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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 ed-
ucational 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.

KPATKUE CBEOEHMA O XXYPHAIE
INTERNATIONAL JOURNAL FOR COMPUTATIONAL CIVIL
AND STRUCTURAL ENGINEERING

Kypuan International Journal for Computational Civil and Structural Engineering sBins-
eTCsl MeXIyHapOAHbIM NEPUOANUECKUM U3AAHUEM, YUPEAUTEISIMU U U3/1aTENISIMU KOTOPOTO BBICTY-
naroT M3aarenbcTBo Accornuanuu ctpouTeabHbiX By30B /ACB/ (129337, Poccus, . Mocksa, fpo-
cmaBckoe mrocce, noMm 26) u MznatensctBo Begell House Inc. (79 Madison Avenue, New-York,
USA / N3patensckuii oM berenn, 79, MaaucoH aBeHIo, T. Hb}O—ﬁOpK, CIIA). ITapTHepom u3na-
HUS BBICTyTNaeT Poccuiickas akajeMust apXuTeKTyphl U CTpOUTeNbHBIX Hayk /PAACH/.

B penakunoHHBIN COBET *KypHaJla BXOAST U3BECTHBIE POCCHIICKUE U 3apyOeKHbIE ACSITeTN
HayKu U TexHUKH. OCHOBHOH KpuTepuil 0TOOpa craTeil s MyOJUKAlUY B )KypHAJIE — UX BBICOKHMM
Hay4YHBI ypOBEHb, COOTBETCTBHE KOTOPOMY OIpPENEseTCS B XOJ€ BBICOKOKBATH(PHUIIMPOBAHHOTO
peLeH3UPOBaHUs U OOBEKTUBHOM SKCIIEPTU3bI, OCTYAIOLUINX B PEIAKIIMIO MATEPHAJIOB.

Kypnan Bxoaut B llepedenp Beaymux peueH3UpyEMbIX HAyUHBIX )KypPHAJIOB M U3/IaHUM, B
KOTOPBIX JOJKHBI ObITh Oy OJIMKOBaHbI OCHOBHBIE HAayUHBIE PE3YJIbTAThl JUCCEPTALIUI.

Kypnan 3apeructpupoBan B denepaqbHOM areHTCTBE 1O CPeICTBaM MaccoBOil nH(popMa-
LMY ¥ OXpaHbl KyJbTypHOro Haciuenus Poccuiickoil ®denepanuu. Maaekc B oOuiepoccuiickom kata-
nore POCITEHATD — 18076.
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1. PREPARATION OF MANUSCRIPTS

This document is typed by Microsoft Word 2003
and Times New Roman 12 point size type-face.

The material of the paper should be arranged
as follows: Title (16 points), Author(s) (14
point), Affiliation(s), Abstract, key words, Intro-
duction, Main body of paper, Acknowledgements
(if any), References (if any, 10 points), Appen-
dices (if any), full authors addresses as endnote
(10 points, spacing within endnote=1, style for
numbering=numbers, line separating text and
endnotes=line — margin to margin in right col-
umn).

The title, author’s name(s) and affiliation(s)
should be given in a style similar to that shown
above in this sample and centered. The head-
ings should be bold and aligned to left. First-
order headings and parts of the text should be
separated by one free line from the text. Second-
order headings should have capital first letters.

The both columns of each page, including clos-
ing page, should be of equal length. At the bot-
tom of the last right column of last page is end-
note with author’s address(es).
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The figures can be embedded in word processor
or must be drawn in black ink. Drawings can be
produced directly on manuscript sheet or may
be produced on separate piece of white paper
and then stuck at the appropriate position. Pho-
tographs must be glossy black and white prints
and stuck at the appropriate position. This also
applies to other items such as tables. The best —
drawings, photographs and tables should be
typed by word processor. All symbols includ-
ing equations should be typed.

o, =0, e+2ue;. (1)

However, sometimes embedding figure files in
Microsoft Word is not acceptable for final
output, because of the loss of resolution. In this
connection author may save in addiction all or
selected files with figures separately on CD or
DVD. Acceptable formats for figures are
JPEG, TIFF or EPS files saved from original
application at 300-600 dpi.

The Figures, line drawings, photographs, tables
may be positioned either within the one column,
or large centered exactly across the full width of
the page. The equations should be numbered at
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the right side of the column. The references
should be given at the end of the paper.

The Figures, Tables and Equations should be sepa-
rated from the text by minimum one single free line.

Figure 1.

The manuscript is expected to be written in
correct and easily readable English. An au-
thor who is not proficient in English is advised
to take help of linguist before typing. It should
be thoroughly checked for spelling mistakes.

2. SUBMISSION FOR PEER REVIEW

Authors in all countries, at their opinion,
should send three (3) copies of their manuscript
to Editors-in-Chief professor Vladimir N. Si-
dorov (see chapter 4 Correspondence) or Tech-
nical editor associate professor Taymuraz B.
Kaytukov. Electronic submissions are en-
couraged. Email a PDF or DOC (Microsoft
Word) file with manuscript to the Editor-in-
Chief or technical editor. The Editor-in-Chief
will seek reviews of the paper from experts and
will assure rapid turnaround within six months
of submission. Each manuscript will receive
at least 2 reviews. In deciding on acceptance
of the paper, experts will examine originality,
quality of contents, neatness of presentation and
readability of the submitted text. The Editor-in-
Chief will correspond with the author in the
light of these reviews. Submission implies that
the author will be willing to make any necessary
revisions. Retain all original figures until con-
clusion of the review process.

3. SUBMISSION OF ACCEPTED ARTICLE

After manuscript has been accepted and all re-
quired revisions have been incorporated, mail
manuscripts (black & white) and two copies

to Editor-in-Chief by traditional post. The en-
velope for A4 sheets with stiffener may be used.
The electronic version of the manuscript on
CD or DVD must be mailed to Editor-in-
Chief as well. Label CD or DVD with author’s
last name(s), title of the article, abbreviated
journal name and date. Please provide a list of
the software programs used for the art and text
and the file names on the disk.
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1. HIOAI'OTOBKA CTATEN
Hacrosiuit o6pa3zert moAroToBieH B TEKCTOBOM

nporeccope Microsoft Word 2003, ucmonb3y-
etcs mpudT Times New Roman, 12 nr.
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14 nr.), cBemeHus o0 aBTOpax, AHHOTALMS,
kimoueBblie cioBa (Times New Roman, 10 mT.).
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[Ipu myOnuKanuu CTaTbd HA PYCCKOM SI3BIKE
nanee pacrojararorcs 3aroioBok (Times New
Roman, 16 nt.), aBropsl (Times New Roman,
14 nr.), cBeageHus o0 aBTOpax, aHHOTALMS,
kimoueBbie cinoBa (Times New Roman, 10 mr.)
Ha aHIJIMICKOM s3bIKe). BBeneHune, OCHOBHOM
TEKCT CTaTbH, MPUIOKEHHUS U 3aMEYaHus Ieya-
TalTCs C Ucnojib3oBaHue wpugpra Times New
Roman, 12 nT.; criucok auTtepaTtypsl, pa3BepHy-
Thle cBeJieHUs 00 aBTopax — Times New Roman,
10 nT. MeXCTpOUHBI UHTEpBaAJI — OJUHAPHBIM.
BrlpaBHUBaHME B TEKCTE — MO HIMPUHE, BHIPaB-
HUBaHHE (HOpMYJ — IO MpaBOMy Kparo, popmy-
JIbI KEJIaTeIbHO HYMEpOBATh.

3aros10BOK cTraTbH, CBefleHHsI 00 aBTOpax
MpeCTaBIsAlOTCS B (opMe, NPHUBEICHHOW B
HacTosieM oOpasile, BhIpAaBHMBAaHUE IO IICH-
Tpy. Iloa3aroJIOBKH B CTaThe BBIICIIIOTCS I10-
JY>)KUPHBIM MPU(TOM C BBIPABHUBAHUEM I10
neBoMy kpato. [loa3arosoBku mepBoro ypoBHs
JIOJIKHBI OBITH OTACICHBI OT OCHOBHOI'O TEKCTa
OJIHOM IyCTOM CTPOKOM, IMOJA3aroJI0BKH BTOPOTO
YPOBHS BBIICIISIOTCS KyPCUBOM.

O0e KOJOHKM Ha KKIOW CTpaHUIIE, BKIIFOYas T0-
CJIEJTHIOIO, IOJKHBI UMETh OJIMHAKOBYIO JUTHHY. B
KOHIIE CTaTbU JIOJKHBI ObITh MIPUBEIEHBI pa3Bep-
HYTBIE CBEJICHUS 00 aBTOpaX, COJIEpXKAIIIE B TOM
YUCJIC UX KOHTAKTHBIC HAHHBIC (Ha ABYX A3bIKaX
MIpU MyOJIMKAIIMU CTAaThU HA PYCCKOM SI3BIKE).

Pucynkm (uepHo-0einble) JOKHBI OBITH BCTaB-
JICHBI B TEKCT CTAThH HJIM TPHIIOKEHBI B OyMasK-
HOM BHJI€ Ha OTJICJIbHBIX JINCTAX, C YKa3aHUEM B
KaKHX MECTaX CTaTbd UX CIEIyeT PACIOJIOKHTh.
Toxe kacaetrca u ¢ororpadmii, popmar doto-
rpaduit — uepHo-Oenbiil. XKenarenbHo mpuna-
ratb 3JEKTPOHHBIE BEPCUUM PUCYHKOB U (hoTO-
rpaduit! AnanornyHble TpeOOBAaHUS KacaroTCs
Tabann. Hanny4mmii BapuaHT Takoil, Koraa pu-
CyHKH, (doTorpaduu ¥ TaOIUIEI BCTABJICHBI B
¢aiin, noarotornenusii B Microsoft Word. Bee
CHMBOJIbI, B TOM 4HCJe HCIOJb3yeMble B
YPABHEHHUSIX, 10’KHbI ObITh Ne4aTHBIMH.

o, =0, e+ 2us,. (1)

10

Opnako, pucyHKkH u ¢ororpaduu, BcTaBjieH-
Hble B (ailn TexkcTroBoro mpoueccopa Mi-
crosoft Word He Bcerjga umMeroT npuemiiemMoe
JAJISl TeYaTH Ka4ecTBO M3-32 UX HU3KOIO pas-
peweHusi. B 3TOM CBSI3M aBTOPY HACTOSITEIBHO
PEKOMEHIyeTCSl  JONOJHUTEIBHO MPHIIOKUTh
(ma CD umm DVD) x cratbe (aiinel, cogepxa-
me pucyHku. omyctumsbie ¢opMarbl 1JIs
pucynkoB — JPEG, TIFF unu EPS, pa3pemenue
—300-600 dpi.

Pucynku, ¢otorpaduu u Tabnuibl, B cayyae ux
OO0JIBLINX Pa3MEPOB, TAKXKE MOTYT pacHojaraTh-
Csl B OJIHY KOJIOHKY C BbIpaBHUBAaHUEM I10 LIU-
pune. @opMysbl B CTaTbeé HYMEPYIOTCSI C BbI-
paBHUBaHUEM 110 NpaBoMy Kparo. CIIHMCOK JIH-
TepaTypbl JOJDKEH ObITh NPUBEAECH B KOHIIE
cratbu. Pucynku, Qororpapuum u TaOIUIBI
JIOJDKHBI OBITH OT/IEJEHBI OT OCHOBHOI'O TEKCTa
KaK MUHHMYM OJHOM ITyCTOW CTPOKOM.

Pucynox 1

IIpeanosaraercsi, 4T0 CTATH HANMCAHA HA
rPaMOTHOM H XOpPOLIO YMTAEMOM AaHIJIMIi-
CKOM WM pycckoM si3bike. [Ipu HeoOxonumo-
CTH, Ilepe]] OTIPABKOM CTATbU aBTOPAM CIEIYET
IIPOKOHCYJIETUPOBAThCs y nepeBoauukoB. Cra-
Ths He OyAeT moJIpOOHO MPOBEPSATHCS peaaKiu-
€l Ha MpeAMeT Halu4yus JMHTBUCTUYECKUX
omunbok. B Toxke Bpems penakiusi ocTaBIseT 3a
co0O# TPaBO OTKJIOHHUTH CTaThiO, MPH HATUIHH
B TOCJelHeNd OONbIIOr0 KOJMYECTBa OIIMOOK
JIMHTBUCTUYECKOTO XapaKTepa.

2. OTHPABKA CTATBU HA
PELHHEH3UPOBAHUE

ABTOpsbI (M3 Poccun M Apyrux cTpaH) Q0J1kK-
Hbl BBICJIATh B aJpec peJaKIUH TpU IeyaT-
HBIX 9K3eMIUIsIpa CTaThM Ha MM IJIaBHOTO pe-
JaKTopa KypHana, npodeccopa Cumgoposa Bia-
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numupa HukonaeBuya (KOHTakTHass MHQoOpMa-
uus npuBeneHa B pasaene «KoHTakTHbIE naH-
HBIE») WM TEXHUYECKOMY PEIaKTOpy *KypHaja,
nouenty KaiitykoBy Talimypasy bartpazoBuuy.
DNEeKTPOHHBIC BEPCUU CTaTe HEOOXOJMMO BHI-
CJIaTh TaKXKe€ IO AJIEKTPOHHOM MOYTE TJIABHOMY
penakTopy *KypHaiia. DIEKTPOHHBIC U IEYaTHbHIE
¢bopmMbl He Bo3Bpamarorcsa. Kaxpas mpuxons-
miasi B peJakiivio )KypHasa CTaThsl HaIllpaBJseT-
Csl ISl pAaCCMOTPEHHUSI IKCIIEPTaM COOTBETCTBY-
tomero npoduns. Kak mpaBujio, mo kamxmou
cTaThbe Ha3HAYAKWTCH IBa 3Kcnepra. Bpewms
MPOBEACHUS SKCIEPTU3BI CTAThU HE MOXKET Ipe-
BbIIIATh 6 MecsieB. CBOM 3aKIIFOUCHHS M OICH-
KM TIO CTaTh€ HKCIEPTHI COOOIIAIOT TJIABHOMY
penaKkTopy KypHaJa, Py TOM Ha KaXIyH0 CTa-
THIO JOJDKHO IMPUMTH HE MEHEE JBYX 3aKioue-
HUW. 3aMeYaHusi W TPEAJIOKEHUS IKCIIEPTOB
JIOBOJISAITCSL 10 CBEJEHUsI aBTOpa CTAaThbH, MOCIE
Yero OH BHOCHUT BCE HEOOXOIUMbIC U3MECHEHHUSI.

3. OTIIPABKA CKOPPEKTUPOBAHHOM
CTATbU

ITocne omoOpeHus sKCHepTaMu CTaThU U BHECE-
HUS aBTOPAMH BCEX HEOOXOIMMBIX U3MEHEHUH,
OKOHYATENIbHBII BapHaHT cTaThu (OyMa)KHBIN B
TpeX FK3eMIUIsIpax u 3eKkTpoHHOM Ha CD wmmm
DVD) BbIchuTaeTCsl B ajipec pelaKifu, HarpH-
Mep B JKECTKOM KoHBepTe (hopmara A4 mo mo-
yte. Takke HEO0OX0AMMO MOCJIATH FJIEKTPOH-
HYI0 BEPCHIO CTATBH IO 3JIEKTPOHHOI mo4Te
riaaBaomy peaakropy. Ha CD wim DVD Heo6-
XOJUMO HaIlMCcaTh UMEHa aBTOPOB, Ha3BaHHE
CTaThH, Ha3BaHUE JXypHaJla U Aary. Takxke e-
JaTeIbHO yKa3aTh CIIMCOK IpOrpamMM, KOTOpHIE
WCIIONB30BAJIUCh MPU TOJATOTOBKE CTaThbu M
CIHUCOK (DaliIoB, HAXOASNIMXCS HAa KOMIIAKT-
mucke. Ilnmara ¢ acnupaHTOB 3a MyOJIHKAILIUIO
pYKOIIUCEH HE B3UMAETCHI.
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ITo Bcem Bompocam, Kacaromumcs xypHaia In-
ternational Journal for Computational Civil and
Structural Engineering u moAroToBke craTei
HE00X0IMMO 00paaThCs K CICTYIOMINM JTHLIAM:
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K IOBUWIEIO BJJAJJIUWJIEHA BACUJIBEBUYA IIETPOBA

13 mapra 2015 roga ucnonnunocs 80 et Bnaguneny BacunbeBuuy IletpoBy. OT nMeHu pepakuu-
OHHOTO COBETa MEXKYHApOJHOT0 HAyyHOro )XypHana “International Journal for Computational Civ-
il and Structural Engineering” no3zpasisiem ero ¢ 3TuM 3ameyarenabHbiM FO0uneem!

TpynoBast u TBopueckas aestenbHOCcTh B.B. TleTpoBa Ha mpoTspkeHnn 60Jee 4eM MIeCTH JecsaTue-
TUN — JOCTOMHBINA MpUMeEp I NOApa’kaHUs MOJIOJOMY IOKOJIEHHIO, BOCIIMTAHUIO U 00pa30BaHUIO
KOTOpPOTO OH IOCBSITWJI CBOK KM3Hb. MBI 3HaeM Bnaaunena BacuibeBnua Kak KpyITHOTO, IpH-
3HaHHOTO B Poccum m 3a pyOekoM YYEHOro, aBTOpa MHOTOUYMCIEHHBIX HAYYHBIX M Yy4eOHO-
METOJMUYECKUX paldoT, OMBITHOTO OPraHU3aTopa MOJArOTOBKU CHEIMAIMCTOB M MACIITaOHBIX Hayd-
HBIX UCCIIEJIOBaHUM, aKTUBHOI'O YYaCTHUKA MEXIYHApOIHBIX IPOrpaMM, CUMIIO3UYMOB U KOH(e-
penuuii. Hapsimy ¢ pykoBoacTBOM Kadenpoii, oH siBiseTcs: akaaeMukoMm Poccuiickoli akagemun ap-
XUTEKTYpPBI U CTPOUTENBHBIX HAYK, 3aCily>KCHHBIM AesteneM Hayku U TeXHUKH PCOCP, [ToueTHbIM
pabotHHKOM BbIcIiero oopa3zoBanust Poccuu, [loueTHsiM cTpoutenem Poccun, kaBaiepom op/ieHOB
«3nak [loueta» u «/pyx0b1», ueHOM penakunoHHOro CoBeTa Halllero XypHaja, CHHCKaB cebe
3aCITy’KEHHBIM aBTOPUTET U HAa 9TOW HENPOCTON HUBE.

HayuHo-nenarorndeckas nestenbHocTs B.B. IlerpoBa Oblsia HEOJHOKPATHO OTMEYEHA BBICOKHMU
roCy/apCTBEHHBIMU HarpajaMy M IOYETHBIMU 3BaHUSMHU. 3aHUMas IOCT peKTopa, oH BbiBes Capa-
TOBCKHMI IOCYJapCTBEHHBIH TEXHUUYECKUI YHUBEPCUTET Ha JIMIUPYIOIINE MO3UIMH B 00JaCTH BbIC-
mrero o0pa3oBaHus B CTPaHE.

Otmeuas Bknan Brnagunena BacuibeBuya B pa3BUTHE COBPEMEHHON HAyKH, JTMYHBIM aBTOPUTET U
Ipo¢eCCHOHANIbHBIE KaueCTBAa, HE COMHEBAEMCS, UTO €r0 3HaHMs, MHULIUATUBHOCTb, OPraHU3aTOp-
CKUI TaJaHT, BBICOKHE AYXOBHBIE U I'PaXAAHCKHUE HI€albl IO3BOJISIT YCIIEHIHO PEIIATh aKTyalbHbIE
3aJaud pa3BUTHS BBICIIET0 00pa30BaHUs M HAyKU — (yHJaMEHTa OOILIECTBEHHOIO, COLIMAIbHOTO U
SKOHOMMYECKOTO pa3BUTHs!

Mt xemaeM B.B. IletpoBy nanpHEHIIMX TBOPYECKUX YCIIEXOB, aKTMUBHOW JKU3HEHHOW IO3ULINH,
310poBbsl U cuacThs! Haneemcs Ha nanbHelee I1010TBOPHOE COTPYAHUYECTBO BO 0J1aro HayKu U
obpa3oBanws!

Peoaxyuonnviii Cosem mesncoyHapooOH020 HAYUHO20 HCYPHALA
nternational Journal for Computational Civil and Structural Engineering”

“«
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ON APPROXIMATELY STATIONARY GAUSSIAN PROCESSES

Charles EI-Nouty
LAGA, Université Paris XIII, Sorbonne Paris Cité, FRANCE

ABSTRACT: A new class of centered Gaussian processes, named the QHASI one, is daBn@adin prope
ties of a procesX which bebngs to the QHASI class are the following: X is sgfhilar, X is a quashelix and
the increment®f X are approximaly stationary. The QHASI clag®ntains recent extension§the fractional
Brownian motion, which were introduced between 2003 and,2tdr8ely the bifractional Brownianation, the
subfractional Brownian motion and the sbifractional Brownian motionThen, onsider a process X which

belongs to the QHASI class and define the statiétie= sup S |X(s+a)—X(s)|, wherea; and /3 are
0<s<T-ar

suitable chosen sequencesTof 0. A generalupper bound fodimsupV; is obtainel. This bound depends on

Tow

two constants: the first one occurs in the qunedix property, whereas the second one in the approximagely st
tionary increments property. Finally, when the proc¥sss the subfractional Brownian mtion, we get a lower
bound forlimsupV,; and assess the influence of the equality of the two above mentioned constants.

Too

Key words: Quasi-helix, approximately stationary increments, law of the iterated logarithm

O NPUBJINKEHHBIX CTAIHUOHAPHBIX
I'AYCCOBCKHUX ITPOIHECCAX

Hlapns Inp-Hymu
Yuusepcurert Ilapmxk Xl , Copbonna - [Tapmx - Cure, DPAHIIA

AHHOTAIUSA: B paboTe mpeacTaBiieH HOBBIM KJIacC TayCCOBCKUX IMPOIIECCOB, HA3BAaHHBINA KBa3H-KJIACCOM.
DTOT KJIaCC MPOIECCOB OCHOBAH HA PAaCUIMPEHHUIX (PPAKTaIbHOIO OPOYHOBCKOIO JABIIKCHHS, 2 MMEHHO OM(pak-
TalbHOE, CyO(pakTanbHOE U CyOOUppaKkTaabHOe OPOYHOBCKOE JABIKeHHMS. VccmenoBanus 3TOro Kiacca mpouec-
co Bemuch Mexay 2003 u 2013 rogamu. OCHOBHBIME CBOMCTBaMH mporecca X, NPHUHAAJICKAIIETO K KBa3H-
KJIacCy, SIBIAIOTCS: aBTOMOJANBHOCTh, HAIMYHE KBa3H-KAHOHWYECKOW KPHBOW MOCTOSTHHOTO CKJIOHA, IPUOIH-
3IDKEHHAs CTAlMOHAPHOCTh MpHpameHmid. [ paccMmaTprBaeMoro mpomecca X ONpefelieHa CTaTHCTHKA

Vi = sup ,BT|X(S+ar)—X(S)| (rme & m f; chenuanbHO MOZOOPaHHEIE MOCITIENOBATENBHOCTH, 3aBUCS-
0<s<T-a

mpe ot T > 0), w1 KoTopo# monydeHa o6o0meHHast BepxHsis rpanuna limsupV, . TTapaMerpsl 9TOH IpaHHUIBI

Tow
3aBUCAT OT JIBYX MMOCTOSIHHBIX: TIEpBast MOCTOSHHAS CBS3aHA C KBAa3HU-KAHOHUYECKON KPUBOW MOCTOSHHOTO CKJIO-
Ha, BTOpasi — CO CBOMCTBaMU MPHUOIMKEHHOM CTAIIMOHAPHOCTHU TPHpaIleHuit mporecca. Kpome Toro, asst ciryyast
ecnu iporiecc X SIBISIETCS CyO(pakTamIbHBIM OpPOYHOBCKHM JIBIDKCHHEM, OKa3aHa HIDKHASA rpaHuia limsupV;

Too

1 OLICHCHO BJIMAHUC PABCHCTBA JIBYX ITOCTOSAHHBIX.

KuroueBbie cjioBa:. KBa3U-KaHOHWYECKAs KPHUBasl IOCTOSIHHOTO CKJIOHA,
NPUOJIMKEHHO CTAllMOHAPHBIE TPHUPAIIEHHSI, 3aKOH TOBTOPHOTO JIorapudma

1. INTRODUCTION centered Gaussian process with stationawy i

crements satisfyingB, (0)=0, with probabi-
Let {B, (t).t e R} be a fractional Brownian

i 2H
m ity 1, and VarBy, (t)=|t|” . The name of fBm
tion (fBm) with Hurst indexO<H <1, i.e. a y n (=]t

15
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was first introduced by Mandelbrot and vaiist some of them :
Ness [], but their sample path properties wer@ the bifractional Brownian motion (bBmip4
already studied by Kolmogorov in the 1940's. troduced by Houdré and Villa [2] by mah-

As a consequence of the definition, we get ematical game and in order to answer to
some problems which appear in physics,
E(By (1)— By (s))2 =| t_s|2H, e the subfractional Brownian motion (sfBm)

introduced by Bojdecki, Gorostiza and
Talarczyk [3], which appears as a limitgar
cess of some particle systems,

e the subbifractional Brownian motion (sbBm)

and therefore

COV( By (t) By (S)) introduced by EfNouty and Journé [4].
1 In Section 2, it is shown that the processeas co
=S(ItP 1P k=) i
5 sidered below can be viewed as elements of a

suitable class of centered Gaussian processes.
Jhen our main results on increments are stated
In Section 3. Finally, the proofs of our results
are postponed to Sections 4 and 5.

An other important property is that the fBm is
self-similar process with index , i.e. B, (at)

and a” B, (t) have the same distributionrfall

: H=1/2 [ [
a'>0 When /2, &ljz is the ordinary 2 THE QHASI CLASS
Wiener process or Brownian motion (Bm). We

insist on the fact that there are deep dissifilaj ot ;s introduce a new class of centered Gauss
ties between t_he casel :1/2 and the Case an processes named the quaslix with ap-
H=1/2, the biggest one being that the BCr proyimately stationary increments (QHASI)
ments of the fBm are not independent as soon @gss and defined dsllows. A centered Gass

H ¢;/2. This implies that the.stgdy of the meian process{X(t),tel CR} belongs to the
requires the use of general principles rather than

specific properties of the \&er process. It WaSQHAS_I class if it fulfills the five following a-
one of the main motivations of the authors whUmptions:

worked on this process. Note also the differendsl: X (0) =0 with probability1,

between the cas®<H <1/2 and the case A2: there existsl >0 such thatX is self-
1/2<H <1 These cases correspond to shorgimilar with index/ ,

range dependence and long-range dependenc@3: there exists 0<C, <C,<+w such that
The study of the fBm was motivated by the n 2

merous fields of applications such that, time?(s’t)E'

series in economics, fluctuations in solidyg; h

drology, signal theory, industrial process, and Cl|t—s|21 SE(X(I)—X(S))2SC2|t—S|2'1,
more recently mathematical finance, tel@eo

munication networks, sustainable development. .

From a practical point of view, the main defecf4: there exists C;e[C;,C,] such that
of the fBm is its stationary increments propertyv(s’t) cl? t>s, ¢#0, whent—s—0,

This property is very convenient from a math

matical point of view, since it enables to apply

general powerful results.uB, it is not true in the E(X (1) - X(9))* ~C5 (t-9)%,

real life. This simple evidence leads sevelal a

thors to introduce new Gaussian Processess: there exist5C4e[Cl,C2] such thatvt e |
which, in some sense, extend the fBioet us

16 International Journal for Computational Civil and Structural Engineering
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EX([)Z =C4|t|21. XH (t): BH (t)+BH (—t) s>0.

\/E ’
Let us make some comments on our agsum _ _
tions. Assumption (A3) means that the proceddUs, the sfBm is a centered Gaussian process

X is a 7 -quasihelix in the sense of KahaneSuch thaky (0) =0, with probability 1, and for

([5], p. 137), whereas assumption (A4) mearanyt>s

that the increments oK areapproximately st-

tionary for smallincrements, this notion kiang cov(XH (t) Xy (s))

been intoduced by Houdré and Villa [2]. The

underlying idea of the QHASI class is to replace _g2H  ¢2H _l((sH)ZH +(t—S)2H)
the stationary increments property by asgum

tions (A3) and (A4). Assumptions (Al) and

(A5) are done for sake of conveniencenafly, and therefore

assumpbn (A2) means that the process is

an attractive one. varX,, (t) :(2_ 22H—1)t2H _

There is no difficulty to see that the fBne-b
longs to the QHASI class with

The sfBm is an interesting process o atvn.
A=H andC,=C,=C,=C,=1. Indeed, whenH >1/2, it arises from occup
tion time fluctuations of branching particlessy
tems. Roughly speaking, the sfBm has some of
the main properties of the fBm, but it has non
gtationary increments. Note also that, when
H=1/2, X, is the ordinary Bm.X, be-
longs to the QHASI class wittk =H and if
H <3, then

Let us verify that the bBm, the siB and the
sbBm which were listed in Section 1 belong t
the QHASI class.

Example 1. Let {B y (t),teR} be a bBm

with indicesO<H <1 and0< K <1, i.e. a ce-

te.red Gaustc,i.an process such tBaty (0)=0, C,=C,=1<C,=C,=2- 21
with probability 1, and

(:ov(BH’K )By (s)) else H 2%)
=2iK((It|2H g™ —|t—s|2”Kj. C=C;=2-2""<Cp=Cs=1

We refer to[3], [6], [12] — [15] further infar-
When K =1, B, is the fBm and therefore mation on this process.

By, 1 is the ordinary Bm. _
‘ _ Example3. Let{Xy, « (t),t=0} be a sbBm with
By« belongs to the QHASI class with ‘ ,
' indices0<H <1 and0< K <1, defined as fb

A=HK,C=2"<C,=1<C,=C,= 2", lows:

We refer t0[6] - [11] for further information on

this process. 1

Example 2. Consider the sfBnf X, (t),t > 0}

with index 0< H <1 defined as follows The sbBm is a centered Gaussian process such
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that X, « (0)=0, with probability 1, and such thatlim %zo_
T—+0
VarXy  (t)=(2 = 2%t Note  that .

since (2H -1)K —1<K - 1< C, it follows that Wh.en we comparew hypothesis tahose of
2HK ~1<K. When K =1, X,, , is the sfBm. Csorgé and Révész [16], we can see that they

_ _ are a little bit more restrictive. Indeed wes-a
Straightforward comutations show that for sumelimT_Hwi —0. This assertion is essential
t>s T

to prove our results. For example, it enables us

to show that, we have d8s— +x,
COV(XH,K ) X k (5))

— (s “3(tsP™ —3(t-s)*™ . oP(T.T-ar)=B(X(T) -X(T-ar))’

~Cgar”
Xy belongs to the QHASI class with
A=HK andif HK <1, then Indeed, we have by combining thxt is an &
2 ement of the QHASI class witiB@)
C =2-1<C,=1

2
<Cy=2¢ - 2 AgC, = o P 62<T,T—aT>=TuE(X(1) -x( %ﬁ

24
else HK >1) ~T2‘CS($J =Cgaf’.

=C,=2"-2""<C,=C5=1.
=G 23 Here, we set Inu=log(uve) and

We refer to[4] for further information on this In,u=In(Inu) for u>0.
processNote that the previous examples showefine the statisti®/y by
that the real number§; andC, are arbitrary in

[C,C,]. This elementary remark strengthens Vi = sup ﬂr|X(s+aT)—X(s)|,

the interest of the QHASI class. O<s<T-ar
where
3. APPLICATION TO THE STUDY
v2
OF THE INCREMENTS ﬂ-;l:\/aa-?(Z(lnéﬁ- InzT))
Consider grocessX , an element of the QHASI 4 12
class. Let us present the increments problem. =\/§aT (2L)™.
Let a; be a nondecreasing function @f>0
satisfying When X was a Bm, the behavior of; has
been invespiated by Csorgd and Révész [16]
Bl: O<a, <T, and Book and Shore [17Their works have
been extended by Ortéga [18] and El-Nouty [19
B2: % is a nonincreasing function T >0 in the case othe fBm, and by ENouty [7] in

the case ofthe bBm. Csaki and Csorgd [20]
studiedV; —type statstics in a general fraen
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work. But since they didn't have enough mfo the condition C, =C; which covers all prev

mation on the underlying process, they obtaingqsly mentioed works should be so relevant.

weaker results, compared those of Csérgd 1o get a lower bound, this requires enough i
and Révész [16], Ortéga [18], and EtNouty [7].  formation on the underlying proceds. Theo-

Our next goal is to study; —type statistics in rem 5, we focus our attention on the sfBex b
the QHASI class framework and to measure thguse, if H <%, then C;<C,, else C;=C,.
influence of theequalityC; =C,. Our main e-  p.¢ phenomenon has no influena the
sults are stated in the following two theorems. statement of Theorem 5. But, to determine the
exact value of limsup._ V;, the equality

Theorem 4. Let X bean e t of the QHAS C,;=C, is crucial, as it is shown in Corollary 6.

class. Let a; be a nondecreasing function of _ _
T>0 satisfying (B1) and (B2). We have with For notational convenience, denote [)sa the

probability 1, integer part of the real x and by
w(x):% , Xx>0. In the rest of the g
im supVt <> /% per, D;, i e N", are strictly positive constants.

TEO

Theorem 5. Let X, be a sfBm with index 4. PROOF OF THEOREM 4
O<H <1. Let a; be a nondecreasing function
of T >0 satisfying (B1) and (B2). We have with NOte that we have for any =0

bability 1,
POV sup |X 6+ar X 6]<1 T &)

. 0<s<T-a;
limsupV; > 1.

T = sup |[X¢E)rX¢).
O<t<t'<T t'-t<a;

Combining Theorem 4 with Theorem 5, we get
the following corollary. Hence, to prove Theorem 4, we will show the
following result.

Corollary 6. Let X,; be a sfBm with index
H>1. Let a; bea nondecreasing function of
T >0 satisfying (B1) and (B2). We have with

Theorem 7. Let X an element of the QHAS
class. Let a; be a nondecreasing function of

T >0 satisfying (B1) and (B2). We have with

probability 1, probability 1,
limsupV; = 1.
T—o i C2
limsupg: | T & )< [==.
T—o0 C’3

Let us make some canents on our results.

When the process of interest belonigs the petqre garting the proof of Theorem 7, we-r
QHASI class, Theorem gives a general Upper o) 4 result of Fernique [2fand state a tée

bound forlimsupy_,,, Vy, depending on theer jcal lemma irthe spirit of Lemma 2 in [18
als C, and C;. There is a huge difference-b

tween this approach antletone of Csaki and Lemma 8. Let {Y(t),t e[O,]]} be a separable
Csorgé [20]. It should come as no surprise thatantered real Gaussian process with
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Lemma 8will be used to obtain upper bounds

_ 2 2 _ for the above probabilities. We can show Isy u
E((Y(t) Y(S)) )SA (|t SI) ing the fact thatX belongs to the QHASI class

where A is continuous nondecreasing in [0,1] E(X;(s))=0, VarX; (s)<C, %
and satisfies [ A(exp(-u?))du<+w, and

(o)
also EY*(r)<I'?.  Then,  whenever
X2 @iy B((X,(1) =%, (9)") <ot~

P(Sup Y€)= x(r+ zﬂw/\ oY )du)J Let A>0 and consider the centered continuous
Ost<t Gaussian process{Y, (t)=X; (At),t e[0,1}.
+00
<D, n’ .[X eXp(—UZ) du, We have for an0<i <[NT]

where n>2. Vary, (t)<C, (At)?* <C, A%
Lemma9. We havefor0<h<T andz>4 and

P(1T0)>2C 1)< Do o213 (1) -y (3)f )< (-

Proof. Let 56>0 be given andx>e. Define Thys Lemma 8 implies whenever
N=(2/5)" h™. Then $h* =N"*. Set also y> (4Inn)“2,

forie{0,1,..,NT -1

9= [s)x (L]
We have
P(1(T.h) > (1+5) x|[C, ")
<]P’( max_ sup|X; §)>x,/C, h

0<i<|NT] 0<s<h

+00 2 A
+IP’( max sup|X (s > X— \/_hlJ (4.1) \/C_2A1+4J-1 \/C_Z(An”) du

IP’( sup |Y ¢} > v(\/C_ZA’l
O<t<L
+ 4?0\/C_2(An“2 )A duD (4.2)
1

<D, n? .[:OO expu?)du.

j Straight computations yield

0<i<[NT] g<s</N 5 (4.3)
[NT]- < JCA* 1+ :
< (]P’( sup |X; 6)> xJCzh}“j ? ( An*In n]
i=0 0<s<h
+IP’( sup |X; 6)>x%,/C, N‘ﬁj]. Therefore, ifx= v(1+ ) combining @.2)
0<s<UN

with (4.3), we get
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IP’( sup | X; 6)> X@A’lj

0<s<A

<D | :‘” exp(u?)du (4.4)

2.1 2
<D, 2 z//(x)exp[mx n* Inn+ 2x J

(2+ An” Inn)?

2[4

Let n=—2*—-. Then, we have
(Inx)¥*
v (4Inn)Y2,
2Ax°n* Inn
im 7l 5 =
n—+0 (2+AN" Inn)
and

. 2x°
lim 5 5 =0
n—>+0 (2+AN" InnN)

Thus, (4.4) implies

]P’( sup | X (s) b X\/a Aﬂj
0<s<A

Y (4.5)
<D,y (X)

Hence, combining (4) with (4.5), we get

IP(I(T,I1) > (1+6)x,[C, hﬂ)

T X4//1
<D X).
®> he (In x)2* v

Now setz=(1+0) x. We have

]P’(I(T,h) >2z,C, hi)

DT 24 v (2)exp 267% + 5%22
" P hsY% (Ing)2” 2(1+6)% )

Finally we chooses = 2—12 . We get

Volume 11, Issue 1, 2015

]P’(I(T,h) > z\/@hﬂ)s Dz% " expz? 12)

The proof of Lemma 9 is complete. [

Proof (of Theorem 7). Consider the sequence
(T, k=1 defined byT, =6, whered > 1. Let
&>0. An application of Lemma Bnplies

]P’(I(Tk’a"Tk)>(1+g)\/%ﬂTkl]
~P(1(Tr.ar)> (10 G &, (2L )1/2)

<D, ;—k L exp(—(1+e)2 LTK) .

k
We can show

fP(I(Tk,aTk ) > (l+ 8) \/gﬂf:] < 400,
k=1 Cs

An application of Borel-Cantelli lemma shows
that we have with probability one

Iimsup\/cgﬂrk I T2y, )< ke
2

k—o0

SupposeT € [Ty, Ty.a[. We have

Pr,

k+1

pri(Toar)<—==py 1 (T, ,)-

We can choosé@ close to 1 so tha% is arb-
k+1

trarily close to 1.

