpM OTpPULIATENBHBIX
TeMmrieparypax. TeXHOJIOrHs BO3BEIEHHS HanboJiee PacipOCTPaHEHHbBIX COOPHO-MOHOIUTHEIX
KOHCTPYKTHUBHBIX cucteM (cuctema «KYb - kapkac yHuBepcanbHBIH 0e30al09HbI», KapKac
cuctemsl «APKOC», xapkac cuctemsl «PEKOH»).

I'maBa 6. Texsomorus BO3BEASHUS OJKHIBIX U OOINECTBEHHBIX 31aHMI ITOBBINICHHON
3TAXXHOCTU C MOHOJIMTHBIM KelIe300€ TOHHEIM KapKacoM.

B sToi rmaBe paccMoTpeHbl: onanxyGodHbIe paboThl (0COOEHHOCTU TEXHOJIOTHYECKOTO
IIPOEKTUPOBAHUS ONAIyO09YHBIX paboT, yCTpOHCTBO omamyOKH IUIsi MOHOJUTHEBIX KOJIOH,
IIEPEKPHITHH, BO3BEACHUE CTEH, JU(QTOBBIX IIAXT, JIECTHUYHBIX Mapliel, OalKOHOB H
JOIKUM), apMmaTypHble, OeToHHble paboThl. TexXHONOTHA TPOU3BOACTBA MOHOJHUTHEIX



KOHCTPYKIHMH TIPH OTPULATENBLHBIX TeMIlepaTypax, peXXUMbl TeneoOpaboTKu B obecreuenne
Habopa npounocTy. PacnanyOka MOHOJIUTHBIX KOHCTPYKLUH.

B Tpernii pasnen «TexHosorus BO3BENEHUS MHOTOQYHKUMOHATBLHBIX BBICOTHBIX 3HaHMM
BXOJIUT:

I'naBa 7. KoHCcTpyKkTHBHOE penieHne BbICOTHBIX 3aHUN.

OO6mrve cBemeHus 0 BEICOTHBIX 31aHUAX. KOHCTPYKTUBHOE PEIIeHHE BEICOTHBIX 3aHUH.
KonctpykTuBHble pemieHns GyHaaMeHToB. KOHCTpyKTHBHBIE OCOOCHHOCTH W CXEMBbI
HaJ3eMHBIX YacTel BRICOTHBIX 3/1aHni. Hecymiyue KOHCTPYKIMHU BBICOTHBIX 3/IaHUM.

I'maBa 8. OpraHuzaius TEXHOJOTHH CTPOUTEIbCTBA MHOTOQYHKIMOHAIBHEIX BBICOTHBIX
KOMITIIEKCOB.

TexHonormueckre OCOOEHHOCTM  BO3BEACHMA  BBICOTHBIX  3maHmi. Cpencrtsa
MEXaHM3allMd M CTPOMTEIbHOE OOOpYNOBAaHHE IIPU BO3BEJICHUH BBICOTHBIX 3HaHHM.
Texnoyorgueckne o0cobeHHOCTH pPabOThl HyJIEBOIO [HKIA. TEXHONOTHUS BO3BEICHHUS
Ha/3¢MHOH YacTH 3/1aHus (TEXHOJIOTHS IIPOU3BOACTBA OETOHHBIX paboT, OMaryO0UHBIX padoT,
YCTPOMCTBO CTaJeKeNe3006TOHHBIX KOHCTPYKIIMH MeX Iy 3TaXHBIX IEPEKPHITUM, BO3BEICHUE
HApPYXHBIX CTEH, YCTPOMCTBO HaBeCHBIX (acalHBIX CHCTEM, NOJbEMHO-TPAHCIOPTHOE W
BCITOMOTaTeJIbHOe 000pyIOBaHKWE 7S BEICOTHOI'O CTPOHTENBCTBA). METOMBI CTPOUTENBCTBRA
MOJ3€MHBIX M 3aridyONIEHHBIX COOPYXEHHM (CTPOMTENbCTBO MOJA3EMHBIX COOPYKEHUM
OTKDBITBIM METOJOM, «OCTPOBHOM» METOXI CTPOUTENIbCTBA, NEKEIBHBIA METOI BO3BEICHHUS
BBICOTHBIX 3[aHUM, KOMOWHMPOBAHHBIA METOJ pa3paboTKu TpyHTa, BO3BeIEHUE
MEXKYSTaXHBIX IEPEKPHITUH, BO3BEACHUE SIJIEP JKECTKOCTH 3arTyOIeHHOM HacTH, BO3BEIECHNUE
HaJI3€MHOU 4acTH).

B yerBepThIii pa3nen «Texnonorvsa Bo3BeneHUs OOIBIISNPOJICTHRIX U CIEIMAIBHBIX 3aHUHA
Y COOPYXKEHHUIN) BXOIUT:

I'naBa 9. Texnonorus Bo3seneHns OONBILEIPONICTHBIX 30aHUHM U COOPYKEHHUH.