The proof of Theorem 7 is complete . [

5. PROOF OF THEOREM 5

Note that we have for any >0
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Br X (T) =X (T —ar )| <\,

where X, is a sfBm.

Charles EI-Nouty

a number between 0 and E(X;X ;).

Lemma 12. Let {A,,n>1} bea sequence of
events. If

Hence, to prove Theorem 5, it is enough to

show the following result.

Theorem 10. Let a; be a nondecreasing func-

tionof T >0 satisfying (B1) and (B2). We have
with probability 1,

limsupBr [Xp (T)- Xy (T-ap )| > 1.

T—oo

Before starting the proof of Theorem, Me re-
call a couple of lemmas used in [18he first

+ZOO:I[D(A”) = 4o
and -
> (B4, n4)-P(4;)P(4,))
liminf 1i<ksn -0

N—-+00

(25 (4 ))2

then P(A, io)=1.

one is a wetknown @mparison inequality (seelLet {T,,k>1} be the increasing sequence-d

[22]-[24]), whereas the second one is an exte

sion of the Borelzantelli lemma.

Lemma 11. Let {Xj,j =1,..,n} be centered ,
stationary Gaussian random variables with
EX?=1 for all j. Let IJ*=[c,+) and
l;t=(-o,c[. If ¢;eR, j=1..n, denote by

where ¢g; isdther +1

Fj thee\/ent{xjelé"} J

i
or -1.Let Pc{1,..,n}, then:
- ]P(ﬂjePFj) is an increasing function of
E(X;X ;) if 5&; =+1. Otherwise it is decreas-
ing;
—if {R,1=1,...s} isapartitionof P, then

[0 ()
> X X (XX ;)| o (a0 ).

I<l<m<s jeR ieR,

<

where ¢(x,u,p) is the standard bivariate

Gaussian density with correlation p and pi}‘ is

22

fined by T,=1 and T, —a; =T, for k>1.
Consider the random variables

X (Ti) = Xt (Teca)

Y =
k o (T Tt

where
o (T T )= E((XH (T)- X4 (Tkl))z).

We obviously haveE(,)=0 and VarY, =1.
We can also establish the following lemma.

Lemma13. I.If H<-1/2, then E(¥Y,)<0.

1. 1f H>1/2, then there exists Dg >0 such
that

0<E(Y,Y,) < Dg(k— j—1" Y,
aslongas k> j+3.

Proof. Elementary calculus yields
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(A-B+C-D) A-B<0. Thus
E(YY, )= ,
ZU(TJ' ’Tj—l)o- (T Tia) C_D
0<E(YY,)< .
where 20 (Tj ’Tj—l)a (T Ta)
_ 2H 2H Since the sfBm belongs to the QHASI class, we
A=(T+T4)" —(Ta+T)” >0, have
B=(T+T,)" ~(Tea+T;) " >0, H
2H 2H G(TJ' ’Ti—l)z\/c_laﬂ
2H 2H T T
D=(T-T;)" -(Ta-T;)" >0. o Tea) 2\/Cra
, . C-D :
Let us show first that iH <1/2, then ThenE(Y,Y,) < ————, i.e.
2G ar, ar
(A+C)—-(B+D)<0,
else P 4 (P+a; +a; )™
(A+C)—(B+D)>0. E(Y,Y;) < a:” Hark
2G ar, ay
For this purpose, consider the function (P+ay )M +(P+a; )™
_ j K
g:x— (a+x)" +(@-x 2C ay oy

—(b+x)*" —(b—x)*",
where P=YK J+1aT

where 0<T; ; <x<T; anda>b>0. Note that
Thus a Taylor expansion up to order thie i
when a=T, >b=T,,, g(T ) A+C and pjies

g(Tj):B+D. The result follows from the oH_2
o : 2H(2H -ar a; P77 °+S

study of the second derivative of the ftion E(YY,) < LK

g. The prod of the first part of Lemmd3 is ! 2C, ay, ay,

complete.

In the sequleof this proof, we assume thatwhere

H>1/2. Let us turn to A—B. Consider the

function 2H(2H -1)( 2- H
Pl 3?( )af-j(PHarj

<H(2H -Day a, P72,

)2H—3
g: Xx— (@+x)*" —(b+x)*,

where 0<T; ; <x<T; anda>b>0. Note that

when a=T >b=T,, gl(TH): A and
0,(T;) =B. The study of the first derivative of
the function g; enables us to prove that when

for someO<| < 1. Hence,
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2H-2

ar aq P
2C & af

EETEAN A
“2C\ P P '

Since B2) holds, we can choosg, <1 so that
T @-a)<T,
a, <(1-a)7a; . Thus

E(Y,Y,)<3H(2H -1

ar
T—kk <q. Then and

P>a; >(1-a)ar .

Note also that the definition oP implies that
P>(k—]j —1)aTj . Hence

3 . HA
E(YY,) < —(k-j-1)
! 2C, (1-a)"
= Dg(k—j-1)" .
The proof of Lenmal3 is complete. [

Proof (of Theorem 10). For ¢ >0 given, we
corsider the events

A=Y > A, k>1,

where
_ Pr
A= (1_ ) U(Tkkak*aTk)
B JG; &t v2
_(1—5)0(%1_; )(ZLTK)
Recall that a(Tk,Tk —ay, ) ~ \/C_Sa'T*k as

k — +o. Thus, we have fok sufficiently large

o-(Tk,Tk—aTk)

1-¢< <l+g,

24
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and therefore

12

(1-2) (2 ) <Ay < (1-¢%)(24,)

We have fork sufficiently large

P(A,)> P(Yk >(1-6%) (2L )UZJ

1 (Tk InT, / ar, )82(1_82)
2@(1—52) (2In(Tk InTy /ay, ))1/2

1
(Tk INT, /a; )H
ar,

1-¢£2
2 ,
T InT,

and consequently

>

X

2

D P(A) = 0
k=1

Our purpos is toshow that we can apply be
ma 12 to the eventsA  k>1}.

When H<1/2, we get by Lemmadl3 that
EY;Y,)<0. Thus Lemmdl implies

P(A; NA) <TP(A)) P(A,).
mal2, P(4, io)=1

Let us turn to the complicated cas¢>1/2.
Thus, by Lemma 13, as long k& j +3,

Hence, by Lm-

0<E(Y,Y,) < Dg(k—j-1)" .

Lemma 11 implies

P(A, N A )-P(

) B(4

A
B(Y, Yk)(p(ﬁ i Pik)
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where0< pj, <E(Y}Y,).
Thus, for some fixedn,

Let 6 >0. We can fixm such that we get by

following the same lineas those ([7], pp 460

463)
k—y—1

IP(A])P(A,()}<5[ZD:]P(A,C)J2

K=1

As&[z

k=m j=1

and

n
B<Dy Y P(A)).
j=1

Applying Lemma 12to the events {A,k>1},

we complete the proof of Theorem 10. [
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METHODS OF NONLINEAR ANALYSYS
AND THE IMPACT OF THEIR APPLICATIONS
ON THE RESULTS OF STRUCTURAL ANALYSIS

Dmitrij K. Kalichava', Ewa Nowak?
' LTD PIKSAR, Moscow, RUSSIA
2 Kielce University of Technology, Kielce, POLAND

ABSTRACT: The paper presents the results of nonlinear analysis in the calculations of real structures. The study
was carried out by comparing linear and nonlinear analysis results obtained with the “Robot Structural Analysis”
software. Also, the influence of second order effects on the structure computational model was determined.

Key words: structural mechanics, nonlinear analysis, second order effects

METO/bI HEJIMHEMHOI'O PACUETA CTPOUTEJIBHBIX
KOHCTPYKIIMH U OCOBEHHOCTHU UX IPUMEHEHUA

J.K. Kanuuaea', Eea Hogaxr’

' 000 “Ilukcap», r. Mocksa, Poccust
2 [lonurexuuueckuii yaupepcuret ropoga Kennue; r. Kensue, ITIOJIBIIA

AHHOTAIIUA: B Hacrosied cTaTh€ pacCMAaTPHUBAIOTCS PE3yNbTaThl HEIUHEWHBIX pPAcdyeTOB PEATbHBIX
CTPOUTEIBHBIX KOHCTPYKIMH. [IpencraBiieHbl comocTaBlieHNe pe3yIbTaTOB JIMHEHHBIX M HEIMHEHHBIX PacieToB,
MONMYYCHHBIX C WCIIOJNIB30BaHHEM TIporpaMMHOTo Komiuiekca ‘“Robot Structural Analysis”. Kpome Toro,
MCCJIEIOBAHO BIHMAHUE 3P (PEKTOB BTOPOTo MOPSAIKA Ha BEIYUCIUTENHHYIO MOJETh O0BEKTA.

KaoueBble ciioBa: CTpOUTC/IbHAA MCXAaHHWKa, HEJIMHCHHEIC pacyeThI, Bq)(i)eKTbI BTOPOI'O MMOpsAaKa

1. INTRODUCTION AND ASSUMPTIONS
OF GEOMETRIC NONLINEAR
ANALYSIS

At the first stage of the nonlinear analysis, the
simplest form is taken into account. At such
approach, the theory is considered to be the
equilibrium equations which should be written
for the deformed configuration. The strain-
displacement relations are described in a linear
manner.  Structural  mechanics  problems
concerning the first level geometric nonlinearity
are sometimes referred to as calculations for the
deformed state (Russia, Ukraine), calculations
for the distorted state (Poland). The term used in
the English language literature on the subject, is
the theory of second order.

In building structures, the theory of first order is
mainly used for rod structure calculations. The
bending moments in the members, which take
into account the influence of longitudinal (axial)
forces, are determined.

The next stage of the analysis involves the
second level geometric non-linearity problems.
At this stage, in contrast to the theory of first
level, a greater impact of geometric nonlinearity
is accounted for. That refers to geometric
equations which describe strain-displacement
relations. In comparison with the theory of first
order, significant difference between the orders
of magnitude of deformation and angles of
rotation are found. It is assumed that the squares
of the angles of rotation of the elements of the
given scheme are of the same order of magnitude
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as the components of deformations. Those, in
turn, are negligibly small in comparison with
unity. A typical example of the nonlinearity
problems of this order is the theory of elastic
plates based on the von Karman equations.

The third level geometric nonlinearity may
include problems in which the deformations are
small in comparison with unity. However, as
regards rotation, this assumption cannot be
applied. Tensile structures are good examples of
the problems of this order of geometric
nonlinearity.

Finally, at the top of the hierarchy, the most
difficult problems are found. Those are the fourth
order geometric nonlinearity problems. This is a
case in which deformations cannot be considered
as negligible quantities when compared with
unity. Calculations performed for elastic
materials such as, e.g. rubber, make it necessary
for computational programs to fulfil specific
requirements [4].

Kinematic or geometric nonlinearity occurs
when an object of concern is characterised by
large deformation or large displacements, or
large deformation and, at the same time, large
displacements (e.g. tensile or pneumatic
structures) [1]. In nonlinear geometric analysis,
deformations ¢, , for instance, are expressed as
follows:

0x

& = &1 + Nt =513

Ju 1 (6W>2
where: €, - the longitudinal deformation, u —
displacement along the axis of the element, w -
displacement perpendicular to the axis of the
element.

Thus, the calculated stiffness matrix K of the
structure will take the following form:

K = K"+ K%+ K"

where: K — linear stiffness matrix, K% —
geometric stiffness matrix, KNE —
nonlinear stiffness matrix.

Typically, the computational methods of

nonlinear analysis are based on the incrementa?

Dmitrij K. Kalichava, Ewa Nowak

load application. That means the total load is not
included in the calculations, instead, the load
gradually increases and the successive
equilibrium conditions are solved. Nonlinear
behaviour of the structure may be related to a
single structural element (structural or material
nonlinearity) or may result from the nonlinear
force-deformation relation within the whole
structure [2]. In the paper, the second case is dealt
with, i.e. the geometric nonlinearity discussed on
the example of real structures.

In the nonlinear problems, the determination of
the load Q at given displacements g, or the other
way round, determining ¢ when Q is known, is
practically impossible when direct methods are
used. It is possible to obtain approximate results
(solutions) by means of linearization or by
applying special computational algorithms. The
equilibrium equation can be written as:

K(g)*q=2Q

To solve the equation, numerical techniques are
employed. One way of solving equations in the
nonlinear analysis is the use of an iterative
algorithm based on the Newton-Raphson (NR)
method. It is popular because it provides a high
degree of application versatility and high
accuracy of calculations. Equation solving with
this method involves the use of the total load QO
in each iteration cycle. Constant approximate
stiffness matrixes are assumed in individual
cycles, which results in a failure to meet the
equilibrium conditions. After each cycle,
unbalanced load in a given deformation
configuration is calculated. This load is used to
determine  additional  displacements, i.e.
configuration changes that lead to obtaining the
configuration which corresponds to the
equilibrium. The computational process is
finished when the equilibrium at the accuracy
assumed is reached [3].

The course of a single i -th iteration can be
described in the following steps:

e Data from iteration
i—1;r@D ARG-D R
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Figure 1. Newton-Raphson method [4].

K;i‘l) The object was subjected to real load:

- service load BkN,

- snow load (bkN

. N The followingprofiles were used:

« FO=K(EO)r® - bottom chords RK 100x8, top chord@K
* ARD - R—FO N . 100x8, columns RK 80x4ross braces RK
Checking the conditionR® > ¢ 80x4.

(if positive then we move on to the nexTh tollow ¢ | ied out:
iterationi + 1; if negative, it means that we e following ypes ot analyzeserecarried out:

gets a score with the desired precision and wéinear (rigid connections
finish calculation). - linear (hinged connectiops
- nonlinear (igid connectiong
Here:K; - tangent stiffness matriX® - nodal - nonlinear (hinged connections

load,F - the impact of the elements on the nodes

corresponding to the displacement and stress

described in the existing configuration; nodal 3, THE RESULTSOFE THE ANALYSIS

displacementsg - established accuraoyf the

solutions [§. Thespatial rod truss with comgk geometry was
analyzedAll types of analysisverecarried out
comprehensivelyfor the entire systemThe

2. THE STRUCTURE MODEL summaryof resultswasgiven for bottomchord
of the girder  (Table 1) In Hg. 6, the girder

The roof structure of a hotel was analyz€de was marked witlathick line.

rod system forming a spatial truss was uJduk

structure model is shown in Figs 2,3,4, and 5. The

o Ar® = (K;i_l))_lAR(i_l)
° r(i) — ’r‘(i_l) + A'r‘(i)

structure dimensions were as follows: 4. CONCLUSION
- height in the corners: 0.36 m, 1.69 m, 0.99 m
and 1.49 m, The purpose of the paper was to determine the

- base: 22.27 m, 28.93 m, 11.38 m, 36.68 ®ffect of the type of notinear analysis on the
(distances given between respective corners). displacement values.
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o
'—"‘" Y‘-—- =

/\/\ . -J/ ﬂ;" -

RK 100x8
—— RK 80x4

Figure 2. The structure model.

Prz 5.e+009mm
Max=15,514

Przypadki: 1 4do9

Figure 3. The linear analysis - deformations.

Another aim was to compare the results of the
non-linear analysis with those of the linear
analysis. On completion of the investigations
described above, it can be concluded that the
selected results for the structure models are not
sensitive to second order effects. Results of
individual analyses are congruent. However, an
increase in displacements in the non-linear
analysis when compared with the linear analysis
can be observed. Also, a significant effect of

connections used in the computational model can
be noted. As expected, for hinge connections,
nodal displacements are greater than it is the case
for rigid connections.

The calculations of the roof structure were made
in accordance with current standards: EN 1993-
1:2005/AC:2009 [7]. In comparison with the
linear analysis, the results obtained do not show
significant differences after the effects of second
order were taken into account.
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fureh
[E——
ey
A S o
— ey i
P AN e e
==L NN
Prz 5.e+008mm
Lx Max=15,478
Przypadki: 4 (SGN/1=1*1.35 + 2*1.50 + 3*1.50)

Figure 4. The nonlinear analysis - deformations.

Prz 5.e+008mm

3= Max=15,589
t,
Przypadki: 4do7

; 964. 263 af 262 261 260 24 250 258 208

45 190

SiE a7k o7a 277 279 -2RQ 281 JAAQ 265

Figure 6. The numbering of nodes.
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Table 1. The displacements for the selected nodes of the bottom girder.

Types of analysis and displacement values [mm]
no node | no node . . . . nonlinear
on the in the llpegr llpear non‘hr‘lear nor;lmear (with
h hem (rigid (hinged (rigid (hinged limi
grap schema . . . ) preliminary
connections) | connections) | connections) | connections) | . .
imperfections)
1 275 0,043 0,028 0,115 0,113 0,079
2 3 -0,803 -0,995 -0,803 -1,228 -0,996
3 276 -2,543 -2,869 -2,544 -3,398 -2,871
4 278 -3,869 -4,202 -3,87 -4,588 -4,206
5 277 -4,632 -4,947 -4,634 -4,647 -4,954
6 279 -4,9 -5,18 -4,906 -5,668 -5,191
7 280 -4,862 -5,095 -4,873 -5,938 -5,11
8 281 -4,741 -4,934 -4,756 -5,697 -4,955
9 282 -4,821 -4,983 -4,842 -5,255 -5,009
10 49 -5,035 -5,146 -5,059 -5,047 -5,175
11 265 -7,014 -7,242 -7,043 -7,781 -7,278
12 264 -11,22 -11,568 -11,254 -12,361 -11,612
13 56 -15,403 -15,691 -15,433 -16,861 -15,734
14 263 -14,336 -14,702 -14,368 -14,356 -14,746
15 262 -14,165 -14,353 -14,194 -16,26 -14,395
16 261 -11,359 -11,464 -11,387 -13,243 -11,504
17 260 -7,788 -7,872 -7,811 -8,626 -7,903
18 24 -5,652 -5,732 -5,67 -5,66 -5,757
19 259 -5,411 -5,531 -5,428 -6,158 -5,553
20 258 -4,371 -4,546 -4,382 -5,948 -4,561
21 208 -3,225 -3,421 -3,23 -4,796 -3,429
22 45 -1,762 -1,918 -1,763 -2,485 -1,921
23 920 -0,882 -0,993 -0,881 -0,871 -0,992
REFERENCES 6. Rakowski G., Kasprzyk Z. Finite element

method in structural mechanics, Warsaw
1. Gawecki A. Mechanics of materials and University of Technology, 1993.
structures rod, Poznan University of 7. Rakowski G. Metoda elementow
Technology 2003r. skonczonych-wybrane problemy, Warsaw
2. Autodesk® Robot™ Structural Analysis University of Technology, 1996.
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Table 2. The displacements graph for the selected nodes of the bottom girder.

Graph of displacements
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Table 3. Displacements graph of for the selected nodes of the bottom girder with preliminary

imperfections.
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INVERSE PROBLEM OF FILTERING THE SUSPENSION
IN POROUS MEDIA

Ludmila I. Kuzmina', Yuri V. Osipov?
! National Research University Higher School of Economics, Moscow, RUSSIA
2 Moscow State University of Civil Engineering, Moscow, RUSSIA

ABSTRACT: The mathematical model of filtering the suspension in a porous medium and its asymptotic solu-
tion behind the concentration front depend on several parameters. These parameters are determined by the given
values of concentrations of suspended and retained particles at the filter inlet and outlet. An estimation of the
method’s error is given.

Key words: filtration problem, suspension, porous media, concentration of particles,
asymptotic solution, inverse problem

OBPATHAS 3AJAYA PUJIBTPALIUN CYCIIEH3UH
B ITIOPUCTOMU CPEJIE

JLH. Kyzbmuna', I0.B. Ocunoé’

! HanmoHaIbHBIA MCCIIENOBATENBCKUM YHUBEPCHTET «BBICITas K018 YKOHOMHUKN», T. Mocksa, POCCHSI
2 MOCKOBCKHIA TOCYIapCTBEHHBII CTPOUTENBHBIN YHUBEPCHTET, T. Mocksa, POCCHU S

AHHOTAIIUSA: B Hacrosimeil cratbe paccMaTpUBACTCsS MaTeMaTHIECKas MOJENb (IIBTPAIH CYCIICH3WU B
MOPHUCTOH Cpezie M ee aCHMNTOTHYECKOE PEIICHNE 1M03ai (PPOHTA KOHIIEHTPALUH B 3aBHCUMOCTH OT HECKOJIb-
KMX pacueTHbIX [apamMeTpoB. JlaHHbIE NapaMeTpbl 3aJarOTCS ONPEIEICHHBIMU 3HAYEHUSIMU KOHLEHTpaLUu
B3BCHICHHBIX U YACPKAaHHBIX YAaCTHIl Ha BITYCKC M BBIITYCKE (bI/IJ'[I)Tpa. HpeJlCTaBJ'[eH MCTOJ OLICHKHW COOTBECT-
CTBYIOIIEH HEBSI3KH.

KuroueBbie ciioBa: npodiieMa GpuUiabTpamuu, CyCreH3us, MOPUCTast Cpe/ia, KOHIICHTPAIUSI YaCTHII,
ACHMIITOTHYECKOE peIleHIEe, O0paTHAas 3a7ada

1. INTRODUCTION

Filtration of the suspension in porous media is an
important problem of the underground fluid me-
chanics [1-9]. Suspension is a fluid containing
slurry of tiny particles. Porous media is a solid
body with holes of various shapes and sizes.
These holes form pores - channels through which
the fluid injected into a solid body, percolates
therethrough and flows out from the opposite
side. The suspended particles of the suspension
partially pass through porous media with a fluid
and partially remain in the solid body - the filter
and form a deposit. Mathematical model of filter-
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ing the suspension in porous media is based on
the assumption that the unobstructed passage and
particle capture is determined solely by the geo-
metric ratio of the size of the particles and pores
[10-14]: If the pore size is larger than the size of
the particle, the particle passes through the pore;
If the pore size is less than the particle size, the
particle is stuck at the pore inlet. Consider the
suspension with particles of the same size, pass-
ing through the filter of length /=1 with a uni-
form constant cross-section. The suspension in-
jected at the filter input has a constant concentra-
tion K of suspended particles. In [15] an asymp-
totic solution of the filtration problem is con-
structed. It allows to determine concentrations of
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suspended and retained particles at the filter inlet
and outlet. Comparison of the asymptotics with
given concentrations of suspended and retained
particles at different values of K allows to solve
the inverse problem of filtration — determining
the parameters of the mathematical model of
suspension flow in porous media.

2. MATHEMATICAL MODEL OF
THE FILTRATION PROBLEM

The concentrations of suspended and retained
particles satistfy the quasi-linear system of dif-
ferential equations of the first order [15, 16]

g{g(S)C+S}+3{f(S)C}= 0; (D
¢ ox

oS

=, = AGC. (2)

Here g(0)=g( >0, f(0)=/f,>0,
when § >0.
The problem (1), (2) is considered in the domain

A(S)>0

Q={0<x<1,1>0}.
The boundary conditions are set at the filter inlet

Cx,0)|_, =K, K>0, 3)

and at the initial moment

C(x,1)
S(x,1)

o0=0; 4)
0=0. (5)

The problem (1), (2) has the characteristic line

t—ax:O,a:&. (6)
fo

The concentration front moves in the filter at the
speed of 1/a. When ¢ < ax the concentrations
of suspended and retained particles are equal to
zero; when ¢ > ax both concentrations are posi-
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tive [15, 17]. On the characteristics (6) the con-
centration of suspended particles C(x,?) is dis-

continuous; the concentration of retained parti-
cles S(x,t) is continuous but loses smoothness.

In the domain

Q={0<x<1,¢>ax}

two initial conditions (4) and (5) can be replaced
by one condition on the characteristics [15, 18]:

S(x,t)

(7

o =0

Solution of the problem (1) - (5) coincides with
the solution of the problem (1) - (3), (7) in Q.

3. ASYMPTOTIC SOLUTION

Let the functions g(S), f(S), A(S) are regular

in the neighborhood of S=0 and can be ex-
panded in powers of S:

g(S)=go+g S+, +..., g9 >0; (8)
£(S)= fo+ fiS+ foS* +. fo >0 9)
A(S):A,O +}L1S+..., }\,0 >O. (10)

The solution S(x,?), C(x,t) of the system (1) -

(3), (7) in Q is constructed as a series in powers
of (¢ — ax) with coefficients depending only on x:

c® (x,0) = c(()K)(x) +(t— ax)cl(K)(x) +...,(11)

ST (x,0) = (1 —ax v (x) +

(12)

+(t—ax)2vl(K)(x)+...
Denote
Ay
_ e/ — of _
Po , P1=af1 — &1 (13)
2
P2 =(& —af2), p3=4 - ]}/10.
0
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According to [15] the first terms of the asymp-
totic expansion are

- — (14)
P+ (E - p1)(po)
(o) = Lpz (- (o) )+
(15)
1 X X
+(E—p1 D3 ((Po) ~(po)’ )j(c(()K))}
vt = 20ef) (16)
ﬂ, ﬂoC(K)
K) =%(C(()K))Z+Tl (17)
4. DETERMINING
THE COEFFICIENTS

To calculate the coefficients of the expansions
(8) - (10) we have to define the parameters of
the asymptotics (11), (12). We first find the val-
ue a, by measuring the moment ¢, of suspended
particle occurrence at the filter outlet. Since the
concentration front moves through the filter at a
speed 1/a and the length of the filter / =1, then

a:to.

Denote ng)(t) the known concentration of re-

tained particles at the filter outlet x =1 at the
moment £ > ¢,. Let

Sy = S(l)(O,T), S, = S(l)(l,r+t0) (18)

— the given retained particle concentrations with
K =1 at the filter inlet at the moment T >0 and
at the filter outlet at the moment 7 +¢,. These

values must satisfy the following conditions.

1. Part of the suspension particles is stuck in the
filter and forms a deposit, while the other part
passes freely through the filter
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0<C <K, (19)

2. Consider the specific area S(K)(x,t) of the
filter cross-section, corresponding to one sus-
pended particle - the value reciprocal to con-
centration. We assume that at the moment t the

difference between the specific areas at the filter
inlet and outlet

1 1

(K)
s (1,19) - 1
CiR)(ty) K

550,10 = (20)

decreases monotonically with increasing pa-
rameter K.

3. The concentration of suspended particles in
the suspension at the filter outlet increases with
time because the amount of free small pores of
the filter, where particles are stuck decreases

CE(t+AD)>C @) for At>0. (21)

4. Concentrations of suspended and retained
particles satisfy the relationship

(c“) (o)) 22)

To determine the parameters (13) by the values
of suspended particle concentration at the filter
outlet let us fix K =k <1 and a small Az>0.

Theorem 1. For sufficiently small A¢> 0 under
the assumptions (19) and (20) the parameters
(13) are uniquely determined by

4 :Cé ) (to)» Ay = C(k)(fo),
B =C{) (g +AY), By =C)(tg+Ar) . (23)
Proof. 1. Parameters p,, p; can be expressed

through the values of 4;, 4; from (11), (14) at
x=1 B t= to .
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1
V(1,1 =cP ) = = 4, (24)
0 p1+(-p)po
O (1,1) = (1) = ! = 4, (25)
+ o
1+ ( i P1)Po
From the system (24), (25)
10
4, A
po="—1%. (26)
-
k
b1
k4, A
pl = 1 1 lk 1 (27)
(—-D-(—-)
A 4,k

The assumption (20) implies that at 0 <k <1
the denominator of (27) is different from zero
and the parameter

1 1 1 I 1
4 4 VG
1—— 1——
k k

Let us show that the denominator of (14)
1 x
Z(x)=p + (%—Pl)(Po)

is different from zero for all x > 0. From (19)
and (20)

@_QKI_Q
k)\ A k
l—p— k >0.

| 1 1
(Z_l)_(fk")

k

Since Z(0) = % and

Volume 11, Issue 1, 2015

, 1
Z'(x) = (%—pl)(po)x In py >0,
then

Z(x)>% forall x>0. (29)

Therefore, the expression (14) is defined and
uniquely determined by the parameters (26),
(27) forx =2 0.

2. Parameters p,, p; can be expressed from
(11) at t =1y + At.

YA,z +A0) =P+ P (A, (30)
CO A, +A0) =P M)+ P DAL (31)

Substituting (15) into (30), (31) and using (24),
(25), we obtain a system of linear algebraic
equations for determining the constants p,, ps:

(P2 + (= p)p3py — (P2 + (1= p)p3)Po ),
(32)
B, = A4, +(4, P Ar-

: (Pz +(1= p))pspo - [Pz + (% - pl)szPS J

Simplifying the system (32)

P21+ po)+ p3(1— p1)py =

1
I LI - .
Pa( +Po)+P3(k P1)Po (1= po)d, P

Determinant of the system (33)

(I+po) (d=pppy

1
(1+ o) (%—pl)po =+ PP =D 20,
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therefore, the parameters p,, p; are uniquely
determined. This proves Theorem 1.

To find coefficients A, 4; the asymptotic for-

mula (12) should be compared with a given
concentration S of retained particles at the filter
inlet and outlet.

Theorem 2. For sufficiently small 7 >0 under
the assumptions (19) - (22) the parameters A,

Ay are uniquely determined by the values (18),
(23).

Proof. Substituting (16) and (17) into (12) at
t=7t,x=0andatt=7+¢,, x=1

2
S(o,r)zzOHM,

34
5 (34)
S(,7+15) = AgelP (D7 +
(35)
+ %(,11 (cgl>(1))2 + cl(l)(l)) 72
From (18) the following system is obtained
Jor(1+ }“1’) So: (36)

/102'[0(1)(1)+£/11 ( (1)(1))z cl (1)] J: S, (37)

From (23), (24), (30)

Al

' M=4, ()= (38)

After substituting (38) into equation (37)
A 2, B, -4
ol 4+ L4 1~ j =S, (39
Ao ( | ( 5 A AL 1 (39)
we find the solution of the system (36), (39):

S1=Sod”
- 47 J
o\A =47 + (B — A u

Ao = (40)
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2(So 4y +So(By — 4 —S))

by = ! . @D
(81 =So4;")
T
where u = A"
From the assumptions (19) and (21)
0< A’ <4 <B <1, (42)

and the denominator of (40) is positive. Accord-
ing to (22), the numerator of (40) and the de-
nominator of (41) are positive. Therefore, ex-
pressions (40) and (41) are defined, and 4y > 0.

Theorem 2 is proved.

Found coefficients A,, 4; and combinations of

coefficients
Ao
a &,po=ef°, P =afi— &1,
Jo
P2 =4 (g2 —af2), P3 =4 —2];:0

allow to determine sequentially the following
coefficients of expansions (8) - (10):

- (h—p3)fo.
22,
—af, =%.

fo=—/10 ; 8o =dafy:
In p,

g =afi—p1; & (43)

Coefficients g,, f, are included in the asymp-
totic terms (14) - (17) only in the form of com-
bination g, —af, . These parameters can be
found from the next term of the asymptotics
(11). When using only first two terms of of the
asymptotics, we can put

g2:&’ fZZO'

44
2 (44)
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5. ACCURACY EVALUATION
OF THE FOUND COEFFICIENTS

A simple system

a_C+a_S+a_C=O; (45)
ot ot Ox

oS

D _(-s)C 46
o (1-5) (46)

with boundary conditions (3) - (5) for K =k
has an exact solution [19, 20]

0, r<x
C®(x,1)= ke =) ; (47)
k(t—x) X » [>X
e +e -1
0, r<x
SO, =1 =9 _1 . (48)
k(t—x) x » I>x
e +e -1
The coefficients of expansions (8) - (10) are
go=Jso=1, &i=&=/=/=0,
ﬂ():l, le_l, toza:l (49)

Coefficients (49) correspond to the following
values of the parameters (13):

Po =6, plzoa Pzzoa p3:_1' (50)
The solution (47) and (48) allows calculating
the exact values of concentrations of suspended

and retained particles at the inlet and outlet of
the filter

D) =CEu) =4 =2 (51)
CO 1,1y + Aty = CL (8 + AP =

Py (52)
=5 = kA +e—1;
sV (0,7)=S8, = el (53)

e‘[
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ef -1

SO z+1))=8, = (54)

ef +e—1

It is easy to verify that the obtained values satis-
fy the conditions (19) - (22).

Parameters of the expansions (14)-(17) can be cal-
culated by the values (51)-(54). (26), (27) implies

that parameters p, and p; coincide with (50):

po=e, p;=0. (55)
From (32), (33)
_ Skt k(- fD)
P2 entk-1 BT k- (36)
2 kAt
h i) = e (e —1) .
where 700 AL (™ +e—1)
The limit
lm f(k)=", (57)
At—0 k
SO
pr >0, p3 > -1 at At > 0. (58)
From (40), (41) the coefficients
Ao—1, 4 —>-1 (59)

when At —> 0, 7— 0. Thus, the limit values
found are identical with (49), (50). The figures
show the boundaries of the values k, Az, 7,

providing a given accuracy ¢ of determining the
coefficients (49).

6. CONCLUSIONS

Coefficients of the filtration problem describing
the suspension flow in a porous media are deter-
mined by comparison of the asymptotic solution
with the given concentrations of suspended and
retained particles at the filter inlet and outlet.
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For a simple system having an exact solution, it
is possible to estimate the unrecoverable error of
the method associated with the mismatch be-
tween the exact solution and its asymptotics. In
general, concentrations of suspended and re-
tained particles must be found by experiment.
Note that the measurement errors of laboratory
experiments to determine the particle concentra-
tions also affect the accuracy of finding the co-
efficients.
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STRESS STATE OF EARTH DAMS WITH ACCOUNT
OF RHEOLOGICAL PROPERTIES OF SOIL AND WAVE
REMOVAL OF ENERGY THROUGH THE FOUNDATION

Mirziyod M. Mirsaidov, Tohirjon Z. Sultanov
Tashkent Institute of Irrigation and Melioration, Tashkent, UZBEKISTAN

ABSTRACT: A detailed review of the problem of wave removal of energy from the structure to the foundation
is given in the paper. General statement, methods and algorithms of solution of different dynamic problems for
heterogeneous viscous-elastic systems with account of non-reflecting conditions on the boundary of finite area of
the foundation (the condition which ensures energy removal from the structure to the foundation in the form of a
wave) are given. Viscous-elastic properties of soil of the structure and the foundation have been taken into
consideration. The possibility to use non-reflecting conditions was shown on the example of tests problems.
Results of the studies of steady-state forced vibrations for discussed problems have shown the possibility to use
finite area of the foundation when non-reflecting conditions are absent on the boundary in exclusive cases only,
when the frequency of external effect is different from artificial natural vibrations of discussed finite area; the
use of non-reflecting conditions on the boundary of finite area allows to avoid an artificial resonance,
unavailable in reality. Dynamic behavior and stress-strain state of earth dam was studied with account of
viscous-elastic properties of material of the structure and the foundation with wave removal of energy through
the boundaries of finite area of the foundation under two-component kinematic effects, applied to the foundation,
and under explosive load, applied to the crest of the dam.

Keywords: earth dam, dynamic behavior, stress-strain state, finite area of the foundation,
non-reflecting conditions, wave removal of energy, rheological properties of soil

HAITPA KEHHOE COCTOAHUE 3EMJISAHBIX IIJIOTHUH
C YYETOM PEOJIOTMYECKHX CBOUCTB I'PYHTA
1 BOJTHOBOUM YHOC YHEPI'MU YEPE3 OCHOBAHUE

M.M. Mupcauoos, T.3. Cyrmanos

TamkeHTCKUIT HHCTUTYT Uppuranuy 1 Memuoparwd, T. Tamkent, Y3BEKUCTAH

AHHOTAIIUS: B Hacrosimieit ctaThbe JOCTATOYHO MOJPOOHO PacCMATPUBACTCS YHOC SHEPTHU COOPYIKCHHS
Yyepe3 OCHOBaHME. B 4acTHOCTH, IpeACTaBICHBI 00MIast IOCTAHOBKA, METOIBI M aJTOPUTMEI PEIICHUS Pa3THIHBIX
JMHAMUYECKUX 3a7ad [Js HEOAHOPOIHBIX BSI3KO-YIMPYTMX CHCTEM C YYE€TOM HEOTPaXKaloIIUX YCIOBUS Ha
TpaHUIlC KOHEYHOH 00JIacTH, 3aHUMaeMON OCHOBaHHEM. V3710:KEHHE BEJCTCS C YIETOM BSI3KO-YIPYTUX CBOHCTB
COOTBETCTBYIOIIETO 00BeKkTa. BO3MOXHOCTh MCIOIB30BAHUS HEOTPAXKAOUINX YCIOBHH MOKAa3aHO Ha TECTOBBIX
TIpUMepax.

KiroueBble cjioBa: 3eMiIsiHas TUIOTHHA, JHUHAMHUYECKOE MTOBEICHHE,
HaINpsHKEHHO-1e(OPMUPOBAHHOE COCTOSIHUE, KOHEUHAst 00J1acTh (PyHaMEHTa, HEOTPAXKAOIIME YCIIOBHS,
BOJIHOBOH YHOC 3HEPTHUH, PEOJIOTHYECKHE CBOMCTBA IPyHTa

INTRODUCTION which in spite of its simplicity in design does

not allow to consider a number of physical
In study of soil - earth foundation interaction the effects, connected with inertia properties of
model of Winkler’s foundation is often used; earth foundation. The model of elastic half-
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space lacks this shortcoming, but due to
mathematical complexity does not allow to
obtain an analytical solution in closed form,
except for a number of particular problems.

In assessment of dynamic behavior together
with above mentioned factors it is necessary to
take into account wave removal of energy from
the structure to infinite earth foundation.
Solution of this problem becomes more
complicated if to consider rheological properties
as well (creeping and relaxation), permitting to
account internal dissipation in material of the
structure and foundation.

A lot of existing models, which account
structure-foundation combined work, even in
elastic cases do not describe dynamic process of
energy removal into infinity. Therefore for
infinite foundation in numeric calculations it is
necessary to use non-reflecting boundary
conditions on fictitious (artificial) borders of
design area [1,2].

There is a sufficient number of works where it is
offered to use non-reflecting conditions on the
border of finite area of the foundation.

In [3,4] to substitute infinite area of the
foundation by finite one it is suggested to use
the conditions of viscous boundary (dampers)
on the contour of finite area. Optimal value of
viscosity coefficient was determined for the
conditions of viscous boundary. The process of
shear wave propagation in infinite area was
studied. Vibrations attenuation, when installing
wave barriers in the form of ditches and
drainage, was revealed.

The method of exclusion of wave reflection
from the contour of discussed finite area was
offered with combination of Dirichlet and
Neiman boundary conditions [5]. These
conditions were chosen so as to completely
exclude wave reflection.

In [6] conditions are used which account wave
passing through area border in solution of plane
problem on wave propagation from the stamp,
located on the surface of half-space.

In [7,8,9] absorbing boundary conditions are
offered, based on special approximations of
scalar and vector wave equations. Further these

Volume 11, Issue 1, 2015

conditions are developed for basic class of wave
equations, but is it noted that they are realized
with difficulty.

In [10] a problem is considered on axis-
symmetrical vibrations of flexible ring, located
on viscous-elastic layered foundation. For
approximate solution of the problem a cylinder
area is marked out under the ring; the borders of
this area emit energy into surrounding medium.
Damping properties of the system are analyzed
under different frequencies of excitation.

The authors in [11] consider unsteady-state
vibrations of subway tunnel under seismic
effects. Infinite area is reduced to finite one by
special condition on the contour.

The authors in [12] by finite elements method
solve linear problem on interaction of
Rayleigh’s surface wave, propagating in sandy
medium with rigid partially embedded structure.
The authors discuss in details the problem of
simulation of wave propagation through
imaginary restricting contour.

In [13] vibrations, stress state and stability of
foundation bases under machines are studied
with the use of non-reflecting boundary
conditions for finite area of the foundation. It is
noted that vibration attenuation is caused by
both energy absorption by soil and elastic waves
withdrawal from the foundation to the base.

In [1,14-18], different one-dimensional, plane
and axis-symmetrical dynamic problems for the
structures with the base are solved with the use
of non-reflecting boundary conditions on the
border of finite area of the foundation (with
account of wave removal of energy). Here
different types of non-reflecting boundary
conditions and viscous-elastic properties of
material of the structure and the foundation are
used.

In [19], radiation conditions for longitudinal and
transversal waves in elastic foundation are used
in solution of dynamic contact problems.

In [20], interaction of structures of nuclear
power plant with the foundation is considered
under seismic effects with non-reflecting
boundary conditions in finite area of the
foundation.
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In [21] an efficiency of passive vibration
insulation in viscous-elastic foundation under
harmonic effect caused by passing subway
trains is studied. The statement of the problem,
solution methods and conditions of non-
reflecting boundary, given in [1], are used in
solution of this problem.

In [22] functional was built for numeric analysis
of dissipative systems; it permits to account
hysteresis in soil and energy emission in the
foundation by elastic ~waves. Practical
recommendations are given to account dynamic
interaction of the foundation with rock mass.
Fundamental work [2] is devoted to the problem
of statement of correct boundary conditions on
artificial borders of design area, to mathematical
substantiation, analysis and their efficiency in
solution of concrete problems. A great number
of published papers dealing with artificial
boundary conditions have been analyzed.

In [23] for numeric simulation of the structures,
interacting with the foundation under seismic
effect on the border of heterogeneous soil
massive of restricted dimensions, an absorbing
boundary conditions are wused. Essential
influence of absorbing boundary condition on
the change of stress-strain  state of
heterogeneous restricted soil massive is shown.
In [24] in solution of the problem on dynamic
effect, the waves, reflected from lower border of
conventionally marked out finite sub-area, are
excluded. At such approach excluded part of the
foundation is simulated by relatively simple
system; its parameters are chosen from
phenomenological properties of the foundation.
In [25] in evaluation of dynamic behavior of
certain earth dams an aspect is discussed of
necessity of exclusion of reflected waves from
the border of finite area of the foundation; to do
so some special conditions are used in solution
of certain problems.

In [26] in development and formation of strain
monitoring of engineering structures a design
scheme “earth base - foundation - structure” is
used with non-reflecting conditions on the
border of finite area of the base.

In [27] artificial non-reflecting conditions on the

Mirziyod M. Mirsaidov , Tohirjon Z. Sultanov

border of design areas of the base are used for
numeric simulation of impact interaction of the
bodies with frozen soil.

In [28] solution of different dynamic problems
for viscous-elastic systems “structure-base” is
considered with account of non-reflecting
conditions on the border of finite base. In study
of steady-state forced vibrations, the possibility
to use non-reflecting conditions, ensuring
energy removal from the structure into infinity,
was shown.

This is a review of only few works devoted to
the problem of investigation of dynamic
behavior of the structure together with the
foundation, using artificial non-reflecting
boundary conditions, ensuring energy removal
into infinity in the form of a wave, on the border
of finite area of the foundation.

1. STATEMENT OF THE PROBLEM

Consider plane heterogeneous viscous-elastic
system (structure + foundation + base), which
consists of deformable body with volume
V=Vi+ V2+ V3 + Va and deformable half-space
(Fig.1). Material of deformable heterogeneous
body and half-space in general case is viscous-
elastic one, that is, possesses rheological
properties, while physical properties of their
components differ from each other. On the
border of division of the elements of the system
the displacements, normal and tangential (to the
surface of division) components of stresses are
continuous. Considered structure is a massive

one, so in calculations body forces f and

different force effects, applied to arbitrary
surface 2, are taken into account.

The problem consists in determination of
dynamic behavior and stress-strain state of
heterogeneous viscous-elastic system (structure
+ foundation + base) under different dynamic
effects.

Discussed problems are set for finite area (Fig.
1) of volume V+Vs (Vs — is a volume cut out
from half-space) and restricted by the surfaces
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Figure 1. Design model of heterogeneous viscous-elastic system.

> +Xf +23 with non-reflecting conditions
on them.

To describe dynamic processes, occurring in the
system (Fig.1) the principle of possible
displacements is used; according to it the total
of works of all active forces, including inertia
forces, in possible displacements equals to zero:

A=~ [o,06dV— [p,udidV+

V+Vs

+  [ouv,suds+| fsudv+
\

DIRESINES 34

V+V;

(1)

+jﬁ5ﬁdz=0.
z

p

In the statement of the problem the following
aspect were used:

- to describe the connections between tensor of
stresses o, and tensor of strains ¢, Boltzman-

Volterra’s linear hereditary theory of creeping is
used [29]:

t

i =2G, ey—IFGn(t—T)ey(f)df ,
0

i (2)

0,i#j
Li=j =

1
c=K0, c=-0,, S, =0, 0
n 3 ij ij

el'j:gl'j

_195,‘ -
3

. 1
ij 6=§€

i ° ij

iaj =1>2a
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- with A.R.Rjanitsin’s kernel [30]

Ig, (6)=4e "t " (0<a<1), )

- Cauchy’s correlations, connecting components
of strain tensor ¢; with components of

displacements vector u :

1 Ou; Ou

J
i =—| —+—=01, 4
) ox;  Ox; ®)
- non-reflecting conditions [1,14]
. <: Ou, A
XxeX;: ii_ii—();
ox, c, Ot
XxeX;:u =0. (5)

ensuring passing of Rayleigh waves through
borders of finite area Vs (5).

Here: u, o;— of

displacements vector i = {uy,u,}, tensors of

Eij» components
strains and stresses, respectively; Ou , 551]-—
isochronic variations of displacements and
strains; p,, — density of material of n-element of
the system; )7 — vector of body forces; p —
vector of external loads; v; — directing cosines
of external normal; K., G, — instantancous
modulus of volume and shear strains; Sij-,ey -
components of deviator of stresses and strains;
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o — spherical part of stress tensor; 8 — volume
strain; I G, — kernels of relaxation; A,a,f —

parameters of the core, determined from
experiment; ¢, — velocities of Rayleigh wave
propagation in half-space (when considering
viscous-elastic properties of base material these
values are complex ones); J; — Kronekker’s

symbol; »n=1,2,3,4,5 — numeration of the
element of the system; i,j=1,2; u = {ul,uz}.
Steady-state  and  unsteady-state = forced
vibrations of heterogeneous viscous-elastic
system are considered (Fig.1). All discussed
problems are solved by finite elements method
(FEM) with subdividing the area V+JVs in
different types of finite elements. In solution of
concrete problems subdivision of the area V+V's
(Fig.1) in finite elements is carried out with
account of specific features and physical-
mechanical properties of material of different
parts of the system.

2. METHODS AND ALGORITHMS
OF SOLUTION OF THE PROBLEM

2.1. Steady-state forced vibrations

Under long-term harmonic effect 1initial
conditions do not influence on the motion of the
system. In this case dissipative properties of
heterogeneous viscous-elastic system (Fig.1)
become apparent mainly in resonant modes.
Resonant amplitudes of displacements and
stresses are used as quantity assessment of
intensity of dissipation processes.

In consideration of the motion an application of
the procedure of FEM reduces the problem to
the solution of the system of algebraic equations
with complex coefficients, that is:

([R]- iefc]-o2[m]) @= )+ 11},

Here: [M ] — 1S mass matrix; [I? ] — stiffness

matrix and [5

(6)

— matrix, which accounts wave

removal of energy through the border of finite
area; () — given actual frequency of external

Mirziyod M. Mirsaidov , Tohirjon Z. Sultanov

effect; {ii} — vector of sought for complex

amplitudes; {r} - amplitude vector of periodic

effect; {F } — total vector of external loads

(body forces, hydro-static pressure, etc.).

When writing the equations (6) Volterra’s
integral operator in (2) is substituted by
complex correlations [31,32], with infinite
lower limit of the integral. Therefore the

elements of the matrices [I? ], [5 ], that 1is,

ki,c; are complex values, which depend on

Q.
Algebraic  equation (6) with
coefficients is solved by Gauss method.

complex

2.2. Unsteady-state forced vibrations

At short-term dynamic effects in heterogeneous
viscous-elastic system (Fig.1) there appear
unsteady-state forced vibrations; their study
permits to determine maximal values of
displacements and stresses in the structure
during the whole process of the effect and to
reveal the most stressed sections in the system
with account of different parameters of material
and structural features of the structure.

For this case discussed problem for the system
(Fig.1) with the procedure of FEM is reduced to
the solution of the system of linear integral-
differential equations:

[M]{"( )+ [C]{um} [K]{u 0= ()
+{ro}+[ T, Ku(r)ldr
with initial conditions
wO)=1{uo ), 1(0)}=1vo}- (8)

Here [M], [K] - are mass and stiffness matrices
of the system; [C]- matrix, considering wave
removal of energy; {u(t)} - vector of sought for
amplitudes of displacements; {r(:)} - vector of

dynamic load; {F } - total vector of static loads
(body forces, hydrostatic pressure, etc).
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Figure 2. Vibration amplitude of half-space surface under vertical harmonic effect.

To solve the system of integral-differential
equations (7) at initial conditions (8) the
procedure of Newmark’s method is used
[33,34].

3. RESULTS OF INVESTIGATIONS

Problem 1. Solution of Lamb’s axis-symmetric
problem for elastic half-space with rigid round
stamp, installed on the surface, which performs
harmonic vibrations in vertical direction is
studied. While solving the problem a finite axis-
symmetrical area of Vs volume is cut out from
half-space; non-reflecting conditions (5) are set
on the border of the area.

The following initial conditions have been used
in solution of the problem [36]: the area of the
stamp foot F=65.6m? amplitude of vertical
vibrations of the stamp 4=0.85x10" m; velocity
of transversal waves propagation in soil c2=100
m/s and ratio of the velocity of longitudinal
waves to the one of transversal waves
c/cy = 3.

Experimental data are given in [36], where
wave propagation in soil from the base of a
hammer is studied.

In figure 2 solid line indicates results of
calculations obtained by worked out methods,
and dotted line — experimental results [36]. It is
seen that obtained theoretical results and
experimental data [36] are rather similar to each
other.

So, solution of Lamb’s problem, obtained by the
use of conditions of non-reflecting borders,

Volume 11, Issue 1, 2015

classical solution [37], and results of
experimental data [36] lead to similar results,
which depend on volume Vs of cylinder body.
Carried out studies in solution of axis-
symmetrical lamb’s problem for finite area vs
show that at the absence on the boundary of
finite area of conditions of non-reflecting
borders, at the frequencies of external effects
close to natural frequencies of finite-
dimensional body vs leads to the resonance,
which is not considered in discussed problem
[17, 28].

Problem 2. Plane problem on dynamic behavior
of earth dam together with foundation (Fig.1)
with account of viscous-elastic properties of soil
under non-stationary dynamic effect P(¢) in kH,
changing according to the law and applied from
the distance 25m from the footing of the dam is
considered with the use of non-reflecting
boundary conditions (5) on the border of finite
area of the foundation:

100000 t=0
P(t) =4—250000¢ + 100000 at 0<¢<0.4sek
0 t > 0.4sek
)

The following parameters have been taken in
calculations:

- for the dam: the height A=168.0 m, ratio of
upstream and downstream slopes mi1=m>=2.2 m;
the width of the crest 5=10.0 m; material
properties: Young modulus E=3000.0 MPa;
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Poisson’s ratio v=0.3; specific weight of soil
y=2.2 tf/m’; parameters of the kernel of
relaxation [32]: 4=0.0146; a=0.2; =0.0000057;
- for the foundation: Young modulus £= 3600.0
MPa; Poisson’s ratio v=0.3; specific weight of
soil y=2.8 tf/m’; parameters of the kernel of
relaxation [32]: 4=0.034; 0=0.25; =0.00036.

Solution of the equation (7) at mentioned
parameters has revealed that the waves
originated as a result of applied load P(¢) create
non-uniform field of displacements in the body
of the dam. The beginning of the motion of each
point corresponds to the time of approach to it
the front of the wave, determined by the
distance of the point from the location of
applied load and by velocity of wave
propagation in soil. So the beginning of

Z\

c)

6 3 4 3 2 1

Mirziyod M. Mirsaidov , Tohirjon Z. Sultanov

displacements of dam crest corresponds to the
moment /=0.36 sek. The zone near the footing
of upstream slope and nearest to the location of
applied load is subjected to the greatest strain at
the beginning of the process. With the wave
propagation at the absence of plastic strains the
footing of the slope with time returns to its
initial position.

Figure 3 shows isolines of distribution of
horizontal displacements in the section of the
dam at different moments of time. The wave
from the source located in relative closeness to
the footing of the dam, propagating along the
foundation, first causes the displacement of the
footing of upstream slope (Fig.3a), and then
with time covers more distant areas of the
structure (Fig.3b,¢,d).

A
287 6 3 4 3 2 1

3 : 2

Figure 3. Isolines of distribution of horizontal displacements (m) in dam section at different

moments of time t: (a) — 0.2sec; (b) — 0.32sec; (c) — 0.52sec; (d) — 0.60sec.

Figure 4. Isolines of distribution of principal stresses o1 in dam sections at different moments
of time t: (a) — 0.2sec; (b) — 0.32sec; (c) — 0.52sec and (d) — 0.60sec.
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Figure 5. Isolines of distribution of tangential stresses 12 in dam section at different moments
of time t: (a) — 0.2sec; (b) — 0.32sec; (c) — 0.52sec and (d) — 0.60sec.

Here lower area of upstream slope restricted by
the isoline «1», as a result of wave diffraction
on foundation-slope joint remains immovable.
Isoline with the same index on the downstream
slope (Fig.3b) corresponds to position of wave
front with unexcited (at the moment t=0.46 sec)
area of the dam (right part of the figure) before
it. At the next moments excitation from the load
P(t) completely envelops the body of the dam
and distribution of horizontal displacements is
presented by isolines in Fig. 3a-d. After passing
of the wave strain state of the dam gradually
stabilizes due to viscous properties in soil.

The values of horizontal displacements in
isolines (Fig.3) are increasing with regular
intervals from 0.005m to 0.0m — on isoline «1».
maximal displacements are 0.042m and are
observed in the area, restricted by the line with
index «9».

Stress state of the dam presented by principal
stresses o1 at different moments of time: at the
beginning, in the middle and at the end of the
process is shown in Figure 4. Stress dimension
is MPa.

At the beginning of the process the lower part of
upstream slope is strained; there occurs the zone
of tension with positive stresses 61 (line «2» in
Fig. 4a), which later with wave passing
propagates upward along the slope (Fig.4b,c)
and covers the whole internal area of the dam
(Fig.4c,d).

The value of the stresses o1 in isolines (Fig.4.)
is changing with equal step 0.05MPa: from 0.0

Volume 11, Issue 1, 2015

MPa — line «1» to 0.3MPa — line «6».

Maximal tangential stresses (612) appear on the
surface of upstream slope (Fig.5): first — at its
footing, then along the whole height, which is
fraught with the possibility to originate a
landslide on the slope (Fig.5). Stress value 612
in isolines (Fig.5) changes with the step £0.025
MPa from 0.0 MPa in line «5» to 0.1 MPa in
lines «1» and «9».

Problem 3. Plane problem on dynamic behavior
of earth dam (Fig.1) together with the
foundation is considered with account of non-
reflecting conditions (5) and viscous-elastic
properties of soil under kinematic effect of

acceleration, applied to the location X € X7 :
horizontal

asin(2mpt), 0<t<t
{ii (0} =140, £se (10)
vertical
bsin(27pt), 0<t<t"
{iizo(t)}z 0, t >t (11)

Displacement of different points of the dam in
time was determined under these kinematic
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Figure 6. Changes in time of horizontal (a) and vertical (b) displacements in different points

of the dam, obtained under the effect (10)-(11) with frequency p = @, and t" =2 sec with account
of wave removal of energy and elastic properties of soil.
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Figure 7. Changes in time of horizontal (a) and vertical (b) displacements in different points

of the dam, obtained under the effect (10)-(11) with frequency p~ @, and t* =2 sec with account
of wave removal of energy and viscous-elastic properties of soil.

effects with frequency equal to the principal
frequency of natural vibrations of the structure

(that is, p = @, in resonant mode of vibrations).

Parameters of kinematic effect were taken as
equal to: a=0.1g;, b=0.1g, g=9.8m/s2; time of

effect ¢ =2 sec.

This problem is considered for the dam, built of
local material — an earth-fill one with central
core of loamy soil and side retaining prisms of
sand-pebbles. Its height is H=70 m, the length
along the crest — 589 m, width — 8.0 m. Dam
slopes:  upstream  mi1=2.25, downstream
m2=2.25.

Graphs given below show displacements for
three points of the dam (for the points on the
crest with coordinates x1=0; x>=H, line ;
for the points in core center with coordinates
x1=0; x2=H/2, line - - - ; and for the points in
mid-surface of upstream slope with coordinates
x1=-H/2*my; x2 =H/2, line *-*-*-) under the

effect (10)-(11) with frequency p = @, (the first

resonant frequency) and =2 sec, with account

of wave removal of energy and with/without
viscous-elastic properties of soil.

When considering results of calculation it is
necessary to remember that the origin of
coordinate system is chosen in the base of the
core, axis x/ is directed towards downstream
slope, and axis x2 — vertically — along the
symmetry of the structure.

Figure 6 gives the changes in time of horizontal
- ul (Fig.6a) and vertical - u2 (Fig.6b)
displacements for above mentioned points of the
dam, obtained under the effect (10)-(11) with

frequency p= @, (the first resonant frequency)

* .
and ¢t =2 sec, with account of wave removal of

energy and with account of only elastic
properties of soil of the structure and the
foundation, and Figure 7 — with wave removal
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Figure 8. Isolines of distribution of principal
stresses o1 in dam section in resonant mode

of vibration (p = @, ) under kinematic effect

(10)-(11) after the termination of the effect
at t=2.1 sec, obtained for elastic system with
wave removal of energy.

of energy and viscous-elastic properties of soil
of the structure and the foundation.

Analysis of results (Fig.6) shows that with
account of only elastic properties of soil of
discussed system (Fig.1), an account of wave
removal of energy from the structure to the
foundation ensures certain damping of
vibration, usually not considered in an
assessment of behavior under dynamic modes of
structure operation. When considering viscous-
elastic properties of soil of the system material
(Fig.1) and with account of wave removal of
energy, an essential effect of energy dissipation
in structure could be achieved (Fig.7).

In isolines (Figures 8-9) the value of principal
stresses ol have the following values: «1»-
0.008 MPa; «2» - 0.16 MPa; «3» - 0.24 MPa;
«4» - 0.32 MPa; «5» - 0.40 MPa; «6» - 0.481
MPa; «7» - 0.561 MPa; «8» - 0.641 MPa; «9» -
0.721MPa.

Analyzing the results given in (Figures 8 and 9),
it is seen that at t=2.1 sec, according to the
graph of displacements (Fig.6), horizontal
displacements have a negative maximum, that
is, the dam is deviated towards water reservoir.
Therefore, for elastic system (fig.1) with
account of only wave removal of energy in
central part of downstream slope of the dam
(Fig.8) there appears a considerable principal
stress with positive sign (0.641MPa). When
viscous-elastic properties of system material are
considered as well (Fig.1), the values of
principal stresses are reduced down to the value
0.561MPa (Fig.9).
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Figure 9. Isolines of distribution of principal
stresses a1 in dam section in resonant mode of

vibration (p = @, ) under kinematic effect (10)-

(11) after the termination of the effect at t=2.1
sec, obtained for viscous-elastic system with
wave removal of energy.

4. CONCLUSION

1. Statement, methods and algorithms for the
assessment of dynamic behavior of the structure
together with the foundation are worked out
with account of non-reflecting conditions on the
border of finite area of the foundation and
viscous-elastic properties of material.

2. Solution of model problems has shown that
the use of non-reflecting conditions on the
border of the area of the foundation permits to
avoid inexistent resonances under forced
vibrations of artificially restricted finite area of
the foundation.

3. Study of dynamic behavior of the structure
together with the foundation with non-reflecting
boundary conditions on the border of finite area
of the foundation under short-term intensive
effect has shown that:

- maximal principal stresses o1, appearing in the
lower part of upstream slope gradually
propagate over the whole slope and central part
of the dam;

- maximal principal stresses o2 are reached near
the footing of the dam and during wave
propagation they are displaced along the
foundation directly behind the wave front;

- maximal values of tangential stresses ci2 are
reached on the surface of upstream slope, first at
the footing of the dam and then along the whole
surface of the slope. The center of the dam is
free from tangential stresses;

-during wave propagation in dam a symmetric
pattern of stress state is disturbed (caused by
static effect of gravitation forces); and
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asynchronous motion of its parts occurs, which
then attenuates due to wave removal of energy

and viscous-elastic properties of system
material.
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1. INTRODUCTION

THE ALGORITHM FOR NONLINEAR INELASTIC
OPTIMIZATION OF 3D STEEL FRAMEWORKS
UNDER SERVICEABILITY REQUIREMENTS

Michail Popov, Romanas Karkauskas, Liudvikas Rimkus
Vilnius Gediminas Technical University, Vilnius, LITHUANIA

ABSTRACT: An actual design of 3D steel frames structures must evaluate strength, stiffness and stability
constraints (serviceability requirements) as well as nature of external loading. A design structure must satisfy
optimality and safety criterions. An algorithm to solve optimization problem, incorporating all above described
criterions, taking into account the geometrically non-linear structural behaviour, is presented for the 3D frame
structures. The internal forces of each optimization cycle are obtaining in the previous optimization cycle via
elastic-plastic nonlinear analysis procedure. Obtained forces are employing to obtain the new optimal design
values. The nodal displacements are restricted during the optimization procedures to limited magnitudes in
prescribed directions. The numerical experiment of the two-storeyed 3D steel frame designing by the standard
steel profiles cross-section optimization problem was performed to show possibilities of suggesting solution
algorithm.

Key words: optimization, stiffness and stability constraints, tangent stiffness matrix; elastic-
plastic analysis; displacement bounds.

AJITOPUTM HEJIMHEWMHOMW HEYIIPYT O
OIITUMU3AILIUU TIPOCTPAHCTBEHHBIX
CTAJIbBHBIX KAPKACOB C YYETOM
SKCILTYATAIIMOHHBIX TPEBOBAHUM

M. Ilonos, P. Kapkayckac, JI. Pumkyc

BunbHrocckuil Texuuueckui yausepcureT uM. ['equmunaca, r. Bunsaioc, INTBA

AHHOTAIUA: Ilpu npoeKkTUpOBaHUM HPOCTPAHCTBEHHBIX CTAJBHBIX PE3EPBYapPOB BBINOJHSIOTCS OLEHKH
MPOYHOCTH, )KECTKOCTU M YCTOMYHMBOCTH MPH PA3INYHBIX BAPHAHTaX HArpy KEHUs C yUETOM 3KCIITyaTallMOHHBIX
TpeboBanunii. Heo0X011MMO yI0BIETBOPUTH COOTBETCTBYIOIIMM KPUTEPHSIM ONTHMAIBHOCTH U Oe3omacHocTH. B
HACTOAIICH CTaThE NMPEICTABIICH AJITOPUTM pEIICHHS 3aJad ONTHMH3AIMU C YIETOM MNEpPEUHCICHHBIX BBIIIE
KpUTEPUEB, a TAKKE HETMHENHOIO OBEAECHUS TPOCTPAHCTBEHHOM CTaJIbHON CTEPYKHEBON KOHCTPYKIIMH.

KuiroueBble ci10Ba: onTUMU3ALINS, )KECTKOCTD, YCTOMYUBOCTB,
OrpaHUYEHHE M0 YCIOBUIO YCTOMUUBOCTH, OTPAHUUEHHUE IO YCIOBHUIO HKECTKOCTH,
MaTpula KacaTelbHOU dKECTKOCTH, YIPYTO-IJIaCTUYECKUI pacueT

comprehensive information about

building

The main goal of structure’s optimization
problem is to obtain project, which satisfy
safety, serviceability conditions and design
requirements from various external actions and
loads. It can be provided by having
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structure behaviour in all work conditions and
any moment of existence period. Optimization
problem in such broad concept cannot be solved
by linear theory methods of structural
mechanics. Structure form and size s
considerably varying under certain loads and
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small displacement principle become unreliable.
In addition, Hook's law is not satisfying and
should be substituted by nonlinear relation for
many materials, starting from certain stress
condition level. It is necessary to renounce linear
theory assumptions and use much more broader
and complicated nonlinear theory
generalizations. At first it is necessary to
renounce calculation by unstrained structure’s
condition tolerating small displacements.
Secondly, to obtain structure form and geometry
variation influence on its deflected mode.
Thirdly, to take on the nonlinear stressed-
deformed relation and to estimate appearing
plastic deformations, because large
displacements are obtaining in certain material
structures before plastic collapse and do not
satisfy regular service requirements. Thereby
these above mentioned causes should be
estimated composing structure’s optimization
problems mathematical models.

Building  structures  optimization theory,
methods, calculating algorithms and its’
integration into modern computer simulation
technique and automated design systems were
rather intensive developing for the last thirty
years [1], [2], [3], [4], [5], [6], [7]. It should be
noted that at the present time appeared works
where wused genetic algorithms, based on
biological principles introduction in computer
technologies of structures optimization problems
realizations [8], [9], [10], [11]. Attractive
features of these algorithms is its compatibility
with discrete optimization and it is not require
function derivatives disliked by structural
engineers, which is broad using in classical
optimization methods.

Analysis of performed works allows to
predicate, that structure optimization technique
simultaneously applying mathematical
programming theory, extreme energy principles
and material inelastic features is one of efficient
techniques [5], [6], [13], [14], [15]. Here
material plastic feature estimation is more
exactly reveals structure behaviour in various
load steps and allow produce considerably
efficient project [4], [5], [14], [15], [16], [17]. It
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is worth to mention, that majority of works
based on limit equilibrium theory assumptions
[5], [6]. Obtained optimal structure projects for
this reason satisfying only strength condition,
satisfied by safety condition. It is essential to
note that optimization results according to
plastic collapse criterion is not always decisive,
because optimal structure limit condition state
can be fail even not obtaining plastic collapse
through overestimated inelastic deflections, and
it leading displacements occurring. In addition
optimization problem boundary conditions are
ordinary formulating does not considering codes
of structural design requirements [18], [19]
therefore optimal structure stiffness does not
provide real structure behaviour.

Abovementioned causes bounds practical usage
of limit equilibrium theory in optimal structures

projects  preparation.  Thereby, structure
deflected mode parameters estimation is
necessary in optimization problems

mathematical models. Deformability bounds
define displacements bounds of frame nodes or
single parts. Design constraints define minimal
cross-sections parameters. Structures
optimization allowing all these requirements and
steel inelastic behaviour is one of the major
optimal design problems.
Purposes of this work are:

e To formulate mathematical model for

elastic-plastic  geometrically nonlinear
structures optimization problem;
e To suggest original algorithm for

optimization problem solution;

e To develop frame element’s tangent
stiffness matrix composition technique;

e To solve structure’s optimization problem
subject to displacements boundary
conditions enabling to control spread of
the free plastic deformations;

e To improve efficiency of suggesting
solution  algorithm by  numerical
experiment
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2. THE MATHEMATICAL MODEL
OF OPTIMIZATION PROBLEM

The objective of any structure optimization
problem is to find optimal structure element’s
cross-sections areas A" distribution by &
elements groups when structure geometry and
external actions are known. The optimal
criterion of such optimization problem is the
minimum of the structure’s volume. Forasmuch

in this work investigating elastic-plastic
structure, so optimal criterion should be
satisfled when plastic deformations are

spreading at least in one structure’s element.
Serviceability requirements of the considering
optimization problem should to include first of
all conditions which establish structure’s real
stress-strain state and deflected mode. Such
conditions are defining by using generalized
Lagrange method dependences ([5]). Second,
stiffness conditions should include
displacements boundaries in certain structure’s

nodes by defined directions: u, <u, <u’ (u,
and u, are the codified prescribed lower and

upper displacements variation bounds in ¢
direction respectively). In addition processing of
design boundaries for elements stability or

lower variation limits S”” of internal forces
0

factors can be also used besides mentioned
requisite conditions. All it bounds free
distribution of inelastic deformations in
structure’s elements. Therefore elastic and
plastic deformations depend on residual internal
forces §, and residual displacements u

appearing in optimal cross-sections of
structure’s elements. Structure is not reaches
plastic collapse, if any of abovementioned
boundaries become active.

In such way formed optimization problem
mathematical model is writing ([5]):

56

Michail Popov, Romanas Karkauskas, Liudvikas Rimkus

find
V(4,)—> min,
subject to

f(8..8..8,(4,)) <L,
[4,]8,=F-[4,]S.,
[D,]8,~[4,] u,+ (1)
(V' f(S..5..5,(4,))]2=0
N(1-£(5..5,.8,(4,)))=0.

- +
u, <u,, +u, u,

rit —

S, (4,)=8",2>0,
k=12,...,s.

where [Dn] is structure’s flexibility matrix
considering variations in the geometry of the
structure; [An] is matrix of coefficients of

equilibrium condition considering variations in
the geometry of the structure; F is the vector

of external forces applied to discrete model
nodes of the structure; 4 is the vector of
Lagrange multipliers; S, is the vector of elastic

response internal forces; u, is the vector of

elastic response displacements; S, is the

vector of prescribed lower carrying capacity
bounds of structure’s elements cross-sections.

It is nonlinear mathematical programming
problem which direct solving is rather
complicated. Reason of complication is Kuhn-
Tucker complementarity conditions, i.e.

equations 4 (I—f( SE,Sr,SO)) =0.

To avoid mentioned complications authors
suggest splitting problem solution in three
stages:

1. Nonlinear elastic analysis;

2. Elastic-plastic nonlinear analysis;

3. Structure cross-section optimization.
Further detailed explanation of suggesting
algorithm stages is presented.

International Journal for Computational Civil and Structural Engineering
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Figure 1. Internal forces and displacements of the space frame finite element in the local x'y'z'

coordinate system.

3. THE NONLINEAR ELASTIC ANALYSIS

The structure’s nonlinear elastic analysis is the
first stage of the suggesting algorithm. The
structure’s behaviour is describing in nonlinear
way, when large displacements are investigating
in the loaded structure. Thus nonlinear members
appear in displacements dependencies. The
tangent stiffness method is applied to solve main
equation of the elastic computation nonlinear
analysis:

(K Ju.=F, (2)

where [KT] is the structure’s global tangent

stiffness matrix.
Results of the problem (2) is u, and . First

stage problem is solving in optimization
problem iterative cycle, when cross-sections
areas A and axial inertia moments [
dependencies on cross-sections are specified. To
solve equation (2) structure’s tangent stiffness
matrix should be evaluated. Structure’s small
displacements (elastic) stiffness matrix is
usually presented in literature ([20], [21]), but
full expression of the tangent stiffness matrix is
usually skipped.

Short review of tangent stiffness matrix [ |
obtaining technology for 3D beam-column
element (Figure 1) is presented in [24].

Authors made symbolic calculations by using
MATLAB Symbolic Math Toolbox to obtain
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space frame element’s tangent stiffness matrix
expression.

Newton-Raphson force control method is used
for numerical realization of the tangent stiffness
method nonlinear equations system (2) solution.
These method mathematical calculation
procedures are often presented in the literature
which is observing numerical methods ([25],
[26]). Application of this method to obtain
values of elastic calculation nonlinear analysis is
more widely presented in [23] work.

4. THE ELASTIC-PLASTIC NONLINEAR
ANALYSIS

It is the second stage of suggesting optimization
problem solution algorithm. The formation and
solution features of such problem are more
widely presented in the work [24].

find
max — %sf [D,]S, - ST[D,]S,
A(1-£(S..8,.8,))+u F -
AIVF(S..S,.5,)](5.+5,.), 3)

subject to
[D,]S,—[4,] u, +
(V' f(S..S,.8,)]|4=0, 220.

57



The problem (3) is the convex nonlinear
mathematical programming problem, which
main unknowns are S, u, and 4 vectors. First

two vectors allow to obtain real internal forces
S and displacements u. Lagrange multipliers
/4 vector allow to obtain structure’s cuts, in
which plastic deformations occurs.

5. STRENGTH CONDITIONS

For the 3D structures it is significant to use
strength conditions including not only tension-
compression strength, but also the strength of
the structural element, bending about both axes,
as well. Strength condition for a complex stress-
strain state is usually given in the design codes
and specifications regulating the design of
building structures ([18], [19], [22]). But as
reveals work [24] usage of codes specification’s
strength conditions gives results strongly
inaccurate from the real stress-strain state.
Though the strength conditions are provided by
the design codes and specifications, the efforts
of various researchers were made to accurately
reflect a complex state of strains. The example
is the Orbison’s full plastification surface of
cross-section ([12]), which grafical view is
presented in Figure 2 and described as follows:

121,15p7 +m} , +m.  +3,6Tpim.  +
P Q)
2

z,j?

6. 2 4
3,0p;m; ;+4,65m, ,m
where P; :R/Pyj > my; :My,./' /Mpy,j (a
»strong* element cross-section axis (Figure 2));
m,, =M_, /Mpz’j (a ,,weak™ element cross-
section axis (Figure 2)); P, is an axial force

applied to the element of the structure at the j-th
cut and P, is the limiting axial force for

tension or compression at the j-th cut; M, and
M

bending moment about the cross-section’s
“strong axis” at the structural element’s j-th cut;

Ly are the bending moment and the limiting

58

Michail Popov, Romanas Karkauskas, Liudvikas Rimkus

M. and M _.
5] pz,]

the limiting bending moment about the cross-
section’s “weak axis” at the structural element’s

Jj-th cut.

are the bending moment and
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Figure 2. The full plastification surface
according to the Orbison’s strength conditions.

Local elements’ stability is checking by formula
(4) when the compression members are loaded
up to their critical forces values. Critical forces
values for two axes of cross-section can be
obtained by specifications’ regulating the design
of building structures requirements ([18], [22]).

Global structure’s stability is checking by
calculating determinant of all structure’s tangent

stiffness matrix [KT] at first stage’s Newton-

Raphson force control method last iteration.

6. THE STRUCTURE CROSS-SECTIONS
OPTIMIZATION PROBLEM

It is the third stage of suggesting algorithm. At
this stage obtaining new optimal projecting
parameters (areas of cross-sections) by using
information of the real structure’s deflected
mode and stress-strain state. Third stage
optimization problem mathematical model is
writing:
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find find
V(A)— min, L"S, (A™) — min,

subject to 5) subjectto
f(S.S.S(A)) <1, ( f(Se,Sr,SO(Pkm”))Sl, ")
u <y <u, A =A™, AS =F-AS,

t=12,..m k=12,..s SO(A“”)ZO,k=1,2,---S

where A™ is the lower bound of designThis problem practically must be solved by
requirements. Optimization problem (5) is iterations.

nonlinear convex mathematical programmin@ome words about obtaininglisplacements
problem having global extremum ([23]). boundariesu, andu; . It can be made by using
For the §) problem displacements boundary,,sssections obtained at the resuf (7)
conditions it is worth to obtain real structureproblem and changing applied load ratio. Upper
displacements for displacements boundaries. 4t ,nds of the displacements can be obtained by

can be obtained by using formula: using insignificantly smaller load ratio than it
was used to solver) problem and solving2)
s . .. .
u=Su.lt Ta 6 and @) pr(_)blems, ie. ot_)talnlng dlsplaceme_:nts
‘ kZ:;‘ ”‘[ “k} nk ©) occurred in structurebeing prior to plastic

collapse (Figure 3u, . displacemets leve).
where u,, is nonlinear elastiplastic analysis Then obtaining displacements when the first

element’s nodal real displacements in t direction Plastic hinge is occurs(Figure 3, wu;,
vector from specified external load, obtaininglisplacements level)lt results by decreasing
by solving 8); [IgTJ is the element tangent'oad ratio and performing2) and @) problems

_ s o _ solution. Such values are lower bounds of
stiffness matrix, combining required cressgisplacements, . displacements corresponding

sections A T, is element’s nodal elastic response. Thus, that limits of the

displacements vector, estimated from singul&isplacements for 5 problem should be
force, applied in bounded displacemerfpetween these limit values:

direction, considering structure’s discrete model FA
change by obtained plastic deformations
distribution. Fo e

. . . . pl,c
Crosssections deghn requirements A™" for

problem 6) can be obtained by using
specifications’ regulating the design of building
structures requirementsr it can be made by Fianf---
solving optimization problem of the structure
being prior to plastic coll@e. Mathematical
model of such structure optimization problem
writing ([7]):

3

ul,pl h Ut_ ut,start Ut+ upI,c U:
Figure 3. Bounds for displacement in t
direction.
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+

+ + + .
whenu, >0,sou, ,, <u’ <u, ;

®)

whenu, <0, sou, ,, =u; 2u,..