Knaccuouxannsa 600bMeNpoIeTHEIX KOHCTPYKLUN U METOMIBI MX MOHTa)Xa. TeXHOIOoI s
MOHTa@Xa OalloYHBIX IIOKPBITHH, ITOKPHITUH 3JaHMH pPaMHBIX KOHCTPYKIMH M  apOYHBIX
MOKpBITHHA.  MOHTaX  CTPYKTYPHBIX IUIMT, 0O0O0JI0OYeK W  KYymoJOB. Bo3BeneHue
OOJIBINENPONETHRIX 3AaHUM M COOPYKeHHH. MOHTaX IIATPOBBIX IIOKPBLITHH, TEHTOBBIX
[TOKPBITHH.

I'naga 10. Texsonorus Bo3BeNeHNUs CHELMAIbHBIX 30aHUM ¥ COOPYKEHHUI.

Texnonoruss BO3BEJEHMS TOA3EMHBIX M 3ariyOJE€HHBIX COOpYXKEHHH, OaleHHo-
MauTOBBIX COOPY)KEHHM, NMPOMBIIIEHHBIX ABIMOBBIX Tpy6. TexHonorus MoHTaxa GypOBEIX
BBILIEK, IUIATQOpM, TpajupeH M BOJOHAIOPHBIX OaimreH. Bo3BemeHuwe MeTaUIMYECKUX
pe3epByapoB, Ia3rolbAepOB U COOPYKECHUH IS XpaHEeHUs CHITYINX BELIECTB.

K yueOHMKY HaHbI IPHJIOKEHHS:

1. MeTtonnka pacdera mapaMeTpoB paHHel! pacnanyOKu [epeKphITHS.



2. TexHONOTHs BO3BeJCHUS TIOA3EMHOM qacTu «JlaxTa ieHTpay.
3.beroHocMecHUTeNBHbBIE Y3Ibl, 0€TOHOHACOCH! U paclpeNenuTelbHbIE CTPETIBL.

4. XapaKTepUCTUKH CTICIHABHBIX OIATyOOYHBIX CUCTEM.

5. llonpémHuUKH.

6. TexHONOrHs MPeIBAPUTENLHOTO HAMIPSUKEHUI MOHOJIUTHOTO JKeIe300eTOHa.

7. TexHOMOTUsA MOHTaXKA apPOYHOTO MOKPHITHSA JIELOBOIO ABOpIA « Y (da- ApeHar.
8. TexHosorust MOHTaKa KyTIOJIbHOIO IOKPBITHS LIAPKa B I. MockBe.

9. TexHONOTHS MOHTaXa BAaHTOBOIO ITOKPBHITUS CIOPTHBHO - Pa3BieKaTEeNbHOTO KOMIIIEKCa
«MuHCK - ApeHa» B . MUHCK.

10. Bo3seneHue MeMOpaHHOTO MOKpPBITHUs IpojeToM 228M. ONMMIIMMCKOTO CTagdoHa B T.
Mocxkse.

11. MoHTaX pocTpaHCTBEHHOTO MOKPHITHS CIOPTUBHOTO 3ana «pyx6a» r. Mocksa.

3AKIIIOYEHUE

ABTOpPCKHI KOJUIEKTHB mponenian Oonbllyro padoTy NpuU IIOATOTOBKe yUeOHMKA,
COCTOALIETO K3 YETHIPEX pa3feloB U cojepxamero Oonee 700 crpanmir. YueOHHK
npenHa3HadeH Ui M3y4eHus Kypca «Bo3BeneHue BBICOTHBIX M OOJIBIICTIPOJIETHRIX 3MaHHN U
coopyxeHuit.» B cooTBeTcTBUM ¢ TpeOOBaHUSAMHU TOCYZapCTBEHHOTO 0OGpa3zoBaTENBHOTO
CTaHdapTa BBICHIEr0 IpodeccHoHaIbHOro 00pa3oBaHUs MO HANPaBICHUIO TIOATOTOBKU
08.05.01 «CtpouTeTbcTBO YHUKATBHBIX 3[JaHUN ¥ COOPYKEHUINY

VY4eOHUK, NpPeNCTaBICHHBIM Ha pELECH3UPOBaHHe, TaK xe Oyzaer crocoOcTBOBaTh
yrayOJeHuIo U paclIupeHno 3HaHUM, JydlieMy YCBOSHUIO MaruCTpaHTaMH M aclupaHTaMu
TeopeTHyecKoro Marepuana mno cneuumansHocTd 05.23.08 «TexHonoruss u opraHuzaius
CTPOUTENLCTRA

YueOHuk Oynmer mose3eH OakanaBpaM ¥ BBIIYCKHMKAM CHeNUaIUCcTaM M0 TpoduiTio
noarotoBku  08.04.01.24. «CTpouTenbcTBO BHICOTHBIX U OOJNBIIENIPONETHBIX 3AaHUM U
COOPYXKEHHI» IIPU NPOBEJCHHH HayIHO-NUCCIeA0BaTeNbCKON paboThl.

. Cuanraro, uyro yuebnuk noarorosneHHsli A.M. Tmeips, A.JL. bBospunnes, B.W.
Tenumuenko «TexHomorrus BO3BeNeHMS  BBICOTHBIX, OOJBIICNPONETHBIX 3HaHWH W
COOPYXKEHHI» MOKET ObITh PEKOMEHIOBaH K OILyOIMKOBaHUIO

Axanemux PAACH B. Y. Tpasyw
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