It should be made for good convergence and
efficient mathematical model usage.

7. THE NUMERICAL EXPERIMENT

A two-storeyed space frame structure was
chosen to illustrate suggesting optimization
algorithm possibilities. Frame geometry and
external load distribution is presented in Figure
4. Forces magnitudes are: P=375kN,
H =150kN, H,=75kN and H,=37,5kN.
Structure elements are grouped by cross-section
areas in 4 different groups. This distribution is
presented on Figure 4. Material for all elements
is the steel with following physical parameters —
modulus of elasticity £=206,85GPa, yield

strength f, =250MPa. Geometrical non-linear

deformable behaviour is considering.

K

1,76 m

|Vl
A

‘Vk

Figure 4. Two-storeyed frame discrete model.

The created FEM discrete model contains 20
nodes with degree of freedom equal 96 and

Michail Popov, Romanas Karkauskas, Liudvikas Rimkus

combines two finite elements types, ie. 8
columns elements and 16 beams elements. All
of them are assumed to be the compressive-
tensile-torsional-flexural in two axial directions.
The total number of all structure’s internal
forces is 144.

For the suggesting algorithm numerical
realization it is necessary to get relationships
between elements’ cross-sections geometrical
parameters:

—_ b/(,:
Z, = ak,zAk

where Z, is the any considering cross-section

geometrical parameter of the & group elements;
A, 1s the cross-section area of the k group

elements; a, . and b, _ are relation coefficients

were obtained for Z, cross-section geometrical

parameter for k& group elements. The hot rolled
American wide flange W type cross-sections
profiles were chosen for optimization problem.

Shortly observe two-storeyed frame
dimensional instability (displacements)
boundaries. Optimizing cross-sections lower
limits are obtaining from limit equilibrium
problem (7) solution. Result was obtained after
5 iterations: A" =90,64cm’;
A" =64,08cm’; A" =66,47cm’;
A" =68,96cm” . these
values and load ratio y=0,9, are solving

For cross-sections

analysis problem (3) and obtaining frame
displacements upper bounds (displacement
values prior to plastic collapse):

by horizontal direction (by x axis) direction — at
the two-storeyed level (node “1”, Figure 4)

= uel,x + url,x = 1761 + 0593 :2954 Cm;

ul,x,max

by vertical direction (by y axis) — deflection of
the middle node of first fool beam by “B” axis
(node “2”, Figure 4)

= uez,y +ur2’y = _0,44_ 0,14: —0,58 cm.

uZ,y,max

60 International Journal for Computational Civil and Structural Engineering



The Algorithm for Nonlinear Inelastic Optimization of 3D Steel Frameworks Under Serviceability Requirements

Figure 5. Two-storeyed steel frame deformed
shape under applied load and plastic hinge
distribution dynamics.

Further by decreased load ratio y=0,6 solving

analysis problem (3) and obtaining first plastic
hinge occurrence place. First plastic hinge
occurred in the top of the column element on
two-storeyed level at “2” and “B” axes
interception (Figure 5). For such stress-strain
state displacements values are:

ul,x,min = uel,x + url,x = 1’23 + 0’14 = 1737 cm,
Z’lZ,y,min = ueZ,y + ur2,y = _0934 - 0301 = _0335 cm.
It is frame displacements variation lower

bounds. Thus bounds variations of presented
problem conditions should between this limit
bounds:

1,37ecm <y, =1,5cm <2,54cm,

-0,58cm<u, , =-0,5cm <-0,35¢cm,

what ensure elastic-plastic state of structure
work.

Volume 11, Issue 1, 2015

Table 1. The optimum volume of two-storeyed
steel frame solution convergence per iterations.

=

:‘g Ai, A», As, Ay, vV,
g (cm’) (cm’) (cm’) (cm’) (m)
]

0 104,24 73,69 76,44 79,31 0,311
1 115,58 95,12 79,26 91,50 0,353
2 102,74 84,08 75,43 70,15 0,306
3 102,66 84,08 7543 69,65 0,306
4 102,66 84,08 7543 69,65 0,306

For optimization iteration process it was chosen
element’s cross-sections values by 15 % bigger
up on cross-sections obtained prior to plastic
collapse. By choosing this start point, there are
obtaining bounded displacements initial values
from (3) analysis problem solutions, which are
obeying necessary conditions (8):

1,37cm <™ =1,40cm < 2,541663 cm,

—0,58cm <u;" =—0,40cm < —-0,35cm,

Optimal project by prescribed accuracy was
obtained after 4 iterations of considering frame
iterative calculation. Criterion to stop iterative
calculation process was chosen cross-sections
values changes, which should be less when
2,5% between iterations results. Projecting
parameters results’ changes evolution during
optimization iterative process is presented in
Table 2. Obtained optimal frame project
(optimal values of structure’s elements and
structure’s volume value) is written in Table 1,
in line denoted by number 4. Plastic hinges
occurrence places and sequence are presented in
Figure 5.

The reliability of obtained optimal project result
is proving by elastic-plastic analysis problem
solution. Sequence of the plastic hinge
occurrence in optimal structure project is
presented in Table 2 and in Figure 5.

Analysis of the results reveals that chosen
displacements’ limit bounds make influence on
optimization process. Optimal structure’s
project displacements have limit or near-limit
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values under described load. Displacement
u, =1,49 cm, that is less than specified limit

value 1,5 cm; displacement u, =-0,43 cm,

that is bigger than specified limit value —0,6 cm.

Table 2. Sequence of the plastic hinge
occurrence for structure’s optimal project.

Sequence

of hinge 1 2 3 4

formation

Load ratio | 0,93 | 0,97 | 0,99 | 1,00
8. CONCLUSIONS

The improved mathematical model and it’s
solution algorithm of the 3D steel frames cross-
section optimization problem, taking into
consideration inelastic behaviour of the material
and serviceability requirements has been
developed. Nonlinear elastic analysis based on
tangent stiffness and numerically realized by
using Newton-Raphson force control method.
Comprehensive information about real stress-
strain state of the structure gives the elastic-
plastic nonlinear analysis by using proper
Orbison  strength  conditions.  Preparing
procedures make possible to control iterative
process of optimization problem solution,
structure’s plastic deformation spreading and to
get good results convergence of structure cross-
sections optimization problem.The optimization
problem algorithm has been verified by solving
two-storeyed space frame structure optimization
problem and solving analysis problem by using
obtained optimal parameters. The studies show
that the proposed algorithm gives very well
solution with much less computational effort
and more control possibilities, than it can be
done by using straight optimization problem

solution. Future work is envisaged using
suggested optimization problem solution
algorithm for other types of structures
researches.

Michail Popov, Romanas Karkauskas, Liudvikas Rimkus
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MHOTI'OYPOBHEBBIE JJUCKPETHBIE

U JUCKPETHO-KOHTHHYAJIbHBIX IOJIXO/IbI

K JIOKAJIBHOMY PACYETY CTPOUTEJBHBIX
KOHCTPYKIIUA

Mooscmaoda Acnamu
MocKOBCKHit rocy1apcTBEHHBIN CTPOUTENBHBIN yHUBEpCHTET, T. MockBa, POCCH S

AHHOTALMUSA: B nanHoi cTaTbe pacCMaTpUBAIOTCS TUCKPETHBIE U IUCKPETHO-KOHTUHYAJIbHBIE METOBI JIO-
KaJbHOTO pacyueTa CTPOUTENBHBIX KOHCTPYKUHMH. IIpHBOAATCS KOHTHHYyaJbHBIE M JHCKPETHO-KOHTHHYAIbHBIC
OTIepaTOPHBIE U BAPHAIMOHHBIE IIOCTAHOBKHU PEIIAEMbIX 3a/ad (3aauyl AByMEPHOW TEOPHH YHPYTOCTH, 3aJauH
n3rnba IIacTHH), B YaCTHOCTH, (DOPMYJIMPOBKH Pa3pelIaroINX MHOTOTOYEYHBIX KpaeBhIX 3agad. Kpome Toro,
MPEACTAaBICHBI PENYIMPOBAHHBIE IUCKPETHO-KOHTHHYAIbHbIE TOCTAHOBKH COOTBETCTBYIOIIHX 3a/1a4 B JHCKPET-
HOM Oasuce Xaapa.

KioueBble ciioBa: MHOT'OYPOBHEBBIC METOAbI, TUCKPETHLIE METO/IbI, I[HCKpCTHO-KOHTPIHyaﬂI)HBIP‘I METO
KOHCYHBIX 3JICMCHTOB, BeﬁBHeT—peaﬂHSaHHH, PpacyCThl CTPOUTCIIBHBIX KOHC’I‘pyKHHﬁ, JIOKQJIbHBIC PCIICHUA

MULTILEVEL DISCRETE AND DISCRETE-CONTINUAL
APPROACHES TO LOCAL STRUCTURAL ANALYSIS

Mojtaba Aslami,
Moscow State University of Civil Engineering, Moscow, RUSSIA

ABSTRACT: The distinctive paper is devoted to correct multilevel discrete and discrete-continual methods of
local structural analysis. Continual and discrete-continual operational and vibrational formulations of resultant
multipoint boundary problems for two-dimensional theory of elasticity and plate analy-sis are under considera-
tion. Corresponding reduced discrete-continual formulations in Haar basis are presented as well.

Key words: multilevel methods, discrete methods, discrete-continual finite element method,
wavelet-based methods, local structural analysis

BBEJAEHHUE MOHHMTOPHUHTA CTPOUTENbHBIX O00BEKTOB. g
HEJIOMYIIEHUSI aBapUMHBIX CHUTyalud Heo0Xo-
XapakTepHBIMH  OCOOCHHOCTSIMM  Pa3BUTHsS  JAMMO MOATBEPKAATh MPUHUMAEMbIE KOHCTPYK-

cTpouTenbHOro komruiekca Poccuiickoit dene-
pauu B TOCIEIHHE TOAbl SBISIOTCS 3HAYU-
TENBbHBI POCT 4YMCIIA JIOMOB, BO3BOAMMBIX IIO
WHAUBUAYAIbHBIM MPOEKTaM C MPUMEHEHUEM
HECTaH/JAPTHBIX CTPOMUTEIBHBIX MAaTEPUATIOB U
OPUTHHAJIBHBIX  KOHCTPYKTHUBHBIX  pEILICHU,
00YCJIOBJICHHBIX peaIbHbIMU YCJIOBUSMH U TIO-
KEJIaHUSAMHU 3aKa3uhKa, a TaKKe YBEJINYHBalo-
muiics 00beM paboT, CBA3AHHBINA C MEPeaesIKOi
U PEKOHCTPYKIMEH CYHIECTBYIOIIUX 3/IaHUN M
COOPYXEHHI, B TOM YHUCJIE U IO pe3yJbTaTam
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TUBHBIC pEIICHHUs HaAJSKAIIUMU pacyeTaMu.
CoBpemeHHbIE YHCIIEHHbIE (ITPEKIE BCEro, Me-
TOJ KOHEUHbIX AnemMeHToB (MKD [7, 22, 23, 24],
26, 37-40])) u 4nCIEHHO-aHAIUTUYECKHE METO-
bl  TO3BOJIAIOT  MOJEIUPOBATH  IOBEICHUE
CJIOXKHBIX CTPOMUTEIBHBIX OOBEKTOB B IIEJIOM,
YTO MOXXET IMPUBECTH HA MPAKTUKE K BBIYUCIIHU-
TEJIbHBIM CX€MaM HCKIIOUUTENbHO OO0JIbIION
pasmepHocTH. Bmecre ¢ Tem, KBamuQuUIUpO-
BaHHOMY pPAacyeTYMKy W3BECTHO, YTO Hauboiee
OTIAaCHBIM C TOYKH 3PEHHs MPOYHOCTH SBISETCS



MHOFprOBHeBHe JAUCKPETHBIC U AUCKPETHO-KOHTUHYAJIbHBIE TIOAXOAbI K JIOKAJIBHOMY PAacU€Ty CTPOUTEIIbHBIX

KOHCTPYKLMM

HaNpsHKEHHO-IE(OPMHUPOBAHHOE COCTOSIHUE

(HIC) B oTHOCUTENHHO HEOOIBIIIOM YHCIIE JIO-

KaJIbHBIX 30H KOHCTPYKLUH, MPHYEM Pacroio-

KEHHE 3THUX 30H, KaK MPaBUJIO, U3BECTHO 3apa-

Hee. K mocnenHuM crienyer oTHECTH 30HBI Kpa-

eBoro 3¢dekra, T.e. pa3HOr0 poAa YIJIbI, Tpe-

LIUHBI, 1IEJIH, MECTa KOHTAKTOB U CBSI3E€H pas-

JUYHBIX KOHCTPYKTHUBHBIX 3JEMEHTOB, MecTa

JOKaJbHBIX W3MEHEHHMH, OOYCIIOBJICHHBIX pe-

KOHCTpyKLMeH oObeKkTa (Hampumep, npoOuBKa

HOBBIX IIPOXO0/I0B, CHOC ONOp, YCUJICHUS U T.J.)

u ap. Takum oOpa3oM, BO3HUKaeT 3ajada pas-

pabOTKM, UCCIENOBAaHUS U Pa3BUTHS METOJIOB

JOKQJIbHOTO BBICOKOTOYHOTO pacueTa CTpOH-

TEJIbHBIX KOHCTPYKIMH, TeM OoJiee akTyalibHas,

C MO3UIMH TOTO, YTO KOPPEKTHAs JIOKAJIU3aLHsI

pacyeTHOro 0OOCHOBaHMS IIO3BOJISIET CyIlle-

CTBEHHO COKPATUTh KOJIMYECTBO HEU3BECTHBIX.

BeiliBner-ananus, MO3BOJISIIOIINAN BCECTOPOHHE

OLICHUTh BIUSHUE PA3JIMYHBIX C TOUYKH 3PEHUS

JOoKaau3aluu (akTopoB, SBJISETCS 3/1eCh BeCbMa

s¢dexTuBHBIM HHCTpyMeHTapueM. [Ipenmerom

UCCIIeZIOBAaHUM aBTOpa B 3TOM CBSI3U OBLIO HpU-

MEHEHHUE armnapara BelBieT-aHalu3a A Kop-

PEKTHOTO YHCIIEHHOTO " YHCIIEHHO-

AQHAJIUTUYECKOTO0 pacyeTa W aHajau3a padoTh

KOHCTPYKILIMH, B TOM YHUCJIE HA OCHOBE HCIOJIb-

30BaHUs u pa3BUTHA JTUCKPETHO-

KOHTHHYaJIbHOT'O METO/[a KOHEYHBIX JIEMEHTOB,

npeioxkeHHoro B paborax A.b. 3onotora,

IT1.A. AxumoBa u M.JI. Mo3ranesoii [25, 41].

L]envio pOBEIEHHBIX MCCIIEIOBAHUMN, B CBS3U C

BBILIIEU3IOKEHHBIM, SBIISIACh pa3paboTka, HcC-

cieoBaHue U BepupuKaiusa 3(HHEeKTUBHBIX

MHOTOYPOBHEBBIX JTUCKPETHBIX U JIUCKPETHO-

KOHTHHYaJIbHBIX MOJIXOJO0B K JOKAaJbHOMY pac-

YeTy CTPOUTENIbHBIX KOHCTPYKLHMI Ha OCHOBE

WCIIONIb30BaHMsl armapara KpaTHOMacIITaOHOTo

BeiiBieT-aHanm3a [1-6, 21, 29-36].

Jlis nocTuKEeHHs MOCTaBJICHHOM WENU pella-

JUCh CIEIYIONINE 3a0aUu:

1. O030p U HccnenoBaHNE MAaTEMAaTUYECKUX OC-
HOB JIMCKPETHBIX u JUCKPETHO-
KOHTHHYQJIbHBIX METOJIOB JIOKAJIBHOTO pac-
YyeTa CTPOUTEIBHBIX KOHCTPYKIHHA, B TOM
yHclie MPOrpaMMHO-aIrOpUTMHUECKas pea-
au3anus ¥ anpoOarys KOPPEKTHBIX aIrOpHUT-
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MOB  OBICTpBIX (IPSAMBIX M  OOpATHBIX)
BEUBIICT-TIPEOOPA30BaHUN TIO JUCKPETHBIM
6asucam Xaapa (OJHOMEPHBIM H JABYMEp-
HbIM), KOPPEKTHBIX aITOPUTMOB OCPEIHEHUS
(byHKIUH, pa3iI0KeHHBIX TI0 JUCKPETHBIM 0Oa-
3ucam Xaapa, KOPPEKTHBIX aJIrOPUTMOB MHO-
TOYpOBHEBOW  ammpoKcUMaluy  (yHKIHH,
pa3JIOKEHHbIX 10 JUCKPETHBIM Oa3ucam
Xaapa.

2. ®opmynupoBKa ONEPaTOPHBIX U BapHUaLMOH-
HBIX KOHTHUHYQJIbHBIX HOCTAHOBOK KpPaeBBIX
3aJa4 CTPOUTEIbHON MEXAaHUKH, B TOM YHCIIE
C BBLACJICHUEM HAIPABICHUS PETYJSIPHOCTH
(U3UKO-reOMETPUUECKUX TapaMeTpoB KOH-
CTPYKLMH, T.€. OCHOBHOI'O HampasicHUs (U
COOTBETCTBYIOIIMX y4YacTBYIOIIUX B (opMmy-
JIMPOBKE IMPOU3BOJIHBIX), U HCIIOJIb30BAaHUEM
OMEpPaTOPHBIX TOAXOJ0B U  00O0OIIEHHBIX
¢byHKUui (B paMKax OOLIMX KOHTHHYaJIbHBIX
MIOCTAHOBOK 3TO MPUBOAUT K (POPMUPOBAHHUIO
OOBIKHOBEHHOTO JTU(PEepeHIINANIBHOTO ypaB-
HEHUsI C OIEpaTOpHbIMH Ko3(dduureHTamu,
BKJIIOYAIOIIMMU KPaeBbIE YCIOBUS).

3. JIuckpeTHass anmpoKCHMalMs ONEPATOPHBIX
K03(p(PUIIMEHTOB ONpPEENAIONINX ypaBHEHUI
Ha OCHOBE COOTBETCTBYIOLIMX UM (PYHKIIHO-
HAJIOB C HCHOJb30BaHMEM TexHUKH MKD
(31ech ocylecTBIsIETCd TOCTPOEHUE psijia
HECKOJIBKMX HECTAaHJAPTHBIX MAaTpHIl KecT-
KOCTH, peaJn3yeMoe Ha OCHOBE olIuemare-
MaTHYECKUX MOAXO0/I0B).

4. @opMynMpOBKA TUCKPETHBIX M JUCKPETHO-
KOHTHHYaJIbHBIX MOCTAHOBOK KPaeBBIX 3a7ay
CTpOUTEIBHON MeXaHUKU B Oa3uce Xaapa u
MOCIEAYIONasl  PEeAYKIMs  pa3peliaroiumx
MHOTOTOYEYHBIX KPaeBbIX 3aJad JJIsi CUCTEM
OOBIKHOBEHHBIX JTU(PepeHINANBHBIX ypaB-
HEHUI C KyCOYHO-IIOCTOSTHHBIMU KO3 duIu-
CHTaMH.

Hayunas nosusna nponenanHo paboThl COCTO-

UT B HIDKETIEPEUUCICHHOM.

1. IToctpoensl u uccienoBanbl 3GHEKTUBHBIE C
TOYKU 3pEHUS TOCJIEAYIOIEeH BBIYMCIUTEb-
HOM peaym3aly MaTeMaTHyeckue GopMyiu-
POBKH, alTOPUTMBI M MOJIXO/bI, oOecreynBa-
IOIIME KOPPEKTHbIE PpEeAyLHPOBAaHHBIE IHC-
KPETHO-KOHTHHYaJIbHbIE IOCTAaHOBKU 3ajay
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pacuera CTPOMUTENIBHBIX KOHCTPYKIMH, B
YACTHOCTH, CBEJCHHME MCXOAHBIX 3a1ady B
Hayase K OOBIKHOBEHHOMY ] QepeHnab-
HOMY YPaBHEHHUIO BTOPOrO HJIM YETBEPTOIO
HOPSIZIKA C ONIePaTOPHBIMU KO3 (HUIIMEHTaMHU,
BKJIFOYAIOLIMMU KPaeBble YCIIOBUS, a 3aTe€M K
AQHAJIOTMYHOM CHUCTEME YPAaBHEHUH IEPBOIO
HOPsIIKA.

2. Pa3zpaboTaHbl JUCKpETHBIE M JUCKPETHO-
KOHTHHYaJIbHbIE pacueTHbIE MOJENIU CTPOH-
TEJIbHBIX KOHCTPYKLUI HAa OCHOBE MCIIOJIB30-
BaHHSA anmapaTa  KpaTHOMAacIITaOHOIo
BeiiBlIeT-aHAIM3a U MOCTPOCHUS KOHEYHO-
AJIEMEHTHBIX AaIMPOKCUMALUH ONepaTOPHBIX
KOO UIIMEHTOB, MPEICTABIAIOMIUX COOOI
HETpaJAMLIMOHHbIE coueTaHus auddepeHiy-
QJIBHBIX ONEPAaTOPOB, BKJIIOYAIOIINX B ceOs
KpaeBbl€ YCIOBUS U 0000IIEHHbIE (DYHKIIMU.

3. IlpeanoxeHbl KOPPEKTHbIE aITOPUTMBI pe-
JOYKIUU JTUCKPETHBIX ITOCTAaHOBOK KPaeBBIX
3aJa4 pacueTa CTPOUTENbHBIX KOHCTPYKIHM,
MO3BOJISIIOLINE O0ECIEeYUTh BBICOKYIO TOY-
HOCTh ompenenenus: napamerpos HJC B
HanboJsiee OTBETCTBEHHBIX JIOKAJbHBIX 30HAX
UCCIIelyEeMbIX OOBEKTOB.

4. TpenyoxxeHbl KOPPEKTHBIC aJTrOPUTMBI pe-
JOYKLIUU JUCKPETHO-KOHTUHYAIbHBIX MOCTa-
HOBOK KpaeBBbIX 3aJlay pacyeTa CTPOUTEIb-
HBIX KOHCTPYKIMH, IO3BOJISIOIINE obecrie-
YUTh BBICOKYIO TOYHOCTH OTIPE/ICICHUS Ta-
paMeTpoB  HamNpsHKEHHO-/1€(OPMUPOBAHHOTO
COCTOSIHMSI B HamOOJee OTBETCTBEHHBIX JIO-
KaJIbHBIX 30HaX MCCIETYyEMbIX OOBEKTOB.

Ipakxmuueckas 3nauumocms pabOThI COCTOUT B

pa3pabOTaHHBIX MHOT'OYPOBHEBBIX JUCKPETHBIX

MOX0JaX K JIOKaJbHOMY pPacyeTy CTPOUTEIb-

HBIX KOHCTPYKLHUI Ha OCHOBE KpaTHOMAacIITal-

HOTO BEHBIIET-aHAIN3a; pa3pabOTaHHBIX MHOTO-

YPOBHEBBIX TUCKPETHO-KOHTHHYAJIBHBIX IOJIXO-

Jax K JIOKAJIbHOMY pacyeTy CTPOUTENbHBIX KOH-

CTPYKIMH Ha OCHOBE KpPaTHOMACHITaOHOTO

BEWBJIET-aHAIN3a W  Pa3BUTUS  JIUCKPETHO-

KOHTHHYaJIbHOTO METO/1a KOHEUHBIX JJIEMEHTOB;

CO3[JaHMM aBTOPCKHMX MPOTPaMMHBIX KOMILIEK-

COB, KOTOpbIE MOTYT CTaTh COCTaBHOM YacTbhIO

IIPYU NOCTPOECHUHU KOMIUIEKCOB MPOMBIIIIEHHOTO

THUIA; PEUICHUs] MOJEIbHBIX TECTOBBIX U IpaK-

Momxkraba Aciamu

TUYECKH BAXKHBIX 33]1a4 pacdera CTPOUTEIbHBIX
KOHCTPYKIIHIA.

Brneopenue paboOTBl COCTOMT B HCIOJIb30BAaHHU
pa3paboTaHHBIX MMOAXO0JIOB, AJITOPUTMOB H IPO-
rpaMM Ui peLleHUs 3a7ad pacyeTa CTPOUTEIb-
HBIX KOHCTPYKIIMI B Hayuno-
ucciegoparenbckoM HeHTpe «CraluOy.
Jocmoeeprnocms nonyuenHvix pe3yibmamos W
000CHOBAaHHOCTh HAYYHBIX IOJOKEHUU, BBIBO-
JIOB U pEeKOMEHaluii 00ecreurnBaeTcs: CTporo-
CTBIO HCIIOJIB3YEMOI'0 MaTEeMaTUYECKOIo amma-
paTa; KOPPEKTHOCTbIO TIOCTAaHOBOK 3aJad B
paMKax TEOPETHYECKUX MPEANOChUIOK CTPOU-
TEIbHONM MEXaHUKH; COIOCTaBJICHUU IOJIyYeH-
HBIX PE3yJIbTATOB C Pe3yJbTaTaMHU MPOBOJAUMBIX
napajuleIbHO KOHTPOJBbHBIX pAacyeToB C MpH-
BJICUCHHEM MPOTPAMMHBIX KOMIUIEKCOB TIPO-
MBIIIJIEHHOTO THUIIA; CONOCTaBJIECHUHU pPE3yJIbTa-
TOB pacuera C PEHICHUSMH, MMOTYYCHHBIMU IO
JIPYTHM aHAJIUTUYCCKUM W YHCICHHBIM METO-
JlaM; SKCHEPTHOW OLEHKE TOYHOCTH PEIICHHI
crienmaauctamu B oomactu HJIC.

1. OB30PHO-AHAJINTUYECKOE
HCCJIEJOBAHUE COBPEMEHHbBIX
ITOCTAHOBOK M METO/10B
PACUETA CTPOUTEJIBHBIX
KOHCTPYKIIMI

B 4rcne OCHOBHBIX BHJIOB IMOCTAaHOBOK KPAaeBBIX
3a7ad pacueTa CTPOMTENBHBIX KOHCTPYKITHMA
HEOOXOMMO yKa3aTh TPaTUIMOHHBIC, BapHalld-
OHHBIC W OIIEpaTOpHBIC, a TAKKe TIOCTAHOBU B
BUJIE TPAaHWYHBIX WHTETPAJbHBIX ypaBHEHUil. B
JTAHHOM HAIIPaBJICHUH CJICYET OTMETHUTh HCCIIe-
noanust A.b. 3onortosa [10-15, 20], B.I'. Kope-
Hesa, C.I'. Muxnuna, B.W. CnuBkepa [26] u ap.

B KkayecTBe OCHOBHBIX YHCJICHHBIX METOIOB
pacdera CTPOUTEIBHBIX KOHCTPYKIIMHA PaccMOT-
PEHBI METOJ] KOHEUHBIX Pa3HOCTEH, BapHaIlOH-
HO-Pa3HOCTHBI METOJI, METOJ KOHCYHBIX 3JIe-
MeHToB. Cpenu paboT, MOCBSIICHHBIX YKa3aH-
HBIM METOJIaM, B YaCTHOCTH, TIEPEUHUCIUM TPYy-
ne1 H.II. AGosckoro, B.I'. baxxenosa, H.C. Bba-
xBajiora, M.B. bemoro, A.M. benocronkoro,
B.T'. bensckoro [39, 40], B.E. bynrakosa, P.®.
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l'a66acosa, C.K. T'omynoBa, A.b. 3omotosa,
B.A. UrnateeBa, I'.I'. Kamesaposoii, C.b. Ko-
cunibiHa, M.JI. Mo3sranesoii, B.11. Msa4eHkoBa,
A.B. Ilepenbmytepa, B.A. IloctHoBa, A.A. Ca-
Mmapckoro, B.H. Cunoposa, C.11. Tpymuna, P.I1.
®enopenko, C.HO. duanko, B.B. Ilaiigyposa,
H.H. Illanomnukosa, K. bare, E. Buncona, O.
3enkeBuya, Jx. Onena, M. CexkynoBuya u Jip.

K yucnenHo-aHanuTUYECKUM METOJaM pacyeTa
CTPOUTETBHBIX KOHCTPYKIIUH TPaTUIIMOHHO OT-
Hocsitesa meron JI.B. Kantoposuua [16-18], me-
ton B.3. Bmacosa [8, 9], meton KantopoBuua-
Bnacosa, meton mnpsimbix, meTon Mukenanasze-
JlaHmoma, MeToJ; KOHEYHBIX TI0JIOC, METOJ KO-
HEYHBIX CJI0€B, METOJ KOHEUHBIX MPU3M, METOL
HayaJbHBIX TAPAMETPOB U METOJl HAYaJIbHBIX
¢byHkui. B vactHOCTH, HEOOXOANMMO OTMETHUTH
uccienosanuss A.B. Anekcanaposa, A.M.
Anexcanaposa, JLII. Bunokyposa, SI.M. I'pu-
ropenko, H.II. XXunkosa, B.B. Kapnosa, A.B.
Kpoiceko, B.A. Kpeickko, H.H. Jleontnbena,
B.H. Mensenpko, III.E. Mukenanse, M.O. Mo-
uceenko, B.B. Ilerpoa, H.K. Cnutko, B.C.
Uysukosckoro, ®.H. Ilxmsapuyk, M. Azhari,
M.S. Cheung, Y.K. Cheung, C.T. Christov, H.R.
Ovesy, J.A. Puckett, B.W. Schafer u np.
3HauynTeNbHBIE Pe3yNbTaThl B 00JaCTH BEUBIET-
aHaJM3a M ero NMPWIOKEHUH, B TOM YHUCIE TIPHU
pelieHun 3a1a4y pacyera KOHCTPYKIUH, UMEIOT
H.M. AcradneBa, 10.K. [lempsiHOBHY, M.B.
Kuranos, C.I1. KonsicoB, A.B. Kpsicbko, B.A.
Kpsiceko, M.51. HoBukos, FO.A. Carneesa, B.B.
Connaros, C.b. Creukun, . [ob6emm, K. Uywn,
S. Bertoluzza, L.M.S. Castro, A. Cohen, S. Dah-
lke, W. Dahmen, S. Dumont, A. Grossmann, A.
Kunoth, A.J. Kurdila, S. Mallat, Y. Meyer, J.
Morlet, G. Naldi, P. Oswald, R. Schneider, P.
Venini, Y. Wang, K. Urban u nip.

AHanu3upysi pa3lIudHble METOJbl JIOKAIBHOTO
pacyeTa CTPOUTEIBHBIX KOHCTPYKIIUN, CIEAYyeT
OTJIENIbHO YHOMSIHYTh UccienoBanus A.b. 3omo-
toBa, [1.A. AkumoBa, M.JI. Mo3sranesoit u /I.H.
AnexceeBa [19], a Taxxe pa3BHBAaeMbIil aBTO-
POM JTUCKPETHO-KOHTHHYJIBHBI METOJ] KOHEU-
Hbix 3nemeHToB (JKMKD), nmpemnoxeHHblil B
paborax I1.A. Akumona, A.b. 3onotroBa u M.JL.
Mogsranesoii [25, 41].
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2. MATEMATHYECKHUE OCHOBBI
MHOTI'OYPOBHEBBIX JJUCKPETHBIX
U TUCKPETHO-KOHTHUHY AJIBHBIX
MOJIXO10B K JIOKAJTbBHOMY
PACUYETY CTPOUTEJBHBIX
KOHCTPYKIIUI

B kadectBe mpocTeiiiiero BeBieTHOro 0asuca
IpU MPOBEACHUU HCCIIEI0BAaHUN HCIOJIb30Ba-
JIUCh TUCKpeTHBIE Oa3uckl Xaapa.

OpnHOMepHBIN TUCKpETHBINH 6a3uc Xaapa Ha OT-
peske [a, b] umeer BUI:

1, 27" (j-1)<i<2”(2j-1)
wli)=a,s -1, 2"(@2j-1)<i<2"j
0, i<2”(j-1) U i=2""},
i=L2,...n, 0<p<M;
(1)
v'(i)=a,, i=1,2,..,n, ()

re w7 (i) — j-an Gynkuus Xaapa ypoBHS p,
ompezielieHHass B TOYKaX pa30OMEHHsi OTpe3Ka
x,=a+@{@-Dh, i=12,...,n
(h=(b-a)/(n-1)); n=2" — xonuyectBo ua-
CTe, Ha KOTOpble pa3buBaeTcs oTpe3ok (M —
HEKOTOPOE 1IEJI0€ YUCIIO);

< M
N O<p< 3)

p

n/2p+l — 2M—(p+l)’
L, p=u

{\/21’“, 0<p<M
ap:

4
\/2_M:\/Z, p=M.

JIBymMepHBI TuCKpeTHBIN 0a3uc Xaapa Ha nps-
MOYTOJIBHOM 001acTi

Q={(x,,x,): 0<x, </, 0<x,</,}

OTIpeNieNsIeTCs CIeAYIOMUMHI (pOopMyIaMu:
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l//s[f,sz,jl,jz (i,,0,) =
(_1) ks, +kys, ’
o 2 U 2”'”(jq —+11+'kq/2)<l'q/\ ,
g1k N g <2P7(j, -1/2+k,/2)
0, B OCTaJIBHBIX CIIy4asx
i=12,.,n i,=L2,..,n, 0<p<M,
(5)

M . .
¥V 0,01,1 (ll ’lz) =0y, (6)
i=12,.,n i, =12,..,n,

» .
rae y! . (i,i,) — COOTBETCTBYOWAs (yHK-
nusi Xaapa, onpeesieHHass B y3Jlax paBHOMEp-
HOM CETKH, alnmpoKCUMUpYyromieil obmacts (2 ¢
koopauHatamu  x,, = (i, —DA, i, =1,2,..,n n
X,; =, —Dhy, i, =12,...,n (npuuem Henomy-
ctuMm cinydait s, =s,=0); n=2" (M — uexo-
TOPOE 1EJ0€ YUCIO);

n/27 =MD 0< p< M
M={1P_M, o
V2P 0<p<M

a, = P (8)

- V2M =\/;, p=M.

B pamkax npoBeIeHHOro HccieloBaHUs ObLIH
paccMOTpeHbl KOPPEKTHBIE OBICTpPBIE ANTOPHT-
MbI BEHBJIET-NIPEOOPa30BaHUNA IO OAHOMEPHOMY
u JaByMepHoMy Oasucam Xaapa, KOppEKTHbIE
QITOPUTMBI OCpeTHEHUS] (YHKIUI, pa3ioKeH-
HBIX 110 OAHOMEPHOMY U IByMEPHOMY JHUCKPET-
HOoMy Oasucy Xaapa, a Takke KOPPEKTHbIE all-
TOPUTMBl MHOTOYPOBHEBBIX  aNIPOKCUMALUI
(GyHKIUH, pa3ioXKEHHBIX MO0 OJHOMEPHOMY H
JIBYMEpPHOMY JAUCKpPETHOMY 0a3ucy Xaapa.

B onHomepHOM citydae npou3BoJibHAS (PYHKIIHS
/ , ompeneleHHass B TOoYKax pa30MeHus pac-

CMaTpUBAaEMOT0 OTpE3Ka, MOXET OBbITh pasio-
’KeHa B psin Xaapa:

ORI RAHOL ©)

p=0 j=1

Momxkraba Aciamu

rue vj.’, j=1 2,...,Np, p=12,..M — kod0-
¢dbunueHTsl paznoxeHus ¢GpyHkuuu f(i) mo Oa-

3ucy Xaapa, ONpeAeisieMble KaK CKaJsIPHOE
POU3BEICHUE

v = ()= XSmO

(10)
j=12,.,N,, p=1,2,.,M;
F=l/Q) @ .. f@I: A

7=yl ) w2 T (12)

®opmyiny (10) MoxkHO nepenucarb B MAaTpUYHO-
BEKTOPHOM BUJIE

v=DQ'f, (13)
rie Q° — MaTpHIa HEHOPMUPOBAHHBIX Oa3HC-
HbIX (yHkimit Xaapa (T.e. ¢pyHkuuid Buga (1),
(2), HO y KOTOpBIX OTCYTCTBYET JIE€JICHHE COOT-
BETCTBCHHO Ha BEJIMYMHY «, Juis Gpopmyisl (1)
u o, Wi hopmyisl (2)), 3aMUCaHHBIX MO CTPO-

KaMm; D — nauaroHanbHas MaTpULa, HA TJIABHOMU
JIMaroHaju KOTOPOW PaCHOJIararoTCs BEITWYUHBI
a,, p =1,2,...,M ; Vv — BEeKTOp, COCTAaBJICHHBIX

U3 HCKOMBIX KOI((DUIIMEHTOB pPa3OKEHHS
dynxmun £ (i) mo 6asucy Xaapa (1)-(2).

[Tpu ocpenHeHUN HA HEKOTOPOM YPOBHE ¢ JUIS
Bcex p=1,2,...,q nmeem:

(Dup)zj—l ~ (D”p)zj ~ (DI’Nlp)Zj—l >
j=12,.,N,.,, (14)
rne (DLN‘p)zj—l = (1721]1 _1’72}';'—1)/(2])+l h);

(DEP)Zj—l = (7’72[} _172;;_1)/(2p+1 h). (15)

P
Vaict = Vo

CrnenoBarenbHO, (HOPMYIIBI OCPEIHEHUS MOTYT
OBbITh 3aITUCaHbI B BUJIE:

P P — P+l P
V2j—1 —sz _ﬁvj s ]_15 29'-'9Np+1;

rre B=1/22). (16)

MartpuuHo-BekTOpHasi (popMa 3amucu aaropur-
Ma OCPEHEHUS:
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=k =k+1
Vi=RV'",

(17)

_ — 1
rae R =p®1 ; p= ﬂH; (18)
R, — marpuna peKyppeHTHOTo nepexojaa Ha k -
i ypoBeHb; /[, — eIMHUYHAs] MaTpULA 7 -T'O TO-

psanka; ® — o0o3HaueHHE ONepally MPSIMOTO
IIPOU3BEICHUS.

[Ipn HEoOXOIMMOCTH OCpEIHEHMsS] Ha HEKOTO-
POM YPOBHE ¢ HUMEEM:

“7p :Wtyvq+1’ p:05152""’q5

w,= li[ R, .
s=p

(19)

rie (20)

®opmyny (20) vHAYe MOXKHO TIEpeNHCcaTh B
CJICAYIOUIEM BUJIE:

_ A 7 _ partlz .
Wp _'Bp,q®INp+1’ ﬂp,q - €

q+1>°

(21)

W, — Matpuua peKyppeHTHOro repexo/a Ha k -

il ypoBeHb; € ., — BEKTOp pasmepHoctd N,

COCTaBJICHHBIN U3 €IUHHII.

B naBymepHOM ciiydae Ui TIPOM3BOJIBHOM
¢bysukumu £ (i,,i,), ONpeaeNeHHON B y371ax pac-
CMOTPEHHOH BBIIIE MPSMOYTOJIBHOW CEeTKH, Oy-
JIeM UMETh:

M N,

N,
SG,0) = Z z z (Vfo,_/, o l//fo,j, o (i),0,) +

p=0j=1 j,=1
P p . P p -
Vo150 005 (,0,) + Vit YL (i1,1,)),

(22)

P P P ; —
TR Vo> Yorine Vins  h=b2uNy,
,=L2,.., N,, p= L2,..M — xkoxddunuen-
TBl paznoxeHuss ¢yHkumu f(i;,i,) TO awuc-

KpeTHOMy 0a3ucy Xaapa,
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P _(f 7P _
vsl,sz,jl,jz - (f’ Wsl,sz,j],jz) -

N N
= zzf(ll 15 )l//slp’sz SJisJ2 (ll oIy )’

Q=1 =1

s, =0,1, s,=0,1,

Js=L2,..N,, j,=1L2,.,N,,
p=L2,...M;
(23)
f=LrAn .. fQ,n)
20 ... f(2,n) .. (24)

f .. f,n)]";
1/7557,32,‘]‘1 2J2 = [ V/S’j)sz»jl’fz (1’1) l//s{:,sz,jl 2J2 (1’ l’l)
V/S’jvsz SJisJ2 (2’1) ' V/S’i)szd'l sJ2 (2’ l’l)
!’//;7352’,/'1 sJ2 (I’l,l) W‘f:ssbjl 2J2 (}’l, l’l) ]T'
(25)

MaTtpu4HO-BeKTOpHBIN BU dhopmydsl (23) cie-
JTYFOLLIMIA:
— 0 -
v=DQ"f, (26)
rie Q° — MaTpuia HEeHOPMMPOBAHHEIX Oa3HC-
HBIX (pyHKIMI Xaapa, 3aIIMCAHHBIX O CTPOKAM;
D — nuaroHasnbHas mMaTpula, HAa TJIABHOM Jua-

TOHAJIM KOTOPOM pacrojararTcs BETHUHHBI
a,, p=12,..,M; vV — BEKTOp, COCTAaBICHHBIX

U3 HMCKOMBIX KO0d3(umeHToB KOdPPHUIMEHTHI
pasnoxxenus ¢ynkumn [ (i;,i,) mO OGasucy

Xaapa.
[Ipu ocpegHeHnn HA HEKOTOPOM YPOBHE ¢ JUIst
Bcex p=1,2,..,q wumeem (Hmwxe s,=0,1;
s, =0,1 (kpome s, =5,=0);
i=12,.,N,; j,=12,.,N,):
(Dlup)Zjl—l,ij—l = (Dlup)Zjl—l,ij =

= (Dlup)Zjl,ij—l = (Dlup)Zjl,ij ~

R (Dlﬁp)2j,—l,2j2—1;

(27)

(Dzup)2j1—1,2j2—l = (Dzup)Zjl—],ij =
= (D" )y )1 = (Dott” )y 5, ®
~ (DZMP)Zjl—l,ij—l;

(28)
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(D; Du? )2(,’1—1,2]‘2—1 =(D;D/u” )2,’1—1,2‘,'2 =
= (D;D1+up)2jl,2j2—l = (D;D1+up)2jl,2j2 ~
~ (D;D;’/Tp)zh—l,zjz—l;
(29)
Vi 2i-2im1 = Ve 2251 =

— 1P — P
- vsl 22,2 1=12j, T Vsl $2,2J1,2 )5 "

(30)

CrnenoBarenbHO, GOPMYJIBI OCPEAHEHUS MOTYT
OBITh 3aITUCaHbI B BUJIC:

p — P —
vSl 252,211,251 vsl 2$2,271,2 /51

+1
=4 v
S1582  815525]15J2

€1y

— P — P
Vsl,sz,Zjl—l,Ziz Vsl 25252 J1,2/2

e B,=025; B, =025;
B, =0.125. (32)

MartpuuHo-BeKTOpHas (popMa 3amucu aaropur-
Ma OCPEJHEHHUS:

v =RV, (33)

DI R =p° ®1, ; (34)
pC=pB®[1 1117 ; (35)

B= diag{ﬂl,o > /80,1 > 181,1} . (36)

IIpy HEOOXOIUMOCTH OCpEeIHEHHs] Ha HEKOTO-
POM ypOBHE ¢ UMEEM:

v=wyt, p=0,12,..q9, (7
q

rue Wp =HRS ’ (38)
s=p

®opmyny (38) MHAUe MOXKHO TEpenucarh B
CJICAYIOUIEM BUJIC:

. G _ —-p+l -
W,=B,®1. : B, =p""®¢,. (39

€q+1 — BEKTOP, COCTABJICHHBIM W3 CAWHUII, pa3-

2
MepHocTH N, .

Momxkraba Aciamu

2. ONEPATOPHBIE U BAPUALIUOHHBIE
KOHTHUHYAJILHBIE IOCTAHOBKH
KPAEBBIX 3AJIAY PACUETA
CTPOMUTEJIbHBIX KOHCTPYKIUIA
B PAMKAX METOJIA CTAHJIAPTHOM
(PACLHIMPEHHOI1) OBJIACTH
A.B.30JIOTOBA

B pamMkax MpoBeACHHBIX HCCIIEIOBAHUHN OBLIH
MIOCTPOEHBI ONEpPaTOpPHbIE U BapUAIOHHBIE
KOHTHHYaJIbHbIE TIOCTAHOBKM KpaeBbIX 3ajad
pacyeTa CTPOUTENBHBIX KOHCTPYKIIMH B paMKax
METOAa CTaHAApPTHOH (paciiupeHHON) o0yacTH
A.b. 3onotoBa (ABymepHas 3amada TEOPHH
yHOpYrocTH; 3aada 00 u3rude MiacTUHbI, B TOM
YHCJIe C BBIICICHUEM HalpaBJIE€HUS PEryJsipHO-
CTH (IOCTOSIHCTBA, KYCOYHOI'O TIOCTOSIHCTBA
(laHHBIM cily4ail W paccmaTpuBaeTcs jajiee))
(U3UKO-TeOMETPUUECKUX  [apaMEeTpoB  KOH-
CTPYKIIHH.

Wtak, mycTh paccMaTpuBaeTCsi IByMepHasi KOH-
cTpyKIius (OanKa-cTeHKa WIH TUINTA), UMEIOIIast
pasmepel [, (x, €[0,,]) u [, (x, €[0,,]).
[Tonoxum, 4TO X, — TEpeMEeHHas, COOTBET-
CTBYIOII[asi OCHOBHOMY HAaIlpaBJICHUIO (3aMETUM,

4TO  BJIOJb  IIEPEMEHHOM  X;  (QH3HKO-

reOMETPHUECKUE TapaMeTPhl KOHCTPYKIIUH MO-
TYT W3MEHSTHCS MPOU3BONIBHO). OO0O03HAYMM:
xé’,k, k=1,..,n, — KOOpIMHATHI CEYEHUi, B
KOTOPBIX 3aJ[af0TCS TpaHUYHBIC YCJIOBUS (B
YaCTHOCTH, KOOPJIUHATHI CEUCHHIA, TJIe MPOWUC-
XOJUT «CKAa4KooOpa3Hoe» (Pa3phbiBBI TEPBOTO
pola) H3MEHEHHE TapaMeTpoB (XapakTepu-
cruk)); Q,, k=1,..,n, —1 — cooTBeTcTBYIO-
e (hparMeHThl, Ha KOTOPbIE pa3zelseTcst KOH-
CTPYKITHS,

Q, ={(x,,x,): 0<x <1, xi’,k <X, <x§,k+l 5,
k=1,...n;
(40)

I'y, k=1,..,n, =1 — rpanuusl (parMeHToB;

0,(x,,x,) — xapakrepucTrueckas QpyHKIus 00-
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nactu Q5 0, (x,,x,) — AenbTa-QyHKIMUs rpa-
Hunpsl 1, =0Q, [27, 28],

0. (rox) = o GRS, (41)
e 0, (xlaxz)ggk;
5Rk(xl,x2) =006, /0n,; (42)

mo=[m, n, 1" — BekTOp HOpMaIM K rpaHHIE
I o, k=1,..,
CTH, OKalMJISIOLIME COOTBETCTBYMOLIME (par-
MEHTBI, HalIpUMeEp,

n, —1 — pacmmpenHslie ooa-

—00 <X, <40, Xy, <X, <Xy}
(43)

@, ={(x,x,):

OmnepaTopHasi MMOCTaHOBKAa JBYMEpPHOW 3ajauyu
TEOPHH yIPYTOCTH (CTATHYECKHI pacyeT OaloK-
CTEHOK) C BBIJCJICHHEM OCHOBHOI'O HalpaBlie-
HHSI CBOAUTCA K MHOTOTOYEYHOM KpaeBoM 3a1a-
yu 751 OOBIKHOBEHHOTO AM(pdepeHnnanbHoro
YpaBHEHHMSI C OTIEpaTOPHBIMU KO3 HULIMEHTaMU

U, =%U,+F,

44
xze(xé”k,x;”kﬂ), k=1,..,n, -1 ()

B;qu(x;,k _O)+Bl:(7k(x§,k +0)=g, +&;,
k=2,.,n, -1

(45)

B/U\(x;,=0)+B,U, (x;, ~0)=8 +g,
(46)
rne U, =[u] v/1; U =0,U; (47
uk _[u(k) u(k) ]T . (48)

=" W1 =[ou" 0" T =0, =u;
(49)
v, =0,V ; (50)
~ 0 E

%= [f (0 +C) %9, } Gl

¢, O —
Co=| o _ |) F=- AL (52)

Ck,2 k,ov"

Volume 11, Issue 1, 2015

q — Hy 0 — 0 6T/Tk .
o = {o A +2uk}’%k"’v [a;‘ﬁk 0 |

%y = 61‘{”"‘ " A_?Jal; (53)

g?k,uv =% _yk,vu; Q;:uv =Y v g)k s
B =L (54)
Fo=l5y Fo15 7 6'F, +5pk ;5 (55)
Zk =04 M =0 (56)

u, -—
Xy e(xg,kﬂxg,kﬂ); /Tk T
OIMPECACIICHHBIC Ha
F

i
BHCIIHUX Harpy301< HpI/IJ’IO)KGHHBIX COOTBET-
CTBCHHO BHyTpI/I n Ha FpaHI/IL[e O6J13.CTI/I 3aHU-
MaeMOI/I KOHCprK]_II/IeI/I Sﬂ COHpH)KeHHBII/I C

“k,uv
\%

kuv

BEKTOp IIEPEMEILIEHUII Ha HHTEpBaje
— napamertpsl Jlame,
oOiactu w, DQ,;

i=1,..N u f,i=1,...N — KOMIIOHEHTEHI

~

muddepeHManbHbI  oneparop; ¥,

kuv

KOCOCUMMETpHUHBIN onepatop; C, — marpuia

KOO (HUIMEHTOB OTIIOPA OCHOBAHMSA; €, — KO-
3G GUIMEHT oTIopa Mo HampasieHuo ocu Ox;
(mpu OTCYTCTBHUH oTrnopa ¢, =0);
¢ =0, i=12; BB, k=2,.,n -1,
B'mn B, — marpuus! KO3pHHUIHEHTOB IpaHNY-

HBIX YCHOBHﬁ, YETBCPTOI'O

- =+ _ —+ 5
88> k=2,..m -1, g u g,
IIPaBbIX YaCTEH I'PAHUYHBIX YCJIIOBMM, YETHIPEX-
MEpHBIE.

Bapuanonnasi mocTaHOBKa HaIMpsiMyIO CJIEIyeT
U3 OTePaTOPHOI:

IIOopsAJaKa,

— BCKTOPBI

n -1

o)=Y [[ £, W)dvdx,,  (57)
k=1 ¢,
| = — o=
e f,0)=2(0.0) (.0 (59)
g): Qk,ul/—i_ck (’?/;uv Q/{,uu—'_ck ﬁk'/v .
g g)::uv Qk,vv ?Zc,vu ‘gjkvv ’
(59)
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%, =[‘{) } (60)
Uee)=U,(x), .
X, €(X) %5 ,), kK=1,..,n, —1.

Pemennem 3amaum sBisieTcss Touka ((pyHKINS)
YCIOBHOTO 3KCTpeMyMa 3TOro (PyHKIMOHajIa C
ycinoBueM (49) npu yuere (45), (46).

Jedopmanun M HanpsHKeHUs Ha MHTEpBaje

b b )
Xy € (Xy 45 X5 401) "

(k) (k) _

(k) _ alul(k)> (k) (k). gy =&l =

(k) (k).
& = 0 =V 75 =0u, +W";

(62)
o) =6 A" + 26" (63)

OnepaTopHa;I MOCTAHOBKA 33/1a4i 00 M3rude TOH-
KOM TUIACTUHBI C  BBIICICHHEM OCHOBHOTO
HaTpaBIICHUsI CBOJAMTCS K MHOTOTOYEYHOU Kpae-
BOW 3aauu il OOBIKHOBEHHOTO U depeHIu-
QIBHOTO YPaBHEHUsI C ONEpaTOpHBIMU Kod(du-
IIUCHTAMH:

= ~— ~
U, =4U,+F,
b b _ :
X, €(Xy 40X 40)s K=1,,m —1;

(64)

Bk_ﬁk—l(xg,k _0)+B;Uk(x§,k +0)=g, +§k+9
k=2,.,n -1
B B (65)
B'U, (xg,l +0)+ B, U, (xéy,nk -0)=g + 8 >
(66)
rae
U= [0 » w2 T U=0,U;;
(67)
ylk) = J’1k)(x1ax2) W, (%, X,) 5
yl(k) = yik)(xl7x2) = 52 Wk(x17x2)9 i=2,3,4;(68)
0 1 0 0
~ 0 0 1 0
@ — )
i 0 o o 1] ©
(o +¢) 0 %,145”/{,2 0
0
= 0
Fk = 0 > (70)

Momxkraba Aciamu

Y4 =0,Dy; (71)

¢, ,=-0;0,D,v, +20,0,D,(1-v,)0, +6,D,v,0;1;

(72)

¥, =-0:6,D,0; ; (73)

¢, =6, D, = Ekhlf /[12(1_‘//3)]; (74)

F. =0,q, _5r,ka - (75)
-0, (5r,k ”ﬂl,k) -0, (5f,k”’/’Lz,k );

b b
W, — MPOrudbl HAa UHTEPBANE X, € (X5, ,X,,,;);
D,, h,, v,, ¢, — COOTBETCTBEHHO IMJIMHIPH-

yecKasl )KECTKOCTh IUIACTHHBI, TOJIIMHA, KO3(-
¢unment Ilyaccona matepuana KOHCTPYKLUHU U
KO3 (ULUEHT OTHOpa yNpPyroro OCHOBaHUS TH-
na Bunknepa (npu Hanuuuu) Ha obnactH €, ;

g, — IUIOTHOCTh Harpy3ku B obmactu €, ; O,,
Ay
MEHTBl ~ Ha  TpaHule obnactu Q,;
B.,B,k=2,.,n,—1, B u B,
K03 PHUIIMEHTOB TPAaHUYHBIX YCJIOBUH, YETBEp-
TOrO mopsAnka; g,,8., k=2,..n,—1, g’ wu

g, — BCKTODBI MpPAaBbIX YacCTeH TI'PAHMYHBIX

L, , — TIonepeyHas Cujia U KpyTsIIue Mo-

— MaTpulbl

YCJIOBUH, YETBIPEXMEPHBIE.
CootBeTcTBYIOIAs BapHallMOHHAsSI MTOCTAHOBKA
UMeEeT BUJL:

o= [[ £ vy,

k=1,

rae fk(wk)=fk():’k)=

(76)

1 5= ~
E(Kkylmyk)_ekayl(k) s

(77)
BiA,B,+¢, B;AB, B;AB,
K,=| B/4B, B/4B, B 4B, |; (78)
BiA,B, B.AB, B.A,B,
B'=-0] 9, 20,0, 20,0,1; (79)
1 v, 0 0
Ak[%{” : 0 0 : (80)
0 0 (1-v,)/2 0
0 0 0 (1-v,)/2

72 International Journal for Computational Civil and Structural Engineering



MHOFprOBHeBHe JAUCKPETHBIC U AUCKPETHO-KOHTUHYAJIbHBIE TIOAXOAbI K JIOKAJIBHOMY PAacU€Ty CTPOUTEIIbHBIX

KOHCTPYKLMM
0;
82
B=- R (81)
20,0,
20,0,
w(x,) = w,(x,), (82)
X, € (xf’k,xikﬂ), k=1,..,n, —1.

Pemennem 3anmaum sBisieTcss Touka ((PyHKIuUs)
YCIOBHOTO 3KCTpeMyMa 3TOro (hyHKIMOHAJa C
ycinoBueM (68), Ipu 3TOM JOJDKHBI OBITH yuTe-
HbI TpaHUYHbIE yciioBus (65)-(66).
M3rubarommii ¥ KpyTAImUi MOMEHTBI HA HHTEP-
BaJIC X, € (xg,k7x§,k+l):

Ml(k) = Dk ()(fk) + Vklék));
MP =D v + 157);

M5 =0.5-D(1-v) 5, (83)
YGRS

tne y, ', ¥, WU Y, — U3MEHEHHs KPHUBU3HbI U

KpyueHus B o0nactu Q, ,

(k) _ 2 . (k) _ 2 .
XN =—00Ws Xy =—0,w;

(k) _

(84)
Xip = _zalazwk'

3. KOPPEKTHBIE MHOTI'OYPOBHEBBIE
JTUCKPETHBIE MOAXO/IbI
K JOKAJTBHOMY PACYETY
CTPOUTEJBHBIX KOHCTPYKIUIA
HA OCHOBE
KPATHOMACIITABHOT'O
BEWBJIET-AHAJIN3A

PaccMoTpuM KpaeByro 3azmady, OINHCBIBAEMYIO
YPaBHEHHEM

Lu=F, (85)
rae L — omeparop kpaeBoii 3aaa4u, chopmyu-
POBaHHBIN C y4€TOM KpaeBBIX YCJIOBHM B paM-
Kax MeToJa CTaHJapTHOW (pacuIMpeHHOH) 00-

JacTv; U — UCKOMas BeKTop-QyHkuus; F —
3a/laHHasi BEKTOP-(QyHKLMS IPaBbIX YacTei.

Volume 11, Issue 1, 2015

[ToctanoBke (85) cooTBETCTBYET (PyHKLIMOHAI
SHEPTUH BUA

D(i1) =0.5-(Lit,u)—(F,u), (86)

CTallMOHAPHOM TOYKON KOTOPOTO SIBIIAETCS pe-
meHue 3afgauu (85); 3anuch TMna (f,g), Kak u
npexae 0003HAYaeT CKasIPHOE IPOM3BEACHHE

bysakmmii f u g .
JluckpeTHas MOCTaHOBKA 33a4l UMEET BHI:

Au, = f,, (87)
rae A — pa3HOCTHBIM  (BapUALIMOHHO-
Pa3HOCTHBIN; KOHEUHORJIEMEHTHBIN) aHAJIOT UC-
XOJTHOTO KOHTHHYAJIBHOTO OIllepaTopa U3 Mmocra-
HOBKU (85); u#, — HUCKOMBII BEKTOp; fn — 3a-

JaHHas BEKTOP-(QyHKIWS; n
JUCKPETHOH 3a/1a4H.

Hns  dopMupoBaHust MaTpHUIbl JAUCKPETHOTO
oreparopa MOTYT HCIIOJIb30BaThCs PA3JIMYHbIC
CHOCOOBI, HAI[pUMEp, CTaHAAPTHAS TEXHUKA Me-
TOJIJa KOHEYHBIX IJIEMEHTOB WJIM MeToJ| Oa3uc-
HBIX (JIOKanbHbIX) Bapuanuii A.b. 3omoToBa.
[Tepexons B (86) k auckpetHOMy 6azucy Xaapa,
OyzeM UMeTh:

— pa3MEepHOCTh

D(r,) = 0.5- (i, it,) = (f,,1,) =
=05-(40v,,0v,) - (f,.0v,) =
=0.5-(0"40v,.9,)— (0" f,.V,),

(88)

T.C.

O(,)=0.5-(Q°40v,,v,) - (0 £,.9,), (89)
rae u, =0v,; (90)

vo— BCKTOP, COCTABJICHHLIX U3 HMCKOMBIX KO-

n
3 PUIMEHTOB pa3iIokKEeHUsI BEKTOpa U, IO JUC-
KpeTHOMY Oasucy Xaapa; 0 — mMaTpHlia HEHOp-
MHUPOBAaHHBIX 0a3UCHBIX (PyHKUMH Xaapa, 3amu-
CaHHBIX IO CTOJIOIAM.

[lepennmem 3amady OTHOCHUTENBHO HOBBIX He-
W3BECTHBIX V, B BHUJIE
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oD

Q Jo- 92)

rac

[Ipn nanpHeieM pemieHUH 3ajadu B Oasuce
Xaapa 1enecooOpa3HO HUCKIOYHUTh W3 paspe-
IIAIONICH CUCTEMBbI JIMHEHHBIX aare0panyecKux
ypaBuenuii (CJIAY) HeusBecTHbIE, SIBISIONINE-
cs1 K03 UIMEeHTaMH TIPH 0a3UCHBIX (DYHKITUSX,
HOCHUTEJIb KOTOPBIX JOCTATOYHO YJajeH OT HC-
cienyeMoi 30HbI (Ha OCHOBE NMPHUMEHEHHUS aj-
TOPUTMOB OCPEIHEHUS U PEIYKIUHU, OMTUCAHHBIX
B paszjiesic 2 HACTOSIICH CTaThH).

4. KOPPEKTHBIE MHOI'OYPOBHEBBIE
JUCKPETHO-KOHTHUHY AJIBHBIE
HOAXO/JbI K IOKAJIBHOMY
PACYETY CTPOUTEJIBHBIX
KOHCTPYKIIMIA HA OCHOBE
KPATHOMACHITABHOT' O
BEHMBJIET-AHAJIM3A

[locne nuckpernsamyu OmepaTopHBIX Kod(du-
IIMEHTOB B MOCTaHOBKaX (44)-(46) u (64)-(66) c
ucroJib3oBanueM Texuuku MKD nomyuens! auc-
KpPETHO-KOHTHUHYAJIbHBIE pacueTHbIE MOJIEIH CO-
OTBETCTBCHHO OalIKU-CTCHKH W IUIACTUHBI, B
pamMKax KOTOPbIX Ha KaXJIOM JTUCKPETHO-
KOHTHHYQJIbHOM KOHEYHOM 3JIEMEHTE HCKOMBIE
(GYHKIIMM TI0O HEOCHOBHOMY HAIIPaBIICHHUIO arl-
MIPOKCUMHUPYETCs, TOJIHMHOMaMH (TIEPBOTO TIO-
psaaka Juis OalIKU-CTEHKH U TPEThEro IMOopsKa
JUTSL TUTACTHHEBI ), IO OCHOBHOMY HAIPABIICHHUIO UX
BUJI OCTaeTcsi UCKOMBIM. B pesynbrate Qopmy-
JUPYIOTCS TMOCTAaHOBKM MHOTOTOYEYHBIX Kpae-
BBIX 33724 JJII CHCTEM OOBIKHOBEHHBIX AHQde-
pCHIMATBHBIX ~ ypaBHEHMH  C  KYCOYHO-
MTOCTOSTHHBIMH KO3()PHUITEeHTaMH.

[Tpu pacyere GaNKU-CTEHKH UMEEM CHUCTEMY U3
4N OOBIKHOBEHHBIX  AM(pdepeHnanbHbIX
YpaBHCHHI MEPBOTO IMOPSIKA C TPaHUIHBIMHU
YCIIOBUSMU

(U;k) )'(xz) = AkUn(k) (x,)+ Ek (x,),

93
)

b b —
Xy € (X4 Xp4)s k=150,

Momxkraba Aciamu
BUS (xl, ~0)+ B,US (xh, +0)
=g, +8g., k=2,..,n
BU (5, +0)+B,U" (¥, —0)=g +g, ,

O

(95)
rae U =U"(x,)=[@")" ;") T's (96)
U, =0,U,"; O7)
i, =i, () =[ @) G, ] ;(98)
70 =T0 ) =L G T 99)

L—lj(kn) (k) (xz) — [u(k R jk’;Z) (k Ny) ]

Jj= 1, 2;
(100)

—(k) — (k)(xz) (k D V('k’z) (k Ny) ]

Jj.n
J= 1, 2;
(101)
A 0 £ (102)
¢ K/;:/ka,uu Kl;\livlrzkuv ’
= 0
)= o g (103)
_ R
R =| 2 | (104)
gk,uu = Kkuu ; %uv = Kk,uv;
S{)kuv = Kk,uv; ‘Qk,vv = Kk,vv; (105)
(k) (k)(xz) _
—[(R(“)) REDT o (RE™TT, (106)
] - 15 25

N-1 — KOJIMYCCTBO HCIOJB3YEMbIX AUCKPCT-
HO-KOHTUHYQJIbHBIX KOHCYHBIX JJICMCHTOB,

(ki) ) (ki) (ko) 1, (ki)

u, Uy, v, v, — y3JI0BbIE HEU3BECTHbIE

(k) (k)

(cocTaBistrorue nepeMenieHuit u,"’, u,"’ Ha i-

M ieMeHTe M ux npousBoxusie v u v mo

(k i) (k i)
X, Ha MHTEpBale X, € (X, 0%, 2 n); R R,

— 3HAUEHMsl Y3JIOBBIX HArpy30K, IPUI0KEHHBIX
B i-M y3I€ 110 HampasieHuto ocel Ox, n Ox,,
pacnpeneneHHbIX Ha UHTEpBase
X, € (x;’,k,xé”kﬂ); E — enuHuyHasg martpuua co-

OTBCTCTBYIOLICTO
BeTCTBYIOl
BB/, k=2,..,

MOPSIIKA;

n,—1u B, B, —3a1aHHbIC

ny
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MaTpuIbl KO3()(HUIMEHTOB T'paHUYHBIX YCIO-
BUH, KBaJIpaTHbIE 4N -to MOPSJIKA;
2,81, k=2,...m,—1u g/, g,
4N -MepHbI€ BEKTOPHI MPaBbIX YACTEH TpaHUY-
HBIX YCJIOBUH.

[Tocne mepexoma B (93)-(95) k muckperHomy
OJHOMEpHOMY Oa3ucy Xaapa MO TIEepEeMEHHOM
X,, peau3ay Npoueayp PeIyKIHH U OCpel-
HEHHS MOJIyYUM COOTBETCTBYIOUIYIO PEXyLHpPO-
BaHHYIO IOCTAHOBKY MHOTOTOYEYHOM KpaeBoii
3ala4l ISl CHCTEMbl OOBIKHOBEHHBIX AuQde-
PEHIMANIbHBIX YPaBHEHUH:

— 3aJ1aHHBIC

I7Ic’=Akl7k + £,
X, € (x;k,xf’k+l), k=1,.,n -1
B Vi, (xéj,k _O)_+ B/:_Vk (x§,k +0) =
=g, +g., k=2,..,n, —1;

(107)

(108)

BV, (x3,+0)+B, V, ,(x}, —0)=87+Z, .
(109)
rae Un(k)(xz)sz,ka(xz); (110)
S 0
Sy = ¢ ;o Sy =])1§Qth7k; (111)
0 S,
R B 01, (112)
e 0 Rk,2 ’
V_Vi(k)(xz) = Rk,iv_‘)i(k)’red(xz)’ i=1,2; (113)
0O 0
= ; 114
0, {0 0 (114)
7 (x,)
Pu" (x,)= _(k) L k=12,.,n, —1;
o (%3)
(115)
0 E,
4= | ~ y ; (116)
Ak,Z,SAk,l,s Ak,2,sAk,0,s
F 0 1. (117)
L Ak_,IZ,sl;k,s ,
. —red N
2 {JJ; V=0, (118)
t*
AkZA :S{Ak,vak’ Zkl,s :S[Zku Sk’
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i =0,w, k=1,..,n,—1; (120)
b =K R, (121)
B, =B;S,,, k=2,..,n,
B =BS,,, k=1,.,n—1; (122)
A, - Marpuia pa3Mepom

ANG, + NN, + NG 7, u F -
BEKTOPBI pa3MepoM 2(fod),1 +N,§fa),,2); E,;, E,:
— IpSMOYTOJIBHBIE MAaTpHULBl pasMepoOM
ANX2(NED+NED) m aNx2(NE +NE))

COOTBETCTBEHHO.
[Tpu pacuere TIACTHHBI UMeeM cucTeMy u3 8N
OOBIKHOBEHHBIX JTU(PEpEeHIINATBHBIX YpaBHE-
HUI TIEPBOTO MOPSIKA C TPAHUYHBIMU YCIIOBHS-
MU

Y/(x,) = 4,Y,(x,) + R, (x,),

123
X, € (X5, X5 k=1,.,n, -1 (123)
=g, +g,, k=2,..,n, —1;
BY(x), +0)+B, Y, \(x), ~0)=g +g, ,
(125)
rae
Y :Yk(xz):[()_’kJ)T (J_’k,z)T (J_’k,3)T (J_’k,4)T ]7;
B B (126)
T9y =0,7"; (127)
)_}kj _)_/k](xz)_
— (k,1) (k,2) —(k,N)\T T
[(yn ) (yn ) . (yn,j ) ] ’ (128)
j=12,3,4;
0 E 0 0
y 0 0 E 0 179
10 0 0 E| (129)
Kk_l4 o O K_,14Kk,2 0
0
R (x 0 (130)
0
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Yo=K 45 Yo =Ko b0 = Ko

(131)

Ro(e) =[RS (REDY . (RS T
(132)

R =[R%) 0T (133)

N-1 — KOJIMYCCTBO HCIIONB3YCMbIX IUCKPCT-
HO-KOHTHHYAJbHBIX KOHCYHBIX DJICMCHTOB,
YWxy), j=1,2,3,4 n z\(x,), j=1,2,3,4
— Y3JI0Bble HEW3BECTHbIE 3HaueHUs (yHKUUN
YWo(x,x,), j=1,2,3,4 "

1,2,3,4 B i-M 3JICMCHTC Ha WH-
(ki)

n,1,w

(k) P
z; (x,X,), j=
TepBaie x, € (xs,,xs,..); R"" — snauenus ys3-
JIOBBIX Harpy30K, IPUI0XKEHHBIX B 7 -M y3JI€ 110

Hanpasiaenuio ocu (Ox;, pacmpeneieHHbIX Ha
b b

uHTEpBale X, € (X5, ,X5,.,); E — enuHnu-
Has MaTpulla COOTBETCTBYIOILETO MOPSIKa,;
B, ,B, k=2,.,n,—1u B, B, —3ananuble
MaTpuIbl KOI(D(UIIMEHTOB TPaHUYHBIX YCIIO-
BHIA, KBaJIpaTHBIC 8N -ro MOpSI/IKa;
o, — —

8i> 8> k_zo""nk —-1mn &1 ’gnk
8N -MepHBIC BEKTOPHI MPABBIX YacTeH TpaHUY-
HBIX YCJIOBUH.

[Tocne nmepexona B (123)-(125) k auckpeTHOMY

OHOMEpHOMY 0a3ucy Xaapa MO TepEeMEHHOM
X,, peamu3ay Npoueayp peayKIHH U OCpell-

— 3aJ1aHHBIC

HEHUS TIOJyYUM COOTBETCTBYIOIIYIO PEIYIIUPO-
BaHHYIO IMOCTAHOBKY MHOTOTOYEYHOM KpacBOM
3a/la4¥l ISl CHCTEMbl OOBIKHOBEHHBIX AuQde-
PEHITMATBHBIX YPaBHCHUM:

~ =~
G/ =4,G, +F,

b b _ .

X, e(xz’k,xz,kﬂ), k=1,.,n, -1

5= b
B, G, (xz,k

(134)

~0)+B;G,(x}, +0)=g, +2,,

k=2,.,n -1
(135)
§1+(_;1(x§,1 +O)+§”_/c (_;nk—l (xg,n,( _0) = §1+ +§"_k ?
(136)
rae Yk(xz):Sb,kék(xz); (137)

Momxkraba Aciamu

S, 0 0 0
O I PG ETS

loo0 s, 0

0 0 0 S,
S, = RggbRb,k; (139)

=[@E"" @ @ @',
(140)
G| =0,G,; (141)
—(k) hred, —(k) ahred

—(k) ahred —(k) a3hzed’ (142)

}_ll(xz):Q w(x,); hz(xz):Q ?(x,),

k=1,..,n, (143)
wk(xz):[yl(k’l)(xz) yl(k’Z)(xz) Yfij)(xz)]T;
(144)
(’Tk(xz):[zl(kﬁl)(xz) Z1(k’2)(x2) ka’N)(xz)]TQ
(145)
R B 01, (146)
"o R, , ’
hO(x) = R b7 (xy), i=1,2;  (147)
0O 0
= ; 148
0, {O 0 (148)
Plzykl(x2)=[wk(x2)} k=L2,..,n,—-1;
’ o5 (x,)
(149)
0 E, 0 0
0 0 E, 0
4, = ; (150)
0 0 0 E,
A_]4,sAk,0 s 0 Ak_,l4,sAk,2,s 0
0
= 0 ,
F =- 0 ; b, =8.b; (151)
Ak_,14,sl;ks

vy —1;

(153)
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A, —
(k) () (k) " N. =

4(Nred,1 + Nred,Z)x 4(Nred,l + Nred,Z) H Gk u Fk -

MaTpuIia pa3zmepom

BEKTOPBI Pa3sMepoOM 4(Nr(fd),1 +Nf:;,2); §k’, E,:
— NOpSMOYTOJbHBIE MaTPUILBl  pPa3MEPOM
SN AN, +Njd) m 8N XA+ N 5)
COOTBETCTBEHHO.

Cucrembl JIMHEHMHBIX areOpanuyeckux ypaBHe-
HUHM, BBITEKAIOIIME M3 TPAHUYHBIX YCIOBHM
(108)-(109) umu (135)-(136) sBasitorcsa mepe-
OTpeeICHHBIMU U JJI UX PELICHHUS MOKHO HUC-
M0JI30BAaTh METO]T HAMMEHBIINUX KBAJPATOB.
JIJ11 TOYHOTO aHAJUTHUYECKOTO PEIeHUs MHOTO-
TOYCYHBIX KPAEBBIX 3a7a4 CTPOUTEILHON Mexa-
Huku tuna (107)-(109) wmm (134)-(136) wuc-
II0JIb3YETCSl METOAMKA, [IPEIOKEHHAs U Pa3BU-
tas B pabotax A.b. 3omotoBa, I1.A. AkumoBa u
M.JI. Mo3ranesou.

3ameuanue. lccinenoBaHus NPOBOJIMINCH B
pamkax ['panta 7.1.8 Poccuiickoii akagemuu
apXUTEKTYpbl U CTPOMUTENIbHBIX Hayk «Pa3pa-
00TKa, UCCIeA0BaHNE U BepU(PHUKAIUS KOPPEKT-
HBIX MHOTOYPOBHEBBIX YHCIIEHHBIX U YHCJICHHO-
AQHATMTHYECKUX METOJIOB JIOKAJBLHOTO pacyeTa
CTPOUTENBHBIX KOHCTPYKIIMM Ha OCHOBE KpaT-
HOMAacCIITaOHOro BelBieT-aHanu3a» Ha 2013-
2015 rr.
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YUCJEHHOE MOJEJUPOBAHME HJIC KOHCTPYKIII/IUI?'I
C YYETOM CTAJAUU )KUSHEHHOI'O LTUKJIA 3IAHUU
U COOPY ) KEHUN

M.C. bapabaw
Hanuonanbuelil aBuanmonusiii yausepeuteT, OO0 «JIMPA CAIIPy, r. Kues, YKPAMTHA

AHHOTALUSA: Crarbs noCBsillleHa pACCMOTPEHUIO METOAOB MOJIEIHPOBAHUS KOHCTPYKLIUN 3aHUI U coopy-
JKCHHUH C YYETOM HX peallbHOW paOOThl Ha BCEX CTAIMSX XU3HCHHOTO IUKJIA, IPUMCHEHUIO METOJIOB HEJIMHCH-
HOTO Ae(OPMUPOBAHUS JUIsI OLICHKU HECYIEH CIOCOOHOCTH KOHCTPYKITHHA.
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NUMERICAL MODELLING FOR STRESS-STRAINED STATE
OF STRUCTURE INCLUDING LIFE CYCLE STAGES
OF BUILDINGS AND INSTALLATIONS

Maria S. Barabash
National Aviation University, Kiev, UKRAINE

ABSTRACT: In given article are considered modelling methods for buildings and installations structures in-
cluding their real work on all life cycle stages. Application of non-linear deformation methods to evaluate load-

bearing capacity of structures is represented.

Key words: modeling, life cycle, erection, load-bearing structures, stress-strained state

1. BBEAEHUE
OnauMm n3 OCHOBHBIX HanpaBJICHUN
MPOEKTUPOBAHUA  KOHCTPYKLUMH  3JaHUM U

COOpPY>KEHH, COOTBETCTBYIOIINX COBPEMEHHBIM
TpeOOBaHUSM TOBBIIICHHS YPOBHSI HaJIEKHOCTH,
0€30MacCHOCTH, JKMBYYECTH IMpPH CHUKECHHUH
MaTepUaJIOeMKOCTH,  SIBIISIETCA  YHUCIECHHOE
MozenupoBanue. [lpuueM, BakHOE 3HAUYCHHUE
MIPUHUMAET MMEHHO YUCJIEHHOE
MOJICIMPOBAHUE  TIPOIIECCOB  JKU3HEHHOTO
LIMKJIA, CBA3aHHBIX C U3MEHEHUEM HANPSKEHHO-
nedhopmupoBarHoro cocrosiaus (HJIC) Ha Bcex
CTaAUsX  CYLIECTBOBAHUS  CTPOUTEIIBHOIO
o0BeKTa.

HeO6XO,Z[I/IMOCTB IIOJJHOOECHHOI'0 YHUCIICHHOI'O
aHaliM3a 3JaHUM U COOPYKEHHH JHUKTYEeTCH:
YCIIO)KHEHHEM KOHCTPYKTMBHBIX pELICHUN U
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YCIOBUM  AKCIUTyaTaud  (MHOTOMEPHOCTH,
KOMIUIEKCHOCTh W MHOTO(YHKIIHOHAJIBHOCTb
3IaHUM M COOPYKEHHMM, HMX BHYIIUTEIbHbIE
rabapuThl, UCKJIIOUMTENbHAS CJI0’)KHOCTh
MOHUTOPHHIa II0 TEKYIIEMY TEXHUYECKOMY
COCTOSIHMIO, HEBO3MOXXHOCTb WX peMOHTa 0e3
ITOJIHOTO MCKJIIOYEHUsI HArpy30K, CKIIOHHOCTb K
U3MEHEHHI0O O0BEMHO -  IIAHUPOBOYHBIX
pelIeHu M pEeXUMOB HArpy3Kd B  XOJe€
HKCIUTyaTallul); YHUKAJIbHOCTHIO (IPYHTOBBIE,
KJIINMATHYECKUE W JIPyTHE BHEUIHUE YCIOBMS,

HCIIOBTOpHUMAsA CJIOKHOCTDb n
MPpOAOJIKUTEIIBHOCTD BO3BCICHUA n
9KCILUTyaTaluu, IOBBIIICHHAA POJib

«4eoBeYeCKOro (akTopa» Ha BCEX CTaAHIX
J)KU3HEHHOTO IIMKJIA); a TaKXe HEMOJHOTOW |
HEONPEICIEHHOCTRI0O HMCXOJIHBIX JaHHBIX (110
T€OMETPUU,  KECTKOCTH, MpPEACNIbHBIM U
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Ha4YaJIbHBIM
BO3JICUCTBUSIM)
Mexay Tem, Bce MepeyrcieHHbIe (PaKTOphl HE B
MOJIHOM Mepe YYHMTBHIBAIOTCSA B CYIICCTBYIONIUX
HOpMaTI/IBHBIX I[OKyMeHTaX hnU B HpaKTI/IKe
MPOCKTHUPOBAHKMSI M  CTPOMTEILCTBA,  YTO
HpI/IBOI[I/IT JII/I60 K HeI[OCTaTOLIHOfI HAaOACKHOCTHU
KOHCTPYKIIMH, JUOO K H3JIUIIHEMY PacXoIy
MaTepHaloB.

YCIIOBHSIM, Harpyskam 51

2. IOCTAHOBKA 3AJAYA

CymecTBytomye MTOIXOABI npu
MIPOEKTUPOBAHUHI u MOHUTOPUHIE
CyUIECTBYIOIIMX  3JaHUW, KaK  MPaBUJIO,
OPUEHTUPOBAHbl Ha OIPEACIICHHYIO CTaJuI0
YKU3HEHHOTO IIMKJIA ¥ HE YYUTHIBAIOT MUCTOPHH,
CBSI3bIBAIOLLEH BCE CTAJIMU >KMU3HEHHOTO LIMKJIA.
Takum  o0Opa3oM, CO3MaHHE  TEXHOJOTHUH
MOJEJIMPOBAHUS, OTCJIECKUBAIOLIEH H3MEHEHUE
HAC  xoHcTpykiuid Ha  BCeX  CTagusx
KU3HEHHOTO0 ULHMKJIA, U YYUThIBAIOLIEH Ha
KaXI0M TOCHEeAyomed CTaauud COCTOSHHUE
KOHCTPYKLHHU Ha NMPEAbITYIIEH CTauu ABISIETCS
aKTyaJIbHOM 3a/1aueil.

Henpto wuccnenoBaHUN  SIBISETCA  pEIICHUE
npoOJeMbl  KOHCTPYKIIMOHHONW 0€30MacHOCTH
3IaHUM M COOPYKEHM Ha OCHOBE CO3JaHMS
KOMIUIEKCA HayYHO-OOOCHOBAHHBIX METOJIOB
YUCJIEHHOTO  MOJICJIMPOBAHUsl  HANPSKEHHO-
ne(hOpMUPOBAHHOTO COCTOSIHUSI KOHCTPYKITHI C
Y4eTOM CTaJuid HUX IKU3HEHHOro IHKJIa |
pa3BUTHS METOJIOB pacdeTra KOHCTPYKIIUHA C
y4ETOM HEJIMHEHHOTO nedopMUPOBAHUSL.
Uucnennoe MOJICIUPOBAHNE MPOIIECCOB
KU3HEHHOTO IMKJIA TI03BOJIIET IOCTAaBUTh U
peluTh 3a1a4i, KOTOPhIe HEBO3MOKHO PEIINTh
(bU3HYECKUM HKCIIEPUMEHTOM.

Hayuynass HOBHM3HA TOJIy4EHHBIX pPE3yIbTATOB
3aKJII0YAETCs B TOM, YTO aBTOPOM IOJTYUYEHBI
HOBBIE HAay4YHO OOOCHOBAHHBIE PE3yJIBTATHI,
HalpaBJIEHHbIE  Ha  CO3JaHUE  METOJOB
MOJIETTUPOBAHUS U pacdeTa BHICOTHBIX 3AaHUN U
COOPYXEHHH C Yy4YeTOM peallbHOi paboThI
KOHCTPYKLIMA Ha BCEX CTagusiX KU3HEHHOTO
UK.
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Pazpa®oTanHblii  TEOpeTHYECKHH  ammapar,
peaN3yIOIMI  OCHOBHBIE  3aKOHOMEPHOCTH
HEJIMHEHHOTO /1e(hOpMUPOBAHHUS KOHCTPYKIHMA
31aHUA U COOPY)XKEHUMH, SBUJIICA OCHOBOM
pa3paboOTKM TPAKTHYECKUX aNTOPUTMOB U
PEKOMEHIALUI 110 MPOSKTUPOBAHUIO U pacdeTy
3IaHUM U COOPYKEHUM.

3. PEHIEHUE ITPOBJIEMbI

OcHOBHBIMU ~ TIpoOJIEeMaMU  MOJCIMPOBAHUS
SBIISIFOTCSL  CIOKHOCTH  CO3JIaHHUSl  KOHEYHO-
DJIEMEHTHOH MOJEIN, HEIOCTATOYHOCTh H
Mpo0JIEeMaTUYHOCTh OMHUCAHMSI BEPOSATHOCTHBIX
MIPOIIECCOB HarpyXeHusl, HEJ0CTATOYHBIE
3HaHUS o PEOJIOTMYECKUX CBOMCTBax
Marepuaiga, OCOOCHHOCTAX  CJIOXKHOTO |

HUKIIMYCCKOI'0 HArpy>XCHUsA 1 MHOI'OC JIp.

Hanmexnocts w  0€30MacHOCTh  3MaHUM U
COOpYXKEeHHH Bce Oojee CBS3bIBacTCA C
dhopmupoBaHreM Hay4YHBIX MOXO/0B
MOJETUPOBAHUSl  JCHCTBUTEIBHONW  pabOTHI

KOHCTPYKIHH JJI1 HOPMAJIBHOI'O M aBapHITHOTO
pPEXXKMMOB JKCIUTyaTalud. BaxHbIM BOIIpOCOM
CTAHOBUTCSI BO3MOXHOCTh KOHTpPOJIA ITpolecca
neOpMUPOBAHUS U HAKOTUICHUS TTOBPEKICHHIMA
MaTepuajaMi  KOHCTPYKIMH €  TeYeHHEM
BPEMEHM, U, KAK CIECICTBUE, U3MEHEHUE CXEMBI
paboThl KOHCTPYKTUBHON CHCTEMBI B LIEJIOM, a
TaK¥Ke BO3MOXHOI'O paspyleHus
KOHCTPYKTUBHBIX Y3JI0B, IIEPEX0] COOPYKEHUS
B aBapUMHOE COCTOSHUE C BEPOATHOCTHIO
oOpyLIeHUS. Buenpenue B MIPAKTHKY
IIPOEKTUPOBAHHUS KOHCTPYKIUN ydera
npoueccoB u3Menenuss HJIC Ha Bcex sramax
JKU3HEHHOT'O IIMKJIa JAeT BO3MOYKHOCTH YXKE Ha
CTaauu MIPOEKTHPOBAHUS BBITIOJTHUTH
nocroepuyto ounenky HJIC, u nposectn
MHOTOBapUaHTHBIE YUCIIEHHBIE SKCIIEPUMEHTBHI.

B cratee mpeanaratorcss  paspaboTaHHbIE
YHCJIEHHBIE METO/BI, MTO3BOJISIOIINE
OCYILECTBIIATH MOJEIUPOBAHUE MPOLECCA BCETO
JKU3HEHHOTO IIMKJA 3JIaHUil W COOPYKECHUH,
BKJIIOYAsl CTAaJUU BO3BEJIECHUS, PEOJOTHYECKHE
MIPOLIECCHI HA CTAUU U HKCILTyaTal[uy, MIPOLECC
PUCTIOCOOIIEMOCTH KOHCTPYKTUBHOM CUCTEMBI
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K M3MEHSIOUIMMCS Harpy3kam B ciydae ¢opc-
Ma)KOPHBIX CUTYyalli.

JlocTaToO4HO 4YacTO KOHCTPYKTOPBI, CO3/aBas
pacu€THYI0 CXeMy 3IaHMs, BBOIAT  psf
pa3nuuHbIX aomnymenuit. [Ipu 3Tom, BBOAUMBIE
IIPU TEepexojie OT peaJbHOro OO0BEKTa K €ro
pacyeTHOM CXeMe YNPOILICHUS, He JOJIKHBI
CYLIIECTBEHHO  BJIMATH Ha  TOYHOCTb W
JIOCTOBEPHOCTh II0JIy4aeMbIX pPe3yJbTaroB. B
mmporecce  MPOBEACHUS  psAla  YHMCICHHBIX
HKCHEPUMEHTOB OBLIM BBISBICHBl HEKOTOpbIE
3¢ dexTsl, NPUBOAAIMIME K  HEKOPPEKTHOM
ouenke HJIC, m paHpl pexkomMeHAauuu IO

M.C. bapabam

JUis TOAHOrO M JOCTOBEPHOTO  OIMCAHMS
HanpsKEHHO-I€(OPMUPOBAHHOIO  COCTOSTHMS
T000T0 371aHUS U COOPY>KEHUS, HEOOXOUMO HE
TOJIBKO C BBICOKOM TOYHOCTBIO OIPENEIUTH
BHEUIHUE BO3JEHUCTBUSA, HO U IIPAaBUIBHO
IIPOM3BECTH MEPEXOJ OT PealbHOIo O00BEKTa K
ero pacuetHoi Moxenu/cxeme. IIpoBenena
KJaccu(uUKalus IPOLECCOB, BIMIOIIUX Ha
¢dbopmupoBanue (u3MeHeHue) HAC
KOHCTPYKLUMH 3JaHUM W COOPYKEHHH Ha
IPOTSOKEHUM  €r0  JKU3HEHHOIO LHUKIA H
pa3zpaboTka M HPUMEHEHHE METOO0B TEOPUU
YOPYTrOCTH, TIO3BOJSIIOIIMX HMX Y4YeCcTb Ha

yCTpaHEHUIO NOJ00HBIX 3P(PEKTOB.

OCHOBOIIOJIArarmen
npoekThpoBanus (Tadi.l).

cTaguu —

cTaaun

Tabauya 1. Knaccugurayus npoyeccos scuznenno2o yukia, sausiowux na HJ{C koncmpyxkyuil.

[Ipoueccnl xKu3HEH- Tun HeauHENWHO-
Ornucanue
HOT'0 LIMKJIA CTH
[Ipouecc Harpyxke- | OTcieXKMBaHUE HAYaJbHBIX CTAAUN JUHEUHO-yIIpyroi | dusndeckas,
HUSA paboThl KOHCTPYKIIMH, CTaaui TMOCIEIOBATEIBHOIO | T€OMETpUYECKas,
pa3BUTHA TPELIUH B OETOHE U PACTAHYTON apMaTrype, | KOHCTPYKTUBHAas
CTaJiuii, HEMOCPEACTBEHHO MPEIIECTBYIOLINX pas-
PYLICHHIO
[Iponiecc  Bo3Bene- | HIC omnpenensieTcst Ajis BcexX MocienoBaTeabHO cMe- | ['eHeTnueckas,
HUSA HSIIOLIUXCS KOHCTPYKTHBHBIX CXEM, COOTBETCTBYIO- | pU3HMYecKas,
IIMX 3TaraM BO3BEJEHUS U MOJEIb CBOJHON KOH- | KOHCTPYKTHBHAas
CTPYKIIHHU «XPAHUT NaMSIThy» 00 UCTOPUHU BO3BEICHUS
[Ipoueccrl 3kcrutya- | MoaenupoBaHue peoorHueckux NpoleccoB n3MeHe- | dusnyeckas,
TallMOHHOW CTaauu Huss HJC KOHCTpyKIMU TpH JUIMTEIBHON HArpyske, | reoMeTpuyueckas
CBSI3aHHBIX C MOJI3y4ECThIO U U3BMEHEHHEM CBOMCTB BO
BpEMEHU
[Ipomeccer  3ampo- | MoaenupoBaHue MPOIECCOB «IpHUcCIIocobsseMocTn» | dusznueckas,
€KTHBIX BO3JICH- | KOHCTPYKIMH TIpU «(HOpPC-MaKOPHBIX» CHTYAIUsIX, | TeOMETpHUYecKas
CTBUH KOTJ[a TIPY BHE3AITHOM BBIXOJIE U3 CTPOSI OJHOTO WIIH
HECKOJIBKMX 3JIEMEHTOB KOHCTPYKIHUS MBITAETCS MPH-
CIOCOOUTHCS K HOBOW CHUTYaIlMd, U3MEHUB (MHOT/IA 32
CYET MOTEPH IKCILUTyaTAIIHOHHBIX KaueCTB) CBOIO Iep-
BOHAYaJIbHYI0 KOHCTPYKTHUBHYIO CXEMY, HE JOIYCTUB
0OpYIIEHUS BCETO COOPYKEHUS
B dusnuecku HEJIMHENHBIX 3ajadax  (Qu3MUecKo  HenmuHeMHocTH — (HeIMHEHHOU
OTCYTCTBYET JIMHEHHAsT 3aBUCHMOCTh MEXIY YIPYTOCTH) MaTepuasioB KOHCTPYKIIUA
HampsDkeHussMu U nedopmarmsamu  [1,5].  mpousBogMTcs € MOMOINBIO  (PU3UYECKU
Marepuan KOHCTPYKLUU MMOAYMHSIETCS  HEJIMHEWHBIX KOHEYHBIX 3JIEMEHTOB,
HEJTMHEHHOMY 3aKOHY neOpMUPOBAHUS  BOCIPUHUMAIOMINX HH(DOpPMAIMIO U3 Pa3BUTON
(HenuHEWHAs  ynpyroctb). MoaenupoBaHue  OMOIUOTEKH 3aKOHOB nehopMUpOBaHUS
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MaTepualioB (3aBUCHUMOCTeN G—¢). bubmamoreka
3aKOHOB nehopMUPOBAHUS MO3BOJISIET
YYUTHIBATh TPAKTUYECKU JIOOBIC HEITMHEWHBIC
cBoiictBa Marepuana. CylIeCTBYeT HECKOJIbKO
METOJIOB Ul pEUICHMs] HEJIMHEHHBIX 3a]ad
Pa3IUYHBIX THIIOB: IIAaroBBIA METOMA, METOJ
CEKYIIUX, UTEPALIMOHHBI METOI.

Pazpaboran HOBBIIT MeTOn yueTa (HU3UUYECKOM

HEJIMHEHHOCTH - «UHXEHEpHas
HEIUHEHHOCTDL», OCHOBAHHBIII Ha  METOAC
cekymux (puc.l).

B ¢dwusuyeckom cwmpicie MeETOA — CEKyIIUX

O03HAYAET UTEPALUOHHBIA [TOUCK TAaKOW JINHENHO
yOpyroil cucteMbl (JUHEHHBIH omnepatop A
COOTBETCTBYET  MOJYJIIO E KOTOPBIH,

mo
€CTeCTBEHHO IepeMeHeH 1o obmactu ),
KOTOpas TOJI 3aJaHHY0 Harpy3Ky f umeeT Takue
KEe  IepeMelleHus, Kak ¢ HEeJIUHEHHO
nedopmupyemas cucTema (HemMHEHHBIN
oneparop A). HauanpHbIi JTUHEHHBIN orepaTop

do;
de;

QJICMCHTOB  Ha

Oio

Ao cOOTBETCTBYET . YpaBHEeHHE

giao & =0

METOJa KOHCYHBIX m+1

uTepauu 0yJ1IeT UMETh BHI: K;"’) =P;
m+1

Z Kl(:y:)ql,mﬂ teeet Z Kl(:lr)qs,n1+l +...

rel| rels

ZKl(rllnf)qn,mH :})l

reln

(1)

m
TIe K Is,r — DJIEMEHT MaTPMIbI JKECTKOCTH I

JJIEMEHTA;
gs.mt+1 —s — CTEMEHb CBOOO/IBI (MIEpeMeIleHre) Ha
m+1 urepanuu;

P1 — y3noBas BHENIHsS CHJia TIO HAIPaBJICHUIO |
CTETeHH CBOOO/IBI.

K, ™
ManHLIa KECTKOCTHU r CTPOUTCA KaK
JUISL TMHEHHO YIIPYTOro Tejia ¢ TIEPEMEHHBIM 110

i,m

obmactu KD momynem E, = . 3HaueHUE

i,m

aneMeHToB oOieit marpuilsl [K(q)] Ha kaxaom
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JTale pelIeHUs] CUCTEMbI JIMHEUHBIX YPaBHECHUI
Buaa (1) ompenensercs yepe3 3HAUCHUS BEKTOPa
{q}, moIy4eHHOT0 Ha MPEeAbIIYIIEM 3Tane

[K(g“" g} = (P}, )
rae s — HoMmep urepauuu. Ha nepBoil urepauuu
(s = 1) 3Hauenus HeusBecTHbIX qi (1= 1, 2 ... n),
OT KOTOPBIX 3aBUCAT 3JeMEHTHl Marpuusl [K]
MO>KHO MPUHATH paBHBIM HyJI0. B 3TOM cityuae
HEJIMHEHHbIE COCTaBJIOIIME OOpalarTcs B
Hylb. B pesynbrare mnomyuuMm — Matpuiyy
[K(q)] =[K], 1uHEWHOMU 3a1a4n.

ITponecc II0CJIEI0BATEIbHBIX peLeHui
ypaBHeHHUsT (2) ¢ MpoUEAypOH yTOYHEHHS
aneMeHToB MaTpuubl [K] Ha kaxxnoi urepauuu
MpOJODKAeTCd 10 TeX IMOop, IOoKa pa3HHUlla

MEXJy pe3yJibTaTaMU PELIEHUs, NIOJyYECHHBIMU
Ha JIAaHHOM W MPEIbIAYIICH UTepalluH, OKaXKETCS
3aJIaHHOM,

MEHBIIIE Majou

BCINYNHEI.

J0CTAaTOYHO

Y=

Pucynox 1. I'pagpuueckas unmepnpemayus
Memooa cexKyuux.

[IpumeHeHne  ONMUCAHHOTO  BBINIE  METOZA
MO3BOJISIET MyTeM JAe(OpMarOHHOIO pacueTa
BBIITH Ha MpeleIbHOE COCTOSHNE KOHCTPYKIIMH
10 HeCylIel CIIOCOOHOCTH.

[TpunIUIE, 3aJ10’KEHHBIE B METOJ
«UH)XEHEpHAasl HEIMHEWHOCTBbY»  CIEAYIOLIHE.
Brauane 3agarorcs MCXOQHBIE AaHHBIE KaK JUIS
OOBIYHOTO pacyera. 3areMm 3a/1aeTcs
«OIpEAeISIIoNIee» HarpyKeHue, KOTopoe, IO
MHEHHIO 0JIb30BATENS, B OCHOBHOM OIPEIEIUT
HaNpsHKEHHO-Ie)OPMHUPOBAHHBIC COCTOSTHUS
3JIEMEHTOB KOHCTPYKLUHU — pa3BUTUE TPEUIUH,
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IIACTUYECKUE nedopManuu OeroHa u
apmatypbl. «Omnpenensmomee»  HarpyXeHue
3aaeTcs Kak Habop 3arpyeHuid, Kaxaoe co
ceouM KoddpdunuentoM. Ha HaszHaueHHOE
ONpEACISAONIee  3arpy>)KEHUE  BBINOIHIETCS
pacdeT B HEIMHEWHOI MOCTaHOBKE C 1MOAOOPOM
Ha KaX 101 UTepaLuu apMarypsl
KeJ1e300€TOHHBIX 3JIEMEHTOB. Pacuer
BBITIOJIHAETCS, IPUMEHSISI UTEPALIMOHHBIA METOA
cekymux (merom buprepa). B pesynbrare
pacuera OIIpEAEIIAIOTCA JKECTKOCTHBIE
XapaKTEPUCTHKU 3JIEMEHTOB, COOTBETCTBYIOLIHNE
CEeKYILIUM MOJYJISM AedopManui Ha mocieHei
WTEpaluy HEJIMHENHOTO pacyeTa. JKecTKocTHbIe
XapaKTEPUCTHKU  CTEPXKHEBBIX  DJIEMEHTOB
ONPEIENAIOTCS KaK JUIsl CTEPKHEW NEpEMEHHOU
KECTKOCTH, a I IUIACTUHYATHIX DJIEMEHTOB —
KaK JJIs OPTOTPONHBIX MacTUH. OmnpeneneHue

CEKYIIUX JKECTKOCTHBIX XapaKTEPUCTUK
ceuenus (Elx, Ely, Glkp, EF) B coorBeTCTBUU C
yeumuamu - Mx. My, N BbInonHsercs

YHUCIIEHHBIMM METOJIaMHi Ha OCHOBE pELICHUS
TPEX YPaBHEHUI paBHOBECUS:

ZMx:O;

M.C. bapabam

ij Gj(ycaaaﬁ)y] +MX+N'ex =0
=
ZMy:O

ij‘aj(yc,a,ﬂ)-xj+My+N.ey —0

j=1

ZZZO; ij 'Gj(yc:a’ﬂ)+N:O
=

VYpaBHeHUst COCTaBJISAIOTCS YHCIICHHO
OTHOCUTENIBHO TpPeX HEM3BECTHBIX: Yc —
CMELICHUE HEUTPAIBHOM OCH; O — YIOJ

MOBOPOTa HEUTPANBHOM OCH; - yroi moBopoTa

ceyeHus:  (IpUMEHSIETCS  3aKOH  IUIOCKHUX
ceyenuit). Ilocme Haxoxnmenus o, P, e
OIIpeAEIIAITCA CEeKyIlHe YKECTKOCTHBIE

xapakTepucTuku. OcTaBiiascsi 4acTb CEUYCHMHS
(cxkaTelii  OETOH) pacdJICHSETCS Ha TOJOCHI,
napajuieibHble HEUTpaibHOU ocu. JlIs Kaxmaoi
MOJIOCKHI ompenensiercs € (puc. 3, B), Mo & U
cekymmuii moxnynb Ej (puc.3, r). 3atrem 1o
W3BECTHBIM (POpMYyJIaM OTIPEIENISIFOTCS] CeKYIIHe
xkecTkocTHble XapakTepucThku Elx, Ely, Glkp,
EF.

My

Pucynoxk 2. Onpeoenenue scecmkocmHuulx Xapakmepucmuk Hcene300emoHH020 CIMepPIHCHSL.

JluneitHo-neopmupyemasi cuctemMa, UMErOIIast
YKECKOCTHBIE XapaKTEPUCTUKH, MOTyYEHHBIE Ha
nocieaHeii uteparuu Merona cexymux K™ | B
JaTbHEHIIIEM UCTIONIB3YETCS JJIS MOCIEAYIOIIETO
pacdera Ha Bce 3aJJaHHBIC HArpy>KeHUs (B TOM
yucjie W AUHaMHu4deckue), onpeaensiorcs PCY,

PCH, mnopOupaercst mpoekTHass apmarypa H
BBITIOJTHSETCS KOHCTPYUpPOBaHUE B
KOHCTPYHUPYIOLINX CUCTEMaX. Taxas
OpraHu3alysi HeJIMHEHHOTO pacuera He TpeOyer
TPYAOEMKOTO 3Tara 3aJaHus apMaTyphbl, TaK KaK
apMatypa MoaOupaeTcs aBTOMAaTHYECKH BO
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BpEMs pacucTa, U JaCT JOCTATOYHO aACKBATHBIC

pE3yNbTaThI. Tak, MHOTOYHCIICHHBIE
WCCIEIOBaHUsl, TPOBEICHHbIE HA  CTaJuu
TECTOBOM OKCIUTyaTallid, IIOKa3bIBAIOT, YTO

MepeMeNIeHusl OT FKCIUTyaTallMOHHBIX HArpy30K
B 2,5...3,5 pa3za npeBbIIAIOT MNEPEMEIICHHS,
MOJIyYeHHbIE Ha OCHOBE JIMHEHHO-yIpPYyroro
pacuera, MU B DpslIe cllydaeB HaOI01aeTCs
HEKOTOpOE Mepepacupeacienue ycuiii. Meron
«MH)KCHEPHAsl ~ HEJIMHEHHOCTH»  TO3BOJISIET
WHTETPAJIbHO OLIEHUTh BIUSHUE W3MEHEHUS
KECTKOCTEH Ha IepepacipesiesieHue YCUINi 1

YBEIIUYCHUE nepeMeleHu TUISL
JKCIUIyaTallMOHHBIX HArpy30K B  PSIOBBIX
IIPAKTUYECKUX pacyeTax.

PaccmarpuBaercs  Bompoc — HEOOXOJUMOCTH

ydeTa IIpoLecca BO3BEICHHS BBICOTHOIO 31aHUs
C PaMHO-CBSI36BOM KOHCTPYKTHMBHOH CXEMOW;
OOJIBLICTIPOJICTHOTO  TMOKPBITHS, a  TaKxke
npobsiemMa oOIpeAenaeHusl BIUSAHUSA (aKTOPOB,
Biausiiomux Ha ¢opmuposanue HJIC Hecymmx
3JIEMEHTOB KapKaca IpY BO3BEACHUHU.

IloMumMo 5TOrO0 B  XOAE€  HUCCICAOBAHUSA
YCTaHABIIMBAOTCSA HEAOCTATKH TPAAUIMOHHBIX
METOJIOB pacuera, U INPEeNIararoTcsi PEIICHUs,
MO3BOJISIOIIME YIPOCTUTh Y4YeT CTaJuHHOCTH
BO3BEICHUS 3[1aHUs.

Cranueii, dopmupyromer HJIC, sBusercs
craguss  Bo3BeleHud. Ha  orom  srame
KOHCTPYKTHBHAsI cxema CTPOUTEIBHOTO
00BbEKTa M3MEHSETCS B 3aBUCUMOCTH  OT
IIOCJIEI0BATEIBHOCTH BO3BEJCHMUS, 4TO
o0ycaBIMBaeT U3MEHEHUE KOHCTPYKTHBHOH U
pacuetHoil cxembl 3manHug, u ero HJIC Bo

BPEMCHHU. B nporecce BO3BEJICHHS
KOHCTPYKTHBHAsA CX€Ma COOPYXKCHHA MOXKET
MHOTOKPAaTHO  WM3MCHATHCS,  YCHIUS |

MEPEMENIECHUS «3aMOPAKUBATHCS», OMPEAeIIsis
CEYCHHUsI DJIEMEHTOB M KOHCTPYKLHMH Y3JIOB
MMEHHO Ha dTOM CTaJuH.

[Ipu BO3BCJCHUU MOHOJIMTHEIX
’KeJIe300€ TOHHBIX KOHCTPYKIIUIA Ba)KHBIM
3¢ (HeKToM, KOTOpPbIii HEOOXOIUMO YUUTHIBATH
NpU YHUCICHHOM MOJICTTMPOBAHNUM, SIBIISIIOTCS
HEJIHHENHbIE CBOMCTBA O€TOHA, T.€. H3MEHEHHUE
JKECTKOCTHBIX  XApAaKTEPUCTUK B  MpOILECcce
HarpyxeHus (moi3ydecTs, TpeuHsl)[2,3]/
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Kpome Toro, B mpouecce MOHTa)ka NEPEXO] K
HOBOM CTAaJMM YacTO OCYHIECTBIIACTCS, KOTAa
BO3BEJIEHHAss HAa  MPEIbIAyIIMX  CTagusX
KOHCTPYKIIUS €lle He HaOpajga MmpoeKTHou 28-
JTHEBHOU MPOYHOCTH. 910 TaKXKE
o0yciaBIuBaeT HE00X0IMMOCTh ydera
HEJIMHEHHBIX 3((EeKTOB, TaK KaK OT CTaJuU K
CTaJlMd MEHSETCS JKECTKOCTh BO3BOJHMMBIX
AJIIEMEHTOB, B COOTBETCTBHUM C BpPEMEHEM HX
BO3BEACHUSA.  UWCIEHHOE  MOJEIMPOBaHUE
mporuecca BO3BEJICHUS IIPEJICTaBIISIETCS
HEJIMHENHOM 3a/1auel, aXKe €CIM HE YUUTHIBATh
3pdeKTh,  CBA3aHHBIE C  HEJIMHEHHBIMU
cBoiicTBamu OeTtoHa. B mporiecce Bo3BeneHUs
IIPOSIBIIIETCS. I€HETUYECKas  HEJIMHEHHOCTD,
00yCJIOBJIEHHAsT M3MEHEHHEM KOHCTPYKTHUBHOM
cxeMbl. Takas HEIMHEHHOCTh BbI3BaHAa TEM, UTO
HJ1C MruoBeHHO BO3BEICHHON KOHCTPYKIUH HE
skBuBasIeHTHO H/IC KOHCTpyKIMHU, OTy4YEeHHOU
Ha OCHOBE yueTa BCEH HUCTOPHHM BO3BEACHUS
(U3MEHEHUE PacueTHOW CXEMbl, BOSHUKHOBEHHE
U CHSITHE MOHTa)XHBIX OMOp U T.J.)

Mertonuka, MI03BOJIAIOILAs IIPOU3BOJUTH
pacdeTsl € y4eTOM  IIOCJIEIOBAaTEIbHOCTH
BO3BE/ICHUS, OCHOBBIBAETCSI HA MOJU(PHUKAIIMU U
yCOBEpIIEHCTBOBAHUU MeToJa
MOCJIEAOBATENbHBIX ~ HarpykeHuil.  Merox
MOCJIEZIOBATEIbHBIX ~ HArpy>)KeHUH  sIBIIsSIETCA
OJIHOM M3 pa3HOBUIAHOCTEN I1arOBOI0 METO/A.
Cucrema HEJIMHENHBIX YpaBHEHUH,
OIHCHIBAIOLINX HEJIMHENHYIO 3a7a4y, BBITJISAUT
CJIEIYIOIIUM 00pa3oM:

Au=f 3)
rae: A — HelIMHEHHBIN onepaTop 3aJauy;
U — BEKTOP HUCKOMBIX IIEPEMELICHMI;
f — BeKTOp BHEIIHUX HArpy3oK.
Wpes maroBoro MeToja 3akit04acTcs B 3aMECHE
HEJIMHEHHbIX ypaBHeHUM (1) peKkyppeHTHOM
ITOCJIEI0BATEILHOCTBIO JINHEWHBIX, KOTOPBIE HA

m 1Iare UMeOT BUA U, .| =U,, +Au,, .,

AmAumH = Aﬂmﬂj 5 um+1 :um +Aum+l (4)

rae: Am — JMHEMHBIH  omeparop, B
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Pa3BEPHYTOM BUJE UMEIOIIUN BUJL:

y, u oy, U oy, y

ou | " ou, " ou, | "

oy, y oy, u oy, y

ou | " ou, " ou, "

6wﬁ% 8w”% 5WM%

ou, Ou ; ou,, (5)
3pecs W, (I =12..n) -~  HemuHeiinble

oreparopsl, T.€. | ypasuenue cucrembr 4Au = f
BBITIAIUT KaK Yy (Uy, Uy eeddjoddy ) = Py st —

napaMmeTp Harpy3Ku.

CyTtp Moaudukauud MeToJa 3aKII0YaeTcsl B
TOM, YTO IMapaMmeTp t BBOAUTCS K Harpyske P.
I[Ipu t = 0 Jserko omnpenesnseTcss HadaabHOE
peleHue Uo, npu t=1 cucrema npespamniacTcs B
ncxonnyr. IlocmenoBarenbHo u3menss t or 0
10 1, HaxoauTCs MPUOIMKEHHOE PEeLICHHE.
BoruncnuTtenbHas cxemMa Ha KaXJIOM IIare
MOJIyyaeTcss M3  CJIeNyIoIUX COOOpaskeHHiA:
BBEJIEM THIIOTE3Yy, YTO Ha m-dTame t = tm
U3BECTHO PELICHHUE, T.€.

A um = tmf. (6)
N3mennm tm Ha BeNMWYMHY Atm+1 TaK, 4TOOBI
tmt1=tmTAtm+1 ObLIa ONMKE K €OUHHIIE, YEM tm.
Torpa:

A(um + Aum—o—l ) = (tm + Altm+1 )j . (7)

Paznoxum neByro vacte (6) B psa Teitnopa,
TOrJa:

x .
1| o' -
Au, + > | — A Au,., |+R, =
; l-! 8”’ . +1 k (8)
= tmf + At m+1f
IIpeneOperas  KBajgpaTaMH W BBICHIUMH

crenneHs MU Aum+1  (BenmmumHa At J0DKHA
JOTyCKaTh 3Ty Npoueaypy) u ¢ ydetom (6)

M.C. bapabam

HOJIy‘II/IM HI/IHeapI/ISOBaHHyIO
HaxXOXJIeHUSI Aum+i, T.C.

cuUcTeMy Ul

AmAum-H = Atm+lj » Ui = Uy, +Aum+l' (9)

r7e Am — JIMHEHHBINA oniepaTop

A, = EA
ou u,
Hanpsokenus — ompenensirotes o opmyire,
aHajoruyHoi (7):
{o)" ={o}" +{ac}” (10)

Jl7is MalbIX 3TaroB Harpy>XeHUs UCTOJIb3yeTCs
3HaYeHHUE KacaTelIbHOro MOAYJs aedopMaluu,
BBIYHCTISETCS o HaIPsSKEHHO-
ne(GOpMUPOBAHHOMY COCTOSIHUIO KOHCTPYKITHH
MpeIUIecCTBYIONIEH CTyneHu 3arpykeHus. Jlis
M30TPOIHBIX MATEpPHAIOB JUISI ONpPEIEICHUS

KacaTeJIbHOTO MOAYJIS nedopmaruit
WCMONB3yeTCs  caeAyroumi  noaxon. Ilpu
koad¢unumente Ilyaccona, OTIMYHOM  OT
0.5, nceBnoymnpyrue napaMmeTpbl  BBIYUCISIOTCS
o ¢opmynam [5]:
* -1
Ek(m) = Elzn /Qk (11)
) 1+v  (1-2v)E)
Vi(m) = - Q (12)
3 3E,

rae EO, v— HayanbHBIM MOIYJIb YIPYTOCTH H

KodhUITUEHT [lyaccona;
Ex - KacaTeJIbHbIN MOJIYJIb

0000111eHHON KpUBOH J1e(hOPMUPOBAHHUS;

20+v)+1—2v

Q, =
‘ 3 3E,

E (13)

Ecnu Ha m-M 3Tame mpoucXoIuT pasrpys3ka, TO
JUIA pacyeTa MPUHHUMAETCS HadallbHBI MOIYJb
ympyroctu Eo.

[Ipennaraercs Ooltee o0t MOJIXO/I,
OCHOBaHHBIN HA 3aBUCUMOCTH Gi=G(&i) , TIE Ci —
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OKBUBAJICHTHBIC HaHpSI)KeHI/IH, Ei -

SKBUBAJICHTHBIE Jedopmanuu. B stom ciyuae

KacaTeJIbHBIN MOJYJIb nedopMaruu
o0o;

onpenensercs, KaK L.

o¢;

1

B ¢usnueckom cMmbIcie 3TOT IPOLECC MOXKHO

TPaKTOBAaTb KakK IIOCTEIIEHHOE YBEIUYCHUE
HarpyskKHu, HayMHAIoLEeecs oT 0 "
3aKaHYMBaroIeecs 3a/1aHHbIM f.

Jns omHOMEpPHOro  ciuydas — BO3MOXKHA
reoMeTpHyecKas MHTepuperanys Metosa (puc. 3)

Ha m+l wrepauum ypaBHeHHE MeToAA
KOHEUYHBIX 3JIEMEHTOB UMEET BUL:

KmAumH :tm+lj > (14)

rae Km — maTpuia KaHOHUYECKUX YypaBHEHHI
Ha M-OM 3Talle pacyeTa.

3 KAy e D KA

rel, relj

(15)
’ “+ZK1(I’1n,r)Aun,m+l = AthPl
reln
[Mepememenuss (um) u  ycwius (Sm) JUIS

KOHCTPYKIIMM BO3BEJICHHON paHee (Ui 3TaroB
1,2, ... m-1) onpenensitorcs o popmynam

u, =u, ;+Au,, S,=S,_1+AS,.

JInHeapu30BaHHBIN oreparop Am
COOTBETCTBYET KacaTelbHbIM  KECTKOCTHBIM
0
XapaKTepUCTHKaM, T.e. 4,, = a—A\um .
u

B ormnune ot (14) B (15) Km He TONBKO
COCTaBIISIOTCS C y4ETOM buznuecku
HEJIMHEMHBIX CBOMCTB MaTepuaiga, HO U C
y4eTOM H3MEHEHHS TOIOJOTHMH KOHCTPYKIUH,
TaKk KaK Ha m JTame pacyera (m CTaauu
BO3BEJICHUS) YUYUTHIBACTCS TMOSBICHHE HOBBIX
anemeHToB. Ilpm yuere  ¢usmueckoil wu
TeOMETPUUECKON  HENMHEHHOCTH  pelieHHe
cuctemsl (15) TpeOyeT MOMOTHUTEIBHBIX IIIaroB
tuma (14).
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Af

pataf
d
Am=d_UA|Um

Umi1 |Um

Y=

Pucynok 3. 'eomempuueckas unmepnpemayus
Memooa nocied008amelbHblX Ha2PYHCeHULL.

[Ipemiaraercss crneaylolmUi  JITOPUTM  yuyeTe
CTalui  MOCJIEJOBATEIbHOTO  BO3BEACHHUS.
PazbuBaercs  coopykeHHME Han  CTaauid
(aTaxeii), COrIaCHO UCIOJIb3yeMOM TEXHOJIOTUH
BO3BE/ICHUS. [TepBoHauanbHO CUMTaeTCs
BO3BEJCHHBIM nepBas cTaaus (aTax),
MIPOU3BOJIUTCS pacyer €ro HampsHKEHHO-
ne(GOpMHUPOBAaHHOTO COCTOSHHUSI B JIMHEHHO-
yIpYyroi IMOCTAaHOBKE C HaydaJlbHBIM MOJYJIEM
Eo. Jlamee mnpenmnonaraeM BO3BEICHHBIMH JIBE
cragui. CHOBa pPAacCUMTHIBAEM HANPSIKEHHO-
ne(pOpMUPOBAHHOE COCTOSIHUE, HO TemNepb
YUUTBIBAEM HArpy3Kd, BO3HMKIIHE BO BTOPOM

CTaJuH. [Ipn 3TOM, bopmupys
MaTpHILy )KECTKOCTH BTOpPOI CTa/IuH,
BOCIIOJIb3YEMCSl ~ 3HAQUEHUSMU  KacaTeJbHbIX

MOJlyJIEW YIIPYTOCTH, ITOJIyYEHHBIMH U3 pacyeTa
METOZOM TMOCIEAOBATEIbHBIX HArPYyKEHUN JUIsS
IIPEIBIAYIIEro 3Tana BO3BEACHUS COOPYKEHHM
Ec m ve, a pna mnepBoi craguu (paHee
BO3BeIeHHOW) — 3HaueHussMu Eo u  vo. [lpu
STOM, B BO3BEJCHHOM CTAaJuU BBIYUCIIAIOTCS
KacaTeJIbHbIE MOJyJIA YIPYTOCTH u
K02 PUITUEHTHI ITyaccona. AHaJIOTUYHO
MIOCTYIIaEM, KOTJja CUNTAEM BO3BEIEHHBIMU 3, 4,
..., 1 CTaJIUH, JI0 TE€X MOp, MMOKa pacyer He Oyaer
OXBaThbIBaTb BCETO COOpYKEHUsA. KOMIIOHEHTHI
HaIpSDKEHUN W NIEpEMENICHUH, MTOJyYEHHBIE OT
BO3JCHCTBUSl HArpy3oK Ha KaXI0H craauuy,

CYMMHPYFOTCSI.
OnucanHple  METONWKH  pEaln30BaHBl B
nporpammuoM komiuiekce JIMPA-CATIP.

K npoiieccam SKU3HEHHOT'O [UKIIA,

MPOUCXOAAIINM B JKCIUTyaTallAOHHOW CTauH,
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MPEXKIE BCEro, OTHOCATCS PEOJIOTUYECKUE
npouecchl u3MeHenuss HJIC koHCTpykumu npu
JUTUTEIIbHOU Harpyske, CBS3aHHBIC c
MOJI3y4YEeCThbI0 U U3MEHEHUEM CBOMICTB OeToHa
BO BPEMEHHU.

TexHonorus pacdera KOHCTPYKUUN C YyYETOM
MmoJi3y4decT OETOHA BBINVISIUT CIEIYONIM
obpazoM:

- BBINOJIHSIETCS PACUYET B JUHEWMHOU IMOCTAHOBKE

HAa BCE BHUABl HArpyXeHWH (CTaTUYECKHe,
CHJIOBBIE,  CTaTW4eckue JehopMalOHHbIE,
JUHAMHUYECKHE);

- ONPENEIIATCA PACUECTHBIE COYETAHUM YCUIIMI
WA PACUETHBIC COYETAHUS HATPYKECHHUII;
- BBIMIOJIHAETCSL TOJ00P apMaTyphl B CEYCHHSIX
CTEPHEBBIX WJIU IJIACTUHYATBIX AJIEMEHTOB;
- TpPOU3BOAUTCS YHUPUKALUS apMUPOBAHUSA
3JIEMEHTOB;
- TI0 pe3yJbTaTaM apMHPOBaHUS (HOPMUPYIOTCS
HOBBIE JKECTKOCTHBIE XapaKTEPUCTUKHU
KOHCTPYKTUBHBIX 3JIEMEHTOB JUTSt
MOCJIEAYIONIETO HETMHEUHOTO pacyeTa;
- 3aalTcid TMapaMeTpbl MOoN3ydecTd OeToHa,
YYUTBIBAIOIUE BIAKHOCTh U yCaAKy O€TOHA;
- Ha3HayaeTcsl HarpyXeHue, Ha KoTopoe Oyzaer
MPOU3BOAUTHCS PAcyYeT C YYETOM MOJI3y4YeCTH
OceToHa;
- BBINOJIHSETCA  pacyerT Il 3aJaHHBIX
MIPOMEXKYTKOB BpemeHu. Ha kaxaom srtane
pacuera I KaxJI0ro 3JIEMEHTa ONpenessieTcs
HOBas  JKECTKOCTb, KOTOpas 3aBUCUT  OT
HampspDKEHUsT OE€TOHa B JTOM DJIEMEHTE |
3aIaHHBIX TapamMeTpoB moi3yuyectd. HoBbie
MEPEMEHHBIE KECTKOCTU MOJTYyYarOTCsl B TOUKAX
WHTETPUPOBAHUS KAK IO CEUEHUIO, TaK U IO
KOHEYHOMY 3JIEMEHTY, B COOTBETCTBHUH C
3aJaHHOl quarpamMmoii aedopmupoBanus. Ha
KaXJIOM  JTale  ONpPENeNsIoTCS  yCUIIMA,
MEpEMELIEHUST U  HOBBIE  JKECTKOCTH IO
KacaTeJIbHOMY MOJIYyJ0  AedopMaruu  Jist
3aJaHHOT'O MPOMEKYTKA BPEMEHH.
MopenupoBanue mporecca crapeHus 0eTo-
Ha, N0 CYyTH, SIBJISETCS HEJIMHEHMHOM 3ajayeu,
00yCJIOBJICHHOW Yy4YeTOM CBOMCTB Marepuaia
(pusnyeckass HENMMHEWHOCTH). Pernenune 3Toi
sagaun B [IK JIMPA CAIIP ocHoBaHa Ha oc-
HOBHBIX METOJIaX TEOPUH MPOYHOCTH OETOHA,

M.C. bapabam

KOTOpBIG B (1)I/ISI/II-I€CKOM CMBICJIC HpeI[CTaBJISIIOT
co0ol peanu3alio 3aKOHOB HEJIMHEWHOTO JIe-
dopmMHupoBaHUsS MaTepualaM IO Pa3IUYHBIM
TEOPHSIM.

BbIBO/IbI

JUJ11 COBPEMEHHBIX CIIOXKHBIX COOPYKEHUM (MO-
CTbI, OOJIBIIECTIPOJIETHBIE MOKPBITUS, BBHICOTHBIE
3laHUS U 1p.), KaK MPaBUIIO, KOHCTPYKTHUBHAA
cxemMa OOyCIIaBIMBAaeTCs HE TOJIBKO YIPYIHMM
pacdyeroM, HO M IIpoLeccaMu HM3MEHEHUS
HaIPsSHKEHHO-/1€()OPMUPOBAHHOTO COCTOSTHUS BO
BpeMeHH. B mpouecce KU3HEHHOr0 LIMKJIA KOH-
CTPYKTUBHAsl CX€Ma COOPY’>KE€HUSI MHOT'OKPATHO
U3MEHSETCS, YCWINA U NIEPEMELIEHUs Iepepac-
MIPENESIOTCS, 3HAUYUTENIBHO IOBBIIIAs BEPOST-
HOCTh TPELIMHOOOpPa30BaHU M BO3HUKHOBEHHS
aBapuUMHOM CUTYalLlUH.

Jlnst u3ydeHust Gu3n4ecKkoil cucTeMbl METOJaMU
YHICJIEHHOTO MOJEJIMPOBAHUS €€ 3aMEHSIOT al-
CTPAKTHOM CHUCTEMOM - MAaTE€MaTU4YECKON MOJe-
JBIO.

Peanuzanus mMareMaTndeckol MOJEIN Ha KOM-
MBIOTEpPE JaeT BO3MOXKHOCTh MHOTOKPATHO U B
IIMPOKOM JIMaIla30HE U3MEHATh BXOJHBIE Mapa-
METpbl U YCJOBHSI (PYHKIIMOHHUPOBAHHUS CIOXK-
HBIX CHUCTEM, 3aMEHss, TaKUM 00pa3oM, JKcIie-
PUMEHTAJIbHBIE UCCIIEI0BAaHUS YHUCICHHBIM JKC-
nepuMeHToM. Kpome Toro, npu pemeHuun psaa
CJIOKHBIX KOHCTPYKTOPCKHX 3a]1a4 HEOOXO0IUMO
IIPUMEHEHNE BapUAHTHOT'O IIPOEKTUPOBAHUS.
Ha coBpemeHHOM 3Tamne pa3BUTHUS KOMIIBIOTEp-
HOW TEXHMKH pPa3paboTaHO MHOXECTBO IpO-
rpaMMHbIX komiuiekcoB (JIMPA-CAIIP, MO-
HOMAX-CAIIP, SCAD, STARK, COSMOS,
ANSYS, NASTRAN wu gp.), peanusyromux
METOJI KOHEUYHBIX JJIEMEHTOB U TO3BOJISIOLIUX
MIPOU3BOJUTH PACUETHI CIIOKHBIX CUCTEM.
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ONPEJEJIEHUE U AHAJIN3 CBOPOYHBIX OTKJIOHEHUI
B METAJIJIMYECKOM KAPKACE BOJIBIIENPOJIETHOI'O
COOPYXEHMUAA C KYIIOJBbHBIM HOKPBITUEM

A.b. bonoapes
Maranauckuii gprmunan OO0 «I[1OJIFOC CTPOW», r. Maranau, POCCHUSL.

AHHOTAIIUS. B craTthe W3I105KeHBI Pe3yabTaThl UCCICIOBAHNS COOPOYHBIX OTKIOHCHHH, BOHUKAIOIINE TIPH
cOopke OOJBIIETTPOTETHOTO METAJUIMYECKOTO COOPYKEHHS C KYIOJIBbHBIM HOKpbITHEM. VIcciaenoBaHue mpoBoau-
JIOCb METOJIOM TE€OMETPUYECKOTO MOAEIUPOBAHUS C IOMOIUBIO ABTOPCKOM KOMIIBIOTEpHOW mporpammbl BK
PACK. OGpaboTka pe3yapTaTOB MCCIECIOBAHUS — BEIMYWH OTKJIOHEHUH Y3JI0B M JUIMH 3aMBIKAIOIINX 3BEHHEB
(cTeprkHeil) pa3MepHOl Lleny BHIOIHEHA METOJOM HaMMEHBIINX KBaJIpaToB. B pe3ynbraTe mcciemoBaHui mo-
JIYYCHBI CPEAHCKBAAPATUICCKUEC BCIIMYMHBI BO3MOKHBIX OTKJIOHCHUM. Hpezmoncem)l MEPOIIPUATHA 110 CHUKEC-
HUIO BJIMSHUS OTKJIOHEHUH, Ha TOYHOCTh COOPKH KapKaca UCCIIelyeMOro COOpYIKEeHUsI.

KnroueBbie cyi0Ba: OONBIICTIPONIETHBIE METAJUIMYECKHE TPOCTPAHCTBEHHBIE OKPHITHS,
cOOpOYHBIEC OTKIOHEHHS, [€OMETPHIECKOE MOICIIUPOBAHUE, TEOPHS YIIPaBICHHUS

IDENTIFICATION AND ANALYSIS OF DEVIATIONS
IN THE ASSEMBLY-SPAN METAL FRAMEWORK
STRUCTURES WITH DOME COVER

Alexey B. Bondarev
Magadan branch, of Co.Ltd «POLYUS STROY», Magadan, RUSSIA.

ABSTRACT. The article presents the results of a study of assembly deviations arising during assembly-span
metal buildings with domed cover. The study was conducted by the method of geometric modeling with the help
of the author's computer program VC RASK. Processing of the results of research — the deviations of nodes and
links of the lengths of closing (rods) of dimension circuit formed by the method of least squares. The studies
were obtained rms values of the possible abnormalities. The measures to reduce the impact of deviations on the
accuracy carcass of the investigated structures.

Keywords: spatial-span metal coating, assembly deviation, geometric modeling, control theory

BBEJIEHUE

B 3p1aHusAX M COOPYKEHHSX W3 METAJUIOKOH-
CTpYKLMI BO3HMKAIOT OTKJIOHEHHS Ha BCEX JTa-
Iax JKM3HEHHOTO IMKJIA — IIPOCKTUPOBAHUE —
U3rOTOBJIEHUE — MOHTaX — JKCIUIyaTalus —
pexoHcTpyKius. CrnenoBarenbHO, 3a/1a4yH, CBS-
3aHHBIE C ONPEAEICHUEM OTKIOHEHUH U UX Y4é-
TOM IIpU TPOEKTUPOBAHUM METAJUIOKOHCTPYK-
il Beerna OyyT akTyalbHbL. B cBsI3uM ¢ mosB-
JICHWEM OTKJIOHEHWH NeiicTBUTeNbHas (hopma U
MIOJIOKEHHE Y3JI0B, M, PEAIbHOE HaIPSHKEHHO-
nedopmupoBannoe cocrossaue (HJIC) crarmue-
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CKHU HEOIPEIeIIMMON KOHCTPYKIIUH OyAeT OTIH-
4aTbCsl OT TEOpETHYEcKoro. ['eomerpuueckue
OTKJIOHEHHSI U (DUKTHUBHBIC yCHUIIHS, KaK MpaBH-
JI0, HE YUYUTBIBAIOTCS CTATUYECKHMM PpaC4YETOM.
He y4ét oTKIOHEHMI IPU IPOEKTUPOBAHUH, U3-
TOTOBJIEHUH, U cOOpKke OOJbIIECHPOIETHBIX
CTEP/KHEBBIX MHOT'OJJIEMEHTHBIX METAJIIIOKOH-
CTPYKLUMH MOKET CHHU3UTh UX HECYIIYIO CIIO-
COOHOCTh. B 1e70M HU3Kast TOYHOCTH M3TOTOB-
JeHus U COOpKM NPUBOAUT K CHHKEHHIO
Ha/IEKHOCTH BO3BEAEHHOTO 00bekTa. Kpome To-
ro, HaJM4Yue OTKIOHEHUH MPUBOIUT K OOJIBLIO-
My KOJMYECTBY HENPEIBHUICHHBIX TPYAOBBIX U



Omnpenenenre 1 aHaM3 COOPOUHBIX OTKJIOHEHHI B METAJUIMUECKOM KapKace OOJIbIIETIPOIIETHOTO COOPYKEHHS

C KyIIOJIbHBIM ITOKPBITHEM

(MHAHCOBBIX 3aTpaT, Kak MPaBWIIO, HE YUTEH-
HBIX B CTOUMOCTH CTPOUTEJIBHOTO OOBEKTA.

1. OFBEKT U LHEJIb HCCJIIEJOBAHUA

Heabp padoTbl — UCCIIEIOBATh BEITUYHHBI COO-
POYHBIX OTKJIOHCHHH B  OOJBIIEHIPOIETHOM
MIAPHUPHO-CTEPKHEBOM ~ METaJUIMYECKOM  CO-
OPYKCHHU C KYIOJIBbHBIM IIOKPBITUEM IIPU
HaBECHOU cOopKe.

O0beKkT HCCIeA0BaHUSI — OOJBIICTPOIETHOE
COOPYXKEHHE ¢ METAIUTMYECKUM KapKacoM U Ky-

NOJIBHBIM TOKpeITHEM (puc. 1). HMccaemyemoe
COOPYXEHHE COCTOUT W3 LWIMHAPUYECKON H
KyInoJIbHOM wacteil (puc. 2). Juamerp coopy-
*eHus B miaHe cocrasisieT 107 M, a BbicOoTa —
35,3 m. Hununapudeckas yacth BbicoTor 10 M
COCTOMT U3 48 MTYK peméryarbiX KOJIOHH, CBS-
3aHHBIX MEXIY COOOH CHCTEMOH KoJiel U Kpe-
CTOBBIX CBsi3eil. PaccrosiHme Mexay BeTBSIMHU
KOJIOHH cocTaBiseT 0,84 M, a paccTosIHME MEX-
Iy KOJOHHAMH B MEPHIMOHAIBHOM Harpasiie-
HHH — =~6,99 M.

PMCyHOK 1. Cxema PACNOJIOHCEHUS DIEMERMOE COOPYIHCEHUA. A — KOJIOHH, 0 — NOKpblmMuA.
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Pucynox 2. Obwuii 6uo coopyrcenus.
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Ha ormerke +10,0 M KOJIOHHBI UMEIOT TIEPETUO
U TNEepexolsaT OT LUMIMHIPUYECKOH YacTHU Co-
OpYXeHHS B CHEpUUECKYIO 4acTh, 00pa3ys Mmpu
3TOM OHOPBI AJs1 KYHNOJBHOTIO MOKPBITHS. 31€Ch
K€ YCTPOEHBI KOJIBLIEBBIE CBSI3U M MOILHBIE
ONOPBl JUISl CONPSIKEHUS LMIMHAPUYECKOH U
cepuueckoil yactu coopyxenus. KymombHoe
IOKPBITHE COOPY’KEHUS 3alPOEKTUPOBAHO 10
pebpucTo-konbieBoii cxeme. Crpena moabéma
cocrasisieT ~ 22,1 M. Kapkac kymnomna cocTout
u3 48-mu peméryareix pédep BbicoToH 1,2 M.
CeueHue MosiCOB, pPemIETKH, pEédep, CBsA3CH KO-
JIOH KapKaca M KyIOJIBHOTO MOKPBITHUS BBIIOJI-
HEHO W3 THyTOCBapHOro npoduis. Paguanbhble
pEéOpa coenuHeHbl Mexay coboil 10 mrykamu
IIPOMEXYTOUHBIX KoJjel. MepuanoHalibHble pé-
Opa oyepueHsl 10 ayre paguycom <77 m. Kax-
10€ pedpo KyHOJbHOTO MOKPBITUS 00bEINHEHO
CO CMEXHBIM PeOpOM CHCTEMOU CBs3ei B Hpo-
CTPaHCTBEHHYIO MOJIYapKy.

2. METOJUKA UCCJIEJJOBAHUM

C nenplo omnpenencHuss U aHaIu3a OTKIOHEHHM
pa3zpaboTaHa METO/JMKA BBIYMCIECHUS T€OMETPU-
YECKUX OTKJIIOHEHWH, pealn30BaHHAasl B BBIUMUC-
JUTEBHOM KOMIUJIEKCE pa3MEpHOro aHaiuza
ctepxkHeBbix kKoHCTpykuui (BK PACK) [1]. U3
pacuéra TouHoctu B BK PACK Oyayrt uzBect-
HBI: KOJINYECTBO, pa3Mepbl U OTKIOHEHUS B 3a-
MBIKAIOLIUX 3BEHBSAX (CTEPXKHSIX) COOPYNKEHHS
[4]; cpenHekBagpaTHueckoe, MpeAebHOE U
Clly4aifHO€ OTKJIOHEHHME JUIMH CTep>KHEH U KO-
OpAMHAT Y3JI0B OT HOMHUHAJILHOTO (IIPOEKTHOTO)
3HAYEHUS.

[Ipennaraemass MeTOAMKA IO3BOJISIET MCKIIIO-
YUTh HEJAOCTAaTKU CYIIECTBYIOLIUX METOIUK [2,
3], a Takxke CMOJAEIMPOBATH MpOIECC COOPKH
KOHCTPYKIIUH, YYUTBIBasl ClIy4ailHble OTKJIOHE-
HUS Pa3sMEPOB OTIENBHBIX CTEP)KHEH, MapoK U
MOHTaXHBIX OJI0KOB. Takol MOAXO0I IIO3BOJISIET
Hauboyiee TOYHO CMOJEIUPOBATh peaTbHbIN
npouecc cOOpPKU U ONpEeAENTUTh BEIUYUHBI OT-
KJIOHCHUH.

YuurtsiBas, BEpOSTHOCTHBIA XapakTep BO3MOXK-
HOW JIeMCTBUTENBFHONW T'€OMETPHUECKON (hopMBI

A.b. bonnapes

COOPYKEHMSI MO UCIIBITAHUEM I0pa3yMEBAET-
Csl €ro OJHOKPATHOE YMCICHHOE BO3BEJCHHUE 10
IIOJIHOM TOTOBHOCTU. IIpu onpenenenuun oTkiio-
HEHUI MpUHSATA CIEAYIONIas CXeMa MOHTaXa:

- IWIMHAPUYECKYIO YacTh COOPY>KEHUS MOHTH-
PYIOT IJIOCKUMH MOHTQXXHBIMU OJIOKaMH, KOTO-
pble cOOMpParOTCsl Ha YKPYIHUTEIBHON IIJIOMIaI-
K€ C MOCIEAYIOUIMM KOHTPOJEM TIeoMeTpHuye-
CKHX pa3mepoB corjacHo [4]. 3aTeM ycraHaB-
JIMBAIOTCS BEPTHKAIbHBIE U KOJBIEBBIE CBA3U
MEXY KOJIOHHaMH, MpeJCTaBisAtoIue co0oii
IJIOCKUE MOHTA)KHBIE OJIOKU U T.11.;

- HapajuieJIbHO C MOHTaXXOM LMUJIUHIPUYECKOU
4acTU COOpYKEHUS B €ro IEHTpe METOJ0M
HapalMBaHUs MOHTHpYyeTcsl OalrHs, Ha KOTO-
poii coOuparoT U yCTaHaBIMBAIOT BHYTpPEHHEE
OIIOPHOE KOJIBLIO;

- KOHCTPYKILMIO KYTOJIBHOM 4acTU MOHTHUPYIOT
OJI0OKaMH, COCTOSIIIMMHU U3 3JIEMEHTOB pEdep,
CBSI3€H, pacnopok, NPOrOHOB, BHYTPEHHUX H
Hapy>KHbIX Orpaxxiaromux nasnened. M3 mioc-
KHX OJIOKOB COOMPAIOT MPOCTPAHCTBEHHBIC IO-
JyapKu Ha JBYX MEPEeABUXHBIX CETMEHTHBIX
MOJIMOCTSIX, KOTOpPbIE CHMMETPUYHO PACIIOJIO-
’K€HbI OTHOCHUTEJIHO JIPYT JpYyTa B paauaibHOM
HanpasiieHuu. [locne 3akperieHust KOHIIOB TO-
JyapKu Ha HUKHEM U BEPXHEM OMOPHBIX KOJIb-
1aX MOJAMOCTH OITyCKAaIOT U MEepeMENIaoT B HO-
BOE TIOJIOKEHHUE, PACIOJIOKEHHOE IOJ YIJIOM
30° OTHOCHUTENIBHO MEPBOTrO MOJOKEHUS TOIMO-
CTeH M T.A. 3aMBIKaHHME KOJIEL KyI10JIa IPOU3BO-
JST MOc/ie OKOHYAaHUS MOHTa)xa Bcex peéodep my-
TEM YCTaHOBKH CBSI3€H U PACIIOPOK;

- 3aTeM TMPOU3BOJAT JEMOHTAX IOABMKHBIX
CETMEHTHBIX TMOAMOCTEH M IIEHTPAJIBbHOM OIIO-

pHI.

3. ONIPEJEJIEHUE U AHAJIN3
OTKJOHEHUM

[TpunsTass cxeMa MOHTa)XKa COOPYXKEHHS TIpe/I-
MoJiaraeT MOJIHY HE3aBUCUMOCTh YCTaHOBIICH-
HBIX MEXIy CO00# CMEXHBIX OJIOKOB KOJIOHH M
CMEXHBIX OJIOKOB IPOCTPAHCTBEHHBIX IOJya-
pok. Ciie1oBaTenbHO, I CTATHCTUICCKOTO HC-
CIICIOBaHMs TOTPEIIHOCTEH BO3BEJACHHUS pac-
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CMaTpUBAEMOI0 COOPYXKEHHUsI JOCTATOYHO IPO-
BECTH MOJIEJIMPOBAHNE MOHTAXKa ISITU CMEKHBIX
OJOYHBIX YacTel LMWIMHAPUYECKOH u chepuue-
CKOM yacTu coopyxeHus. B kauectBe pacuér-
HBIX CXE€M MOHTQ)XHBIX OJIOKOB MPHHATHI IJIOC-
KHE 4YeTHIPEXYTOJIbBHUKA W MHOTOYTOJIbHUKU.
BepmuHbl 3TUX OGJIOKOB COOTBETCTBYIOT Y3JIamM
COIIPSDKEHHsI OJIOKOB PEAIbHOTO COOPYKEHHUS.
MopgenupoBaHue cOOpKU U3 OTIPABOYHBIX 3JI€-
MEHTOB BBITIOJIHEHO C YYETOM JIMHEHHBIX OT-
KJIOHEHUH pa3MepoB KOHCTPYKLUH, U3rOTOBIIS-
€MBIX B KOHAYKTOpax [4].

OTKIIOHEHHsI B TOJOXEHHUU Y3JIOB ONpeiess-
JUCh U OLIEHHWBAJUCH MO HX OTKJIOHEHWSIM OT
HOMHHa/a B HopMaibHOM (ON), MepuaHOHAIb-
HOM (0M), TanreHuuaabHoM (6T) HampaBieHUU.
Cratuctrueckasi OLiEHKa IOIPEUIHOCTEN MPOU3-
Boaminace Ha ocHoBe 1000 cepuii mcrbITaHUR
Ka)/10ro BapuaHTa MoHTaxa. [lox BapumanTtom
MOHTaXa IOJpPa3yMEBAaOTCA Pa3HbIC IOCIENO0-
BaTEJIbHOCTU YCTAHOBKM MOHTAXKHBIX OJIOKOB.
[IepBbIii BapuaHT — MOHTaK KOJIOH, 3aT€M MOH-
TaX c(pepuyecKkod 4YacTH B HAINpPaBIECHUH OT
HUKHETO OMOPHOTO KOJIbIIa K BEPXHEMY OIOp-
HOMY KOJblly. BTOpoii BapuaHT — MOHTax KO-
JIOHH, 3aTéM MOHTaX CQEepUyYecKol dYacTu B
HaNpaBJICHUU OT BEPXHETO OMOPHOTO KOJbIA K

Bepxnui nosc

HIDKHEMY ONOpHOMY KoJiblly. [Iponecc koppek-
TUPOBKU TIOJIOXKEHHUS MOHTAXHBIX OJIOKOB B
Ipolecce MOHTaXka He BBoauics. B cratbe pac-
CMOTpEHa CXeMa MOHTa)ka COOPYXEHHUs 110 Tep-
BOMYy BapuaHty. Hymepamnus MOHTaXHBIX 010-
KOB KOJIOHH, CBSI3€d M y3JI0B HOKPBITUS IpUBeE-
JeHa Ha puc. 3. I'eomeTpudeckoe MOJI0KEHUE
MECTa y3JI0B KOHCTPYKLUH, T.€. UX KOOpAMHA-
TBI, TOJY4eHbl TyTEM 00pabOTKH HCXOIHBIX
(GaitzloB — HOMHHAJILHOW T€OMETPUH COOpPYXKe-
Hus B hopmaTe *.dwg c MOMOILBIO IPOTrPAMMBI
AutoCAD Civil-3D. OcHOBHbIE XapaKTEpUCTU-
KM PACUETHOHW CXEMBI IIPOCTPAHCTBEHHOIO CO-
opyeHust — cxema coctout u3 137 y3moB u 440
asieMeHTOB. [IpocTpaHcTBeHHBIH OJ0K coopy-
JKEHUs, MOKa3aHHBIM HAa PHUC. 3 NPHUMBIKAET K
OCTaJIbHOW ITPOCTPAHCTBEHHOM YacTU COOpYyXKe-
HUS IIapHUPHO, CJIEI0BATENIbHO, B KAUECTBE 3a-
KpEIUIEHHs B Yy3jJaxX IPUMEHEHa IIapHUPHO-
HEMOJIBWKHAS OIlopa 3ampeliaronias JUHEHHOe
nepeMelleHre no 3-M HampaBJIEeHUsIM B 0OLIeit
cucreme. KoppekTupoBka MoJIOKEHHS Y3JI0B B
IIPOLIECCE MOJEIUPOBAaHUSA MOHTaXka HE OCY-
HIECTBIISATIACh. T.€. MOJyYeHHbIE OTKJIOHEHUS —
pe3ynbTaT pacu€ra OTKJIOHEHHH B IPEAIOJIO-
KEHUM HABECHOTO METOJa MOHTaXa U OTCYT-
CTBUS ITOAMOCTEM.

HuxHud nosc

Pucynok 3. Hymepayusa monmasicnvix 0J10K08 KOIOHH, C8A3€ll U Y3108 NOKPBIMUSL.

ECTGCTBGHHO, YTO TOYHOCTbL BO3BCACHUA IIPO-
CTPAHCTBCHHBIX 0JIOKOB 3aBHCUT OT TOYHOCTH
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TOYHOCTH OTIIPABOYHBIX MapoOK MOYKHO YTBEp-
KJ1aTh, 4YTO UX T€OMETPUUECKUE ITapaMETPhl CO-
OTBETCTBYIOT TpeboBanusMm [4]. Opnako pe-
3yJbTaThl pacyéTa TOUHOCTH BCEr0 COOPYKEHUS
LEJIMKOM U3 COOpaHHBIX OTIPAaBOYHBIX MapoOK B
KOHCTPYKTHUBHYIO ()OpMYy IOKa3bIBaIOT, YTO Be-
JUYMHBl HAKOIUIEHHBIX OTKJIOHEHUN 3Ha4yu-
TeNbHO BbIIe HOpMatuBHBIX [4]. IlociemgoBa-
TEIbHOCTh MOHTA)Ka OTIPABOYHBIX MapoOK IMpH-
BEJICHA Ha puC. 4.

B Tabnuue 1 npuBeneHsl TpU y31a U TPHU
CTEpXHS C MAaKCUMaJIbHBIMU BEJIMYMHAMHU CpPEJI-
HekBajpaTHueckux oTkiaoHeHui (CKO) B y3max
1 3aMBIKAIOIINX CTEPXKHIX 0e3 yuéTa KOppeKTH-

K20 K21 K22 K23 K24

(27) __c11 ) 12 (30) (13 ) (14 (34) 8

A.b. bonnapes

poBku. Ilo pesynpratam pacdy€éTta TOYHOCTH
BHJIHO, YTO YBEJIMYECHHUE KOJIMYECTBA AIEMEHTOB
U Y3JI0B B HANpPaBIEHUU COOPKU TPUBOAHUT K
YBEJIMUEHUIO OTKJIOHEHHH B y3nax. Haumbonee
3HAYUTEIbHOMY YBEJIIMYECHUIO IOJBEPKEHBI OT-
KJIIOHEHUsl y3JI0B B MEPHUAMOHAJIBHOM M HOp-
MaJIbHO HaNpaBJ€HUU. B MeHbLIEH CTENEHU OT-
KJIOHSIFOTCSL y3Jbl B KOJIBLIEBOM HalpaBJICHUU.
HauGonpime OTKIOHEHUS UMEIOT Y3JbI, MpH-
MBIKAIOLINE K BEpXHEMY (BHYTpPEHHEMY) OIOp-
HOMY KOHTYpY — OOYCIIOBJICHO HAaKOILJICHHEM
OTKJIOHEHUH TpU BBIIIOJIHEHUU COOPKU COOpY-
JKEHUSI B KOHCTPYKTUBHYIO (opMYy.
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Tabnauya 1. Makcumanvhvie omkioHeHUs. 6€3 KOPPEKMUPOBKU, MM.

VY3en | CKO dX CKO dY CKO dz CrepxeHb JluHelHOE OTKIIOHEHHE
73 58,62 196,41 142,58 71 203,92
103 182,54 3943 257,97 113 209,28
104 170,60 34,92 263,24 114 211,12

MaxkcruMasnbHble OTKJIOHEHHMS! B JJIMHAX 3aMbl-
KaIOIIUX CTEp>KHEH Takke HaOII0AaloTCs B ya-
CTH OJIOKa MOKPBITUS, NPUOIMKEHHOW K BHYT-
pEHHEMY OIOPHOMY KOHTYpY. 31IeCh cleayeT
OTMETUTh 3HAYUTEIBHYIO0 BEJIMYMHY OTKJIOHE-
Huit y3moB 73, 103, 104 o cpaBHEHUIO C JIpy-
UMY y31aMu. M3 Tabauibl BUAHO, YTO MaKCH-
MaJbHble BETUYMHBI OTKIIOHEHHWH Y3JI0B OoJjee
4eM B 5 pa3 IpeBbIIIAET HOPMATUBHBIEC BEIUYU-

94

HBI TI0 [4] 1 — O0YCIIOBIIEHO HAKOIUICHUEM OT-
KJIIOHEHUH B CTEPXKHSX MPH UX COOpKE.

JInst KOppEKTUPOBKHU Y3JIOB B MpoIecce COOpKHU
B BK PACK mnpenycMoTpeHa COOTBETCTBYIOIIAs
BO3MOXXHOCTH (pekuM pabotel). BBenenue npo-
1mecca KOPPEKTHPOBKH B TMPOIECC MOHTaKa
NPUBOAUT K CHIDKCHHMIO OTKJIOHEHHUWA TIO
HaIpaBJIECHUIO KOPPEKTHPOBKH 10 MaJlO3HAYH-
TEIHHOTO YPOBHS M OKa3bIBaeT Pa3sHOOOpa3HOE
BIIMSIHME HAa OTKJIOHCHMSI B IPYTUX HAIpaBJICHU-
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aX. PexuM KOpPpEKTHpPOBKHU IIOJIOKEHMS DJie-
MEHTOB I03BOJISIET CHU3UTh BEIUYUHBI OTKIIO-
HeHuii B 7-10 pa3. Pe3ynpTarel 00paboTKH OT-
kinonennii B BK PACK mnoxkaswsiBaroT, 4To 110
XapakTepy pacHpelesIeHus 3HaueHUs OTKJIOHE-
HUI COIIacyloTCsl ¢ HOPMAJIBHBIM 3aKOHOM pac-
npenenaeHus. [ KoMIeHcaluu OTKIOHEHUH B
KOHCTPYKLIMU IOAMOCTEH HEoO0XO0AMMO Mpexy-
CMOTPETH AIEMEHTHI (PEryJIUpOBOYHBIE OIIOPHI),
KOTOpBIE CKOPPEKTUPYIOT IOJIOKEHHUE DJIEMEH-
TOB KYyII0JIa B ITPOLIECCE MOHTa)Ka. 3ajaya pery-
JUPOBOYHBIX ONOpP — BBIBEJACHHE MOHTAXHBIX
CTBIKOB Ha IIJIJAHOBO-BBICOTHOE IIOJIO)KEHHUE B
COOTBETCTBUM ¢ npoekToM. Kpome Toro, orkiio-
HEHUS MOHTaXa TaK)K€ BO3MOYKHO CKOMIICHCH-
poBaTh C MOMOILBIO HEKOTOPOH MOJATIMBOCTH

nosicoB gepm D1...D9, u mapku kojgoHHBI K2.
JIOTIOTHUTENBHO HY>KHO BBIITOJHUTH B JJIEMCH-
tax Cl...C3, C6, (C9...C12, C18...C24, C27
COCJIMHEHUE KpaHUX PACKOCOB C IOSICOM B
YCIOBUSIX CTpouIuomaaku. Takoe pemieHue,
JNEHCTBUTEIILHO HE 3HAYUTEIIHHO IOBBIIIACT
TPYAOEMKOCTh paboT, HO TMO3BOJIUT KaYeCTBEH-
HO BBITIOJIHUTh CTBHIKOBKY BCEX JJIEMEHTOB CO-
OpYXXEeHHs B KOHCTPYKTHUBHYIO (hopmy. IIpenna-
raeMblil BAPHAHT PEUICHHUs MTOKa3aH Ha MPUMepe
cs3u C2 (puc. 56). Takoe perieHue NpoaAUKTO-
BaHO TEM, YTO OTKJIOHEHHS B COOPY>KEHHH BO3-
HUKAIOT HE TOJIbKO B PaJHAJbHBIX 3JIEMEHTaX
COOpY’KEHHsI, HO ¥ B KOJBIIEBBIX M JTHArOHAJb-
HBIX.

a (xema cbszu (2
12637
55 599 1676 1675 1675 1675 1531 1530 1610 675
v 5 50 50 25 s
[H. 5200)(760)(9 /[255 N=+800 kH =
\\\3 / AN A / Tr x40 x5
\ | = -
\ / A4 N\\// §7 N (5] N=2110kH
A - AN N . . . AT -
fH.0200x 160 x 9 /[255; N=+800 kH
590 | 892 1675 1675 1675 784 818 1530 1520 1594 675
13428
0 (xema cBaszu (2
12637
55 599 1676 1675 1675 1675 1531 1530 1610 675
j 15 50 50 25 ) S
TH.02001x 160 x 9 ( € 255); N=+800 kH =
- A ;? e e —————————— T —————— N —— ’j
Y \ 060 x4, .
/ / / : (C2 110 kH .
I SNZ ™ e SN
" H.0200x 160 x 9 (€ 255); N=+800 kH
590 |, 892 1675 1675 1675 784 818 1530 1520 1594 675
13428

Pucynox 5. Mapka C2: a — pewienue no npoekmy, 6 — npeoiazaemoe peuieHue.

BrImonHAs KOppeKTHPOBKY (yHpaBJieHHE TOBe-
JICHUEM) TIOJIOKEHHUS OTIPAaBOYHBIX MapoK
MOXHO jaocThub 100% COOTBETCTBHUS MPOEKT-
HBIM PEIeHUSM, IPOEKTHON T€OMETPHHU, U BO3-
MOXXHO TOT/Ia, OTKJIOHEHHsS HE 3HAYUTEJBHO
CHM3AT HECYIIYyI0 CIIOCOOHOCTH COOPYKCHHSI.
Kak BumHO, pacu€T cucTeMbl Ha TOYHOCTh H
aHaIM3 COOPOYHBIX OTKJIOHEHHH Ha 3Tame IMpo-
EKTHUPOBAHUSA TO3BOJISIET MPEIYCMOTPETH MEpO-
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MPUSATUS TIO CHIKCHHUIO BJIUSHUSA OTKJIOHEHHM
Ha HECYIIYIO CIIOCOOHOCTh COOPYIKEHUSI.

4. 3BAK/IIOYEHHUE
Ha ocHOBaHMM pe3ynbTaTOB YHCIECHHOIO HC-

cienoBaHusl cOOPOUYHBIX OTKJIIOHEHHH B MeTaj-
JMYECKOM KapKace OOJIbLIETIPOJIETHOTO COOpPY-

95



KEHUS C KYMOJIbHBIM MOKPBHITUEM MOXKHO CKa-
3aTh, 4TO:

- B Clly4ae pacCMOTPEHHOT'O BapHaHTa MOHTaXKa
npeseabHOe 3HAaYeHHEe HOPMaJIbHOIO OTKJIOHE-
Hus B 104 y3ne coopyskeHust nocturaer 263 Mmm
(dZ), TanrenmmanpHoro B 103 y3me 182,5 mm
(dX), a xkombiEeBOro (MEepUIMOHATBHOTO) OT-
kioHeHus B 73 y3ne 196,4 mm (dY). Bosmoxk-
HOE€ MaKCHUMaJIbHOE JMHEWHOE OTKJIOHEHHUE J10-
CTUTHYTO B 3aMmblKaiolleMm crepkHe 114 —
211 mm;

- y4€T reOMEeTPUYECKUX OTKJIOHEHUH IpU Mpo-
€KTUPOBAaHUHU, a TAK)KE MX KOMIICHCAIIUs B TPO-
L[lecCe MOHTaXa, 3a CYET NMPUHATBHIX KOHCTPYK-
TUBHBIX pelIeHui mo3BoauT odecrneunts 100 %
YPOBEHBb COOMPAEMOCTH;

- B »axementax C1...C3, C6, (C9...Cl12,
Cl18...C24, C27 Heo0XOIMMO BBIIOJIHUTHL CO-
€AMHEHNE KpalHUX pacKoCOB C IIOSICOM Ha
cTpoiiomanke. Takoe pemeHue, He 3HA4YU-
TEJIBHO TMOBBIMACT TPYAOEMKOCTh PabOT, HO
MO3BOJIUT KAYECTBEHHO COOpaTh BCE 3JIEMEHTHI
COOPY’KEHUS B KOHCTPYKTHBHYIO (OpPMY;

- HEoO0XOAMMO MPEeayCMOTPETh PEryJIUpOBOY-
HbI€ ONOpPHl B KOHCTPYKIMM MOJIMOCTEH JUIs
KOPPEKTUPOBKU TOJIOKEHUSI JJIEMEHTOB  KY-
MOJILHOTO TIOKPBITUS MTPH MOHTAXE.
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OILIEHKA MOHTAXHBIX YCUJIUA
B ITAPHUPHO-CTEP’ KHEBOM METAIVIMYECKOM
HOKPBITUU TOPI'OBO-BBICTABOYHOI'O HEHTPA

A.b. bBonoapes

JlonOacckasi HallMOHAIbHAsI aKaIeMHs CTPOUTENBCTBA U apXUTeKTyphlL, I. MakeeBka, YKPAMTHA

AHHOTAIIUS. B cratbe mpuBEEHBI pe3yabTaThl MCCIEIOBAHUS MOHTAKHBIX YCHJIMM, BO3HHKAIOIIUX IPH
cOOpKe OOJBIICITPOJIETHOTO METAUTUIECKOTO MOKPBITHS TOPTOBO-BBICTABOYHOTO IIeHTpa. YHCIEHHOE UCCIeIo-
BaHHE MOHTAXXHBIX YCUJIUI BBIIIOJHEHO METOJOM KOHEUHBIX 3JIEMEHTOB, KOTOPBIN peain30BaH B BHIYMCIUTEINb-
HoM kommiekce SCAD. OneHka BeJIMYUH MOHTQ)XKHBIX YCHJIMI B CTaThe MPHUBEACHA HA MPUMEPE OTIENbHBIX
CTepKHEH 00O0JIOYKHM TOKPBITHS B BHAC THCTOrpaMM. [loydeHHBIE BENWYWHBI YCHIMHA CBUICTEIBCTBYIOT O
HE0OXOAMMOCTH pa3padOTKHA MEPOIPUATHI, HAIPABICHHBIX HAa CHIDKCHHE MOHTAXHBIX YCHIIAH W COOPOYHBIX

OTKJIOHEHUH B MIOKPBITUH YK€ IIPH €r0 IPOEKTUPOBAHUH.

KiaroueBbie cjioBa: OOJBIICIPOIETHRIC METAIUTMYCCKIE TPOCTPAHCTBEHHEIC MOKPHITHS, MOHTaKHBIC HATPY3KH,
MareMaTuieckoe MoaenaupoBanue, MKO

EVALUATION OF MOUNTING EFFORTS IN THE HINGED-ROD
METAL COATING THE TRADE FAIR CENTER

Alexey B. Bondarev
Donbas National Academy of Civil Engineering and Architecture, Makeyevka, UKRAINE

ABSTRACT. The article presents results of research mounting efforts arising from the assembly-span metal
coating the trade fair center. For the numerical research used finite element method, implemented in the comput-
er system SCAD. Evaluation of the results research, values assembly effort given to the individual rods shell
coating in the form of diagrams. The values obtained are indicate the need for efforts to develop activities during
the working documents to reduce of the mounting effort and assembly of deviations in the coating.

Keywords: spatial-span metal coating, assembly load mathematical modeling, FEM

BBEJIEHUE

Bo3MOXHO, cerogHs y»ke XOpOILIO H3BECTHO,
yTO Ui OOJIBLIENPOJIETHBIX MOKPBITHI pac-
XOXJICHHE B pe3yJIbTaTaX pacuera TPaguLMOH-
HOM pacy€éTHOM MOJEIM M MOJENH, KOTopas
YYHTBHIBAET TEXHOJIOTHYECKYIO IOCIIENOBATEIb-
HOCTb COOpPKHM CTEpKHEBOT'O IOKPBITHUS OYEHb
3HaYuTEeNbHAA [2, 5, 9].

[ToTpebHOCTH cerogHsAIIHETO AHS TPeOYIOT 3/1a-
HUI U COOpYXKEHMH C OOJBIIUMH MPONETAMU, U
KaK IpaBUJIO, ¢ OOJBIIENPOJIETHBIMU MTOKPBITHU-
aMu. Takue 3ampocsl CBsA3aHBl ¢ HEOOXOIUMO-
CTBIO pa3MelIeHHs OOJIBIIOTO KOJWYECTBA 3pH-
TeJIe Ha CTaguoHaX WM pabouux Ha COBpe-

MEHHBIX MTPOM3BOJICTBAX, & TAaK)K€ MHOTUX APY-
I'MX NOTPEOHOCTEN 0011IeCTBa.

[Tpu Bo3BeeHNH OONBIIETIPOIETHBIX IIAPHUPHO-
CTEP)KHEBBIX METAJUIMYECKUX TOKPHITHH HEU3-
0€)XHO BO3HMKAIOT OTKJIOHEHHS y3JIOB U CTEpXK-
HE OT MX MPOEKTHOTO MOJIOXKeHus. Bce map-
HUPHO-CTEP)KHEBBIC METAJUIMYECKUE TTOKPBITHS
Kak TPaBUJIO SBISIFOTCS CTaTUYECKH HEOompee-
JUMBIMH CHCTEMaM, a HAJIIMYUE OTKJIOHEHHWH B
CTaTHYECKH HEONPENIEIUMBIX CHUCTEMax IPHBO-
JTUT K TIOSBIICHUIO MOHTQXHBIX (COOPOYHBIX)
yewmid. CrieioBaTenbHO, OLEHKA HAINPSHKEHHO-
nedopmuposanHoro cocrosHust (HAC) nokpsi-
THA ¢ Y4ETOM MOHTAXXHBIX YCHJIHH, TOCIIEIOBA-
TENTBHOCTH COOPKHU SIBIISICTCSl aKTyalbHOW 3aa-
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yeil. 3BeCTHO, YTO MOHTa)KHbBIE Harpy3KH, Kak
MPaBUJIO, HE YYMTHIBAIOTCS MPU MPOEKTHUPOBA-
HUM OOJIBIIETIPONIETHBIX MOKPBITUH. 3HAYUT IS
YCTPAHEHUS] HETaTUBHOTO BIIMSHMS MOHTaKHBIX
Harpy3ok u otkioHeHu Ha HJIC mnokpertus
TpeOyeTcst pa3paboTka KOHCTPYKTHBHBIX MEpO-
MPUATUH, KOTOPBIC OBl MCKITIOYHMIN UX BIIHASHUE
Ha IIPOYHOCTH JIEMEHTOB MOKPBITHS.

Jlnst mOBBIILIEHUS HAaAEKHOCTH KOHCTPYKLUU B
OTJIENBHBIX pPaboTax PEKOMEHIYETCS «yIpaB-
JATh WX TIOBEICHMEM» WM CO3/JaBaTh TakK
Ha3bIBAEMBIC «aJANTUPYEMble CUCTEMBD» [2, 4,
9, 13...14]. ns sTOoro HEOOXOIWMO B KOH-
CTPYKIIMM TIOKPBITUS pa3paboTaTh CHUCTEMY
KOHCTPYKTHUBHBIX KOMIIEHCATOPOB, KOTOpbIE
MO3BOJISAT COOpaTh TMOKPHITHE O€3 CO3/aHus B
HEM MOHTQXHBIX ycwiui. Takas cucrema KOH-
CTPYKTHUBHON KOMIIEHCAIIMK OyJET Ha3bIBATHCA
«MAacCUBHOM CHCTEMOW YNpaBlICHUS», T.K. B

& o o RG] )

A.b. bonnapes

Mpoliecce IKCIUTyaTallil HE CMOXKET MOBIUSTH
Ha u3MeHenue HJIC mokpbiTHs, B OTIMYUHU OT
«AKTUBHOW CHCTEMbI YNPABICHUSD» — KaK B KOH-
CTPYKLHMHU PaHOTEIECKONIOB, KOTOpas B IpO-
1ecce AKCIUTyaTalu pajuoTeIecKorna camocTo-
ATEJLHO «IpHcIocabiuBaeTcs» Mol Tpedye-
MYI0 TOYHOCTb U JUamna3oH paauoBoiH [11, 13].

1. OFBEKT U HEJIb UCCJIEJOBAHUA

Heas padorsl — onenka HJIC mapHUpHO-
CTEPKHEBOIO METAJJIMYECKOIO MOKPBITHSA TOP-
roBo-BeictaBo4yHoro nentpa (TBL) uununapu-
4eCcKOM (OpPMBI ¢ yUETOM MOHTAKHBIX YCUIIUH.

O0beKT Hcciaen0BaHUs — JBYXIIOSCHOE IIap-
HUPHO-CTEPKHEBOE OOJIBIIETIPOIETHOE MeTall-
nnyeckoe mnokpbiTue TBI[ munmmHapudeckon

¢dopmsl (puc. 1).
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Pucynox 1. Cxema TBL]: a — naan na omm. 0,000; 6 — ¢hacao 1-8; 6 — paspes 1-1.

[TokpsiTHE TpencTaBiIsieT cOOOW IBYXIOSICHYIO
000JIOYKY € pa3MepaMu MOHTaKHBIX OJIOKOB B
mwrane 210006000 mM, u3 cramm C245, MOH-
TaXHBIA OJIOK IMIMHIPUYECKOTO TOKPBITUS C
MapKHpPOBKOM 3yeMeHTOoB (puc. 2). XKecTkoct-
HbIE XapaKTEPUCTUKU 3JIEMEHTOB OIPEIEIICHBI B
MpEeANoNoKeHUH, 4To THOKOoCcTh A = 120. Crtpe-
Ja noabéMa nokpeltus — 7,5 M. Pacriop nuinumH-
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JPUYECKOTO TIOKPBITHS TAaCHUTCS KECTKHM CO-
€IMHEHHEM KOJIOHH C PHUTeNIIMU U CcTane0eToH-
HBIM TiepekpbiTieM. [Ipu paspaboTke mpoexTa
NpUHATA TOZJEMEHTHas cxemMa COOpKH MOH-
Ta)KHBIX OJIOKOB MOKPBITHS Ha MoaMocTsx. [1o-
ciie cOOpaHHBIM MOHTAXKHBIA OJIOK TMOKPBITHA
YCTAQHABIIMBACTCS CTPEJIOBHIM KPAaHOM Ha MOH-
Ta)XXHYIO OTOpY.
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OI_ICHKa MOHTAaXXHBIX yCI/IHI/Iﬁ B INAPHUPHO-CTCPKHECBOM METAIUNIMYCCKOM IMOKPBITHUH TOPIrOBO-BBICTABOYHOI'O EHTPA

2. METOJIMKA UCCJIEJOBAHUM

MoHTa)kHOE BO3JEHiCTBHE — Harpyska oT c0Oo-
POYHBIX OTKJIOHEHUH, KOTOpbIE OIpEeACICHbI
pacuérom cobOupaemocTu. Meroauka pacuéra
COOMPAEMOCTH, T.€. METOJMKA ONpPEIEICHUs OT-
KIIOHeHMI TpuBeneHa B pabore [10]. B kaue-
CTBE PACYETHOM CXEMbl IOKPBITUS IPHUHST
(¢parMeHT  NPOCTPAHCTBEHHOW  IIAPHUPHO-
cTepxkHeBoi cuctemsl (puc. 3). CraTuueckuii
pacu€r BBINOJIHEH METOJOM KOHEUHBIX JJIEMEH-
toB (MKD) ¢ ucnosnb3oBaHHEM BBIYUCIUTENb-
noro kommiekca (BK) SCAD. B kauecTtBe 3kc-
IUTyaTallMOHHBIX BO3JEHCTBUM NMPHUHSATA IOCTO-

®

sSHHasi U BpEMEHHasi Harpy3ka mis r. JloHeuk
coryiacHo [6].

[TpuMmblkaHHe MPOCTPAHCTBEHHOTO OJIOKa IIH-
JUHAPUYECKOTO MOKPBITUSA K KOJIOHHE MPHUHATO
skEcTkUM. CTepKHU MOKPBHITHUS TIO TUITY KOHEY-
HOTO 3JIEMEHTA SIBJISIFOTCS MPOCTPAHCTBEHHBIMU
(3MEMEHT MPOCTPAHCTBEHHOU (PepMBbI), CTETICHH
cB0001bI XY Z 10JIOKEHUE MPOu3BoJIbHOE. Pac-
4yE€THAs CXeMa MOKPBITUS cOCTOUT U3 138 y310B
u 474 snementoB. IIpu popmupoBanuu pacuer-
HOM CXEMbI YYTEHO, YTO OHa IO THUILy CXEMbI
OyZleT MpOCTPAaHCTBEHHON B MPOCTPAHCTBEHHOM
JlexapToBoii cuctemMe KOOpauHAT (IUIOCKOCTh
X0Z, YOZ u XOY).
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Pucynox 3. Pacuemnas cxema monmasicnoeo onoxa noxpvimus TBI].

Hns onpenenenus u ananuza HJC nokpeitus c
y4€TOM MOHTaXHBIX BO3JECUCTBUHI BBIIIOJHEHO

Volume 11, Issue 1, 2015

MOJICTTMPOBAHUE OTKJIOHEHUN B CTEPKHSX C MO-
MOIIBIO TEMIIEPATYPHOI'O BO3JACHUCTBUSA, JEH-
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CTBYIOILIETO BJIOJIb 3aMBIKAIOIIUX CTEP>KHEH IO-
KpbITHs. BenuuuHy TemmnepaTypHOl Harpysku,
MPU KOTOPOM 3JEMEHT YBEJIUYUTCS B MJIUHY,
onpenensieM, o Gpopmyse 4.23 [3]:

At=0i/(aix L), (1)

rae, At — BeJMYMHA TEMIEpaTypHOro BO3EH-
CTBHsI, HEOOXOqUMast JJIsl IEPEMEIICHUs CTePK-
HS Ha €IMHULLY JUTUHBI;

Oi — BEIMYMHBI NIEpEeMEILEHHs], B CTepKHE 000-
JIOYKH, TIOJyYEHHbIE U3 pacuéra cOOMpPaeMOoCTH;
i — K03((HUIMEHT JTMHEHHOTO pacIIupeHus: Ma-
Tepuana (crans) cTepskHs, 0i=0,12x10 °C;

{i — HOMHUHaJIBHAS AJTUHA CTEPKHSI 000JI0YKH 1O
MIPOEKTY.

Jlia onpeneneHns MOHTaKHBIX yCWINHN, BO3HU-
KAIOIIKX MPU OTKJIIOHEHUU JIJIUH CTep>KHEH 000-
JIOYKH — PacCMOTPEHBI JIBE€ IOCJIEI0BATEIILHO-
CTH COOpPKHM MOHTQ)XHOTO OJIOKAa TOKPBITUS —
npogonsHas (IIJJC) u mnomepeunas (IIIIC)
coopka. Ilpu pacuére, Oynem NpUHUMATH YTO:
U3MEHEHHE XECTKOCTU IOKPBITHS B IPOLECCE
COOpPKM HE TPOUCXOAUT; OTKIOHEHUs OyIayT
pacCMOTpPEHBI I UACAIBHOW PACUETHOM CXe-
MBI, T.e. 0€3 OTKJIOHEHHUU Y3JI0B O0OOJOUKH;
HJIC npoananmuzupoBano Tosibko B BK SCAD;
TOJIKO TEMIIEpAaTypHBIM BO3JECHCTBHEM JIEH-
CTBYIOIIIMM BJIOJIb MPOJOJBHOM OCH 3JeMEHTa
CMOJIEJIMPOBAHO OTKJIOHEHUE JIJIMHBI JIEMEHTA;
K PaCCMOTPEHMIO MPUHSATHI TOIBKO OTKIOHEHHUS
HOPMAaTUBHBIX JOIyCKOB HA H3TOTOBJIEHHE H
MOHTQXX B COOTBETCTBUU C [7]; OTKIIOHEHHS
9JIEMEHTOB IOJAYMHEHbl HOPMAJIbHOMY 3aKOHY
pacnpenenenus U OyayT pacCMOTPEHBI CTaTH-
CTHYECKUM METOJIOM.

DopMHUpOBaHUE PACUYETHON CXEMBI U PacyeT
o6onouku B BK SCAD cBoaurces k:

- ONPEIETICHUIO €€ TEOMETPUUECKUX PA3MEPOB;

- 3a/IaHUI0 TEOMETPUUECKUX XapaKTEPUCTHUK Ce-
YEHH 3JIEeMEHTOB;

- BBOJly KOOPJIMHAT Y3JI0OB pac4€THON CXEMBI;

- 3a/IaHHI0 KECTKOCTEH HIIEMEHTOB; 3a/JaHUIO
Y3JIOB €€ KPEIUJICHUSI C KOJIOHHOM;

- HyMEpaluu Y3JI0B M 3JEMEHTOB BBINOJIHEHA
IyTeEM TE€HepaTopa PacuyeTHOW CXEMbl B cpefe
BK SCAD;
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- 33JIaHUI0 JICUCTBYIOUIMX HArpy3okK H c00-
CTBEHHO PACYET.

3. OIIPEJEJIEHUE U AHAJIN3
MOHTAKHBIX YCUINN

Ananu3 pe3ynbTaToB pacuéta H/IC nmokpbiTus ¢
Y4ETOM MOHTaXKHBIX YCWJIMM BBIINOJHEH ITyTEM
CpaBHEHUS JEHCTBYIOIIMX YyCHIUN (Hampske-
HUW) B JIEMEHTaX C JOMOJIHUTEIbHBIMU (MOH-
T@&KHBIMH) YCWIHSAMH (HANpsOKCHUSMH), BBI-
3BaHHBIMU HETOYHOCTSIMH M3TOTOBJICHUS U
MOHTaXa.

Jia ananuza HJIC noxpbiTus ¢ y4€TOM MOH-
Ta)KHbIX BO3JECHCTBUIA pACCMOTPUM MOHTAKHBII
OJIOK IMIMHApUYECKOro MokpeiTus (puc. 3). B
pe3ynbTare pacdyéra MOKPHITHS ¢ y4€TOM MOH-
TKHBIX BO3JCHUCTBUI TOJIYYEHBl BEJIUYUHBI
COOPOYHBIX YCHJIUH B BJIEMEHTaX IPU MPOA0Ib-
HOW U momepedHoi cobopke (puc. 4...5). Ha ru-
CTOrpaMMax MPHUBEACHbI YCHIIUS OT OCHOBHOIO
cogeraHuss Harpy30k (Non), M CyMMapHble
(N1...N4). TlossichuM 0003Ha4YeHHUS] TPUHATHIE,
Ha tuctorpammax (puc. 4...5): 1 — ycunue B
AJIIEMEHTE OT OCHOBHOTO COYETaHMs Harpy30K
(Non.); 2 — ycunue B dJE€MEHTE OT OTKJIOHEHUM
M3TOTORJICHHS Tpu nonepeunoi coopke — ITI1C
(N1); 3 — ycunme B 2JIEeMEHTE OT OTKIOHCHHIA
M3TOTOBJICHHS TpH MpoaoiabHo coopke — [TJIC
(N2); 4 — ycunue B 2JIEMEHTE OT OTKJIOHEHUM
MOHTaka IpH norepeunoit coopke — IMIIC (N3);
5 — ycunMe B 3JIEMEHTE OT OTKJIOHEHUI MOHTa-
*a npu npogoiasHoi coopke — I[TJIC (Na). ITox
3HAQYEHHEM CYMMAapHOTO YCWJIWs MPUBEJCHA Be-
JUYMHA TIEPETPY3KU CEUeHUs B JOJISIX OT eIu-
HUIBl. Hecymas cmocoGHOCTh 37eMeHTa, MmoKa-
3aHa Ha TUCTOrpaMMe Kak Nmax.

Takxe Ha THCTOrpaMMax MOKa3aHO U3MEHEHHE
BEJIMYHUH COOPOYHBIX YCHJIMH MO OTHOLIEHUIO K
HecylIlel crocoOHOCTH ceueHus cTepxHeil. He-
Cylasi COCOOHOCTh CTEP)KHSI Ha KaXKIOW TH-
CTOrpaMMe INpuHATa 3a 1, a BennyuHa cOOpoU-
HOTO YCWJIMS IO OTHOIIEHUIO K Hecyllel crmo-
coOHOCTH MoKa3aHa B yacTsx oT 1. Hampumep,
s anemenTa [Tu1-I1TH3 BenuunHa meperpysku
CEYCHHUS OT JNCHCTBHUS COOPOYHOTO YCHIIHS TIPH
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norepeyHoir cObopke N2=1,65 wumm  65%
(puc. 4). B snemente ITul-1Ta3 MakcumanbHOE
YCWIME OT pacy€éTHOW Harpy3Ku COCTaBIISIET
Noiz. = 10 kH. MakcumanpHasg BeIUYHHA JOMHOJ-
HUTEJIBHOTO ycuius oT oTkioHeHuil mpu [IIC
cOOpKe OT HETOYHOCTEH MOHTa)ka COCTaBIISET

me = 303 xH. Bennunna cymmapHoro ycunus
B JJIEMEHTE OT OTKJIOHEHUI M3rOTOBJIEHHUS INPU
nonepeuHo coopke coctaBiasieT Ni1= Nox. + Nmme
=10 + 303 = 313 xH, rne Nunec — ycuiue B 3i1e-
MEHTE OT OTKJIOHEHMM HM3rOTOBJICHHS NpHU IIO-
nepeyHoit cOopke. Benmnumna meperpysku diie-
MEHTa OIPEAEIIEHO 110 OTHOLIEHUIO K 1, T.e. He-
cymas cnocodHocTh Nmax = 189 kH — 1, a cym-
MapHoe ycunue N1 = 313 kH. CnenosarensHo,
BEJIMYMHA MEPErpy3KH PaBHAETCS OTHOIICHHUIO
Nmax/N1 =313/189 = 1,65.

700 Y(H Hrmxanir moac

6001 — Mui-Mu3— — N.=4s57 35S V=008
400 ***** Wﬂ“:;]}

T 1,65
100 1
ol N..=10

1 2 3 4 5

1000,

8001 N.=753

600 \BepxHui mosc

400 25
_ N/ :]37
0-_ l\]n:]O ]

1 2 3 4 5

AHaJIOTUYHO ONpe/eeHbl 3HAUCHUs] YCUITUNA BO
BCEX OCTAJIbHBIX DJIEMEHTaX 000J0YKH, BO3HH-
Kalolllie B HUX OT OTKJIoHeHu. Ha ocTambHBIX
rucTorpaMmax o0OO3HaueHus OyAyT aHajJorudy-
Hele. C 1e/IbI0 MOBBIIICHHUS HAAEKHOCTH 00JIb-
HIEMPOJIETHOTO TOKPBITUS aBTOPAMH PEKOMEH-
JlyeTcsi pa3paboTKka KOHCTPYKTUBHBIX MEPOIPHU-
SITUW, HAIPaBJICHHBIX Ha «YyMNpaBJEHUE OTKJIO-
HeHusMu». [lox «ympaBieHHeM OTKJIOHEHUS-
MW» TIOJIpa3yMEBAETCsl TaKOW Crocod MOHTaxa
[8], mpu KOTOpOM OyJeT BBHIMOIHATCS KOPPEK-
TUPOBKA TIOJIOKCHHSI AJIEMEHTOB W Y3JIOB II0O-
KpBbITUSI, YTO MO3BOJSET YCTPAHUTh OTKIIOHE-
HUS, U CHU3HUTH BEJIMYUHBI MOHTAXHBIX (COO-
POYHBIX) YCHJIMH 10 MaJIO3HAUYUTEIIBHOTO YPOB-
HSL.

700
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Pucynok 2. Beauuunsot ycunuii 6 snemenmax I1el-1164.

4. 3BAKVIIOYEHUE

Ha ocHOBaHUM MOyYEHHBIX PE3yJIbTaTOB MOXK-
HO cJieaTh TaKUe BbIBOJIBI:

- aHanin3 HJIC mokpbITHS MOKa3bIBAET, 4TO He-
Cylllasi CHIOCOOHOCTh OTJENIbHBIX 3JIEMEHTOB IIPU
HAJIMYUU MOHTQXKHBIN (COOPOYHBIX) YCHIIHIA HE
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JI0OCTaTOYHA, YTO MOXET NPENATCTBOBaTb HOp-
MaJbHON AKCIUTyaTallH MOKPBITHUS;

- paspabortaHHbIii anroput™ [1] reHeparuu
MOHTaXa OOJBIIENPOJIETHBIX METANINYECKUX
IIOKPBITUM B BEPOATHOCTHOM IIOCTAHOBKE C IIO-
CJICAYIOUIMM aHAIU30M OTKJIOHEHUI MO3BOJISET
UCCIIEIOBAaTh BO3MOXKHbIE COOPOYHBIE OTKIIOHE-
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HUS OONBIICTIPONIETHBIX METAUIMYECKHX T10-
KpBITUH DPa3IU4HbIX KOHCTPYKTHUBHBIX CXEM H
CHOCOOOB BO3BENEHHS, a TaKXKe JAPYTHX Ipo-
CTPAHCTBEHHBIX COOPYKEHUM;

- PacCMOTPEHHBbIE B CTAaTb€ MOCJEI0BATEIILHO-
CTH COOPKHU MOKPBITUS MPUBOJIUT K 3HAUUTEIb-
HOMY TIOBBIICHHIO JedopMaluii, KOTOpbIE
0oJbIlle HOPMATHUBHBIX M MOTOMY TpeOyeTcs
pa3paboTka KOHCTPYKTHBHO-TEXHOJIOIMUECKHUX
MEpPOIPUATHIH, U MOTOMY B KOHCTPYKIMH IIO-
KpBITUSL TpeOyeTcss YCTPOMCTBO  «CHUCTEMBI
yHOpaBiIeHUs» B BUI€ KOHCTPYKTUBHOM KOMIIEH-
callMu OTKJIOHEHHUH [8], KoTopas MO3BOJIUT CHU-
3uTh BiusHUE OTKIoHeHWH Ha HJIIC paccmort-
PEHHOI'O IOKPBITHS;

- TIPY BBIMIOJIHEHUU COOPKHU MOKPBITUSA 110 CXEME
I[NAC u MIIC ycunus kpaiiHe pa3HOOOpas3HBbI,
OJIHAKO PEKOMEHJIYETCS NPUHATH COOpKY IIo-
kpbitus IIIIC, T.K. mpu 3TOM BiMsiHUE cCOOpPOU-
vbix otkinoHennid Ha HJIC mokpeitus Oyaer
MeHbIInM, 4yeM mpu coopke [1JIC.
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HUCCJIEJJOBAHUE BJINSIHUS IAPAMETPOB
BS3KO-YIIPYTUX AMOPTU3ATOPOB
HA TE®OPMUPOBAHHWE U HECYUIYIO CHOCOBHOCTH
’KEJE3OBETOHHBIX KAPKACHBIX KOHCTPYKLIMI
IMPU CEUCMHMNYECKHUX BO3JENCTBUAX

B.I'. Imumpues’, A.H. Pogp¢he’

! MoCKOBCKHii rocynapcTBEHHBIN YHUBEPCUTET MyTel coobmenus, r. Mocksa, POCCUS
2 MOCKOBCKHI aBHAIMOHHBIN HHCTUTYT, T. Mocksa, POCCH I

AHHOTAIIMS: Ha ocHOBe pa3paOoTaHHBIX a€KBaTHBIX MaTEMAaTHYECKUX MOJIENICH U OTHOTHITHBIX BBIYHCIIH-
TENBHBIX AITOPUTMAX PELICHUS CTATUYECKUX U JMHAMUYECKUX HEJIMHEHHBIX HaualbHO-KPAeBBIX 3a/1ad UCCIIey-
eTcsl BIMSHUE BSI3KOYNPYTUX aMOPTU3aTOPOB Ha MPOLECCH Je(OpMUPOBAHHUS KEIE300€TOHHBIX CTPOUTENBHBIX
KOHCTPYKLIUH KapKacHOrO THIA MPHU CEHCMHUYECKUX Bo3AeHCTBUAX. IIpemnoskeHsl mapameTpsl, MO3BOJISIOIINE
OTIPEJICTISITh ONTHMANIbHBIC 3HAUYCHNS! MHTETPATBHBIX XapaKTEPHCTHK BSI3KOYNPYTUX aMOPTHU3ATOPOB, 3G PEKTHB-
HOCTh KOTOPBIX ITOKa3aHa Ha IMpHMepe MUCCIEIOBAHNS BOJHOBBIX IPOIIECCOB, 00YCIOBICHHBIX I€HCTBHEM IOpH-
30HTAIbHON KOMIIOHEHTBI CEHCMHYECKON BOJHBI, B DIEMEHTAX MOHOIMTHONW KapKacHON KOHCTPYKIHHU C y4ETOM
YOPYTO-TUTACTHYECKON pabOTHI apMaTyphl U IPOIIECCOB TPEIIMHOOOpa30oBaHus B OETOHE.

KiroueBble cj10Ba: MaTeMaTHIECKOE MOJICTUPOBAHUE, METO KOHEUHBIX Pa3HOCTEH, METO/ YCTAaHOBJICHUS,
HEJIMHEHHOE Ne(OPMHUPOBAHUE, HKEIC300eTOHHBIC KOHCTPYKIIUH, BI3KOYIIPYTHe aMOPTH3ATOPBI,
CeCMUYECKHE BO3JIEHCTBUSI

STUDY HOW VISCOELASTIC DAMPER PARAMETERS
IMPACT DEFORMATION AND LOAD-BEARING CAPACITY OF
FRAME-TYPE REINFORCED CONCRETE STRUCTURES
UNDER SEISMIC LOADS

Vladimir G. Dmitriev !, Aleksandr I. Roffe ’

' Moscow State Transport University, Moscow, RUSSIA
’Engineer, Moscow State Aviation University, Moscow, RUSSIA

ABSTRACT: Based on the adequate mathematical models and unified computing algorithms developed for so-
lution of static and dynamic non-linear initial-boundary value problems, we study the impact of viscoelastic
dampers on the deformation of frame-type reinforced concrete structures under seismic loads. Some parameters
are proposed to determine the optimal values of integral characteristics of viscoelastic dampers whose efficiency
is shown with an example of wave processes caused in frame-type solid structure by the horizontal component of
a seismic wave, including the elastoplastic behavior of reinforcement and cracking in the concrete.

Keywords: mathematical modeling, method of finite differences, establishing method, non-linear deformation,
reinforced concrete structure, viscoelastic dampers, seismic loads

mathematical models and efficient numerical
methods, how the parameters of viscoelastic

Different seismic protection systems, in particu-
lar viscoelastic dampers [1-3], are applied wide-

ly to decrease the load from seismic waves on
buildings and structures. In this study we
examine, based on the developed adequate
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dampers impact the dynamic and strength
capacity of the bearing members of framed
structures, taking into account -elastoplastic
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behavior of reinforcement and cracking in the
concrete. Both solid and composite framed
structures are studied as a combination of
vertical and horizontal bearing members (Fig.1).

Q@ ] -\ql
= - Ne2

Figure 1. Combination of vertical
and horizontal bearing members.

Deformation of structures under different static
and dynamic loads is described by relations of
Timoshenko theory of plates and beams.
Geometrical nonlinearity is considered within
the frames of medium deflection theory [4-6].
We assume that deformation and stress in
concrete are linearly dependent. Normal stress

o, and tangential stress 7, in the concrete layer

of z coordinate at the beam cross section are de-
termined as follows:

o, =E;&_; 7, =Gs& ., (1)
where
1
e =F +z-K_; Eﬁ=a—u+—9¥2, Km:é?_y;
= = = ox 2 Ox
ow
gxz:Exz:y_ex9 ex :__’ (2)
ox

and where u is a tangential displacement, w
stands for deflection, Ox is a pivot angle accord-
ing to the hypothesis of “rigid” normal; v is the
full pivot angle of the normal (see Fig. 2). In
formulas (1),(2), Eb,Gb are Young modulus and
reinforcement shear modulus while Exx,Exz,Kxx
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are  tangential, transversial and flexural
deformation components of a coordinate line
(reference line) z=0, generally being a central
line: h/2<z<+h/2 (Fig. 3). At tensile stress
o, >Rwi, a crack occurs in the concrete (Rt 1s

the ultimate tensile stress in the concrete). We
assume that in case of closing of the crack
during deformation process in z concrete layer
(when deformation component &xx>0 switches
the sign to compression deformation €xx<0), the
given layer is involved completely in the
structural behavior of the beam cross section.
The crack reopens during deformation of the
cross section when deformation exx<O switches
the sign to exx>0 and so on.

Tf‘/-l -
\ '

M:x

Figure 2. Internal forces and displacements.

| =% f/‘ Z-‘; -5 A-Y Ah:
2 "

Figure 3. Cross-section.

In  mathematical models, reinforcement
members are considered as an orthotropic layer
which has equivalent rigidity and which works
in tension-compression and transverse shear in
reinforcement direction at zero values of
Poisson ratios [4,5]. For general case of two-
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side reinforcement, the reduced thickness of
layers Ani 1 An2 is determined by reinforcement
factors as follows: Ani=p1-h; Ano=p2-h, where pi
and p2 are the reinforcement factors in the
layers z<0 and z>0 respectively (Fig. 3). In
elastic stage, normal stress ca and tangential
stress Ta in reinforcement are associated with
deformation according to Hook’s law

o =Ec¢ ;

a axx

7,=G&_, 3)
where Ea, Ga are Young modulus and rein-
forcement shear modulus. Deformation exx is
determined by formulas (2) where z=z1 for the
reinforcement layer z<0 and z=z2 for the
reinforcement layer z>0 (Fig. 3).

The elastoplastic behavior of reinforcement is
described by relations of plasticity theory [6].
Plastic deformation in a structural member
occurs under Mises flow rule: Gi>or (ei>€r); Or
and &r are yield point and yield point strain at
tension-compression one-dimensional  strain.
Active loading is determined by condition dGi>0
(dei>0); when doi <0 (dei <0) off-loading pro-
cess begins which is considered to be a linear
elastic process. In the case of plane stress

condition (sheets, plates and shells), stress
depends on plastic deformation within active
loading area as follows
:(K+£ E, + K—zE"j(E22 +E.,);
9 9
4E, 2E,
(K+ 5 jE22+(K ](E11 E.,);
L =EE,/3; 4)
3-(12v)’

7, =E.E;/3 7,=EE,/3,

where Ec=ai/ei is a secant modulus of diagram
ci(el), K is a volume compression modulus, E,v
are the elasticity modulus and Poisson ratio at
elastic strain, Eij are the components of a de-
formation tensor: elongation E11,E22,E33 and
shear E12,E23,E13. Deformation E33 can be

determined based on the condition 633=0
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Ei} == —V(E“ +E22);
9K —2E
E=———<(E,,+E,,)), 5
S BB O

where EI7 and Ej; are compression at elastic

and plastic deformation respectively. When oft-
loading, stresses can be expressed in terms of
deformation by the formulas

* E * *
0, =0+ m[(En —Ej)+v(Ey —Ey)l;
Oy = O-;z + ?[(Ezz EZz) +v(E, - Erl)];
2-12 = 2-1*2 +G(E12 _ETZ )’ (6)

T3 = 2'1*3 +G(E,; _ET3);
Ty = 7;3 +G(Ez3 _E;)-

Stresses and deformations at the start of oft-
loading are marked with asterisk in (6).
Timoshenko theory of plates and beams
describes intensity of stress and strain as follows

\/ii( kk)+ (E}, +E;, +E2);

k=1

o, = \/0'121 + 0'222 —0,0,, + 3(1122 + 2'123 + r223). (7)
Based on the form of stress-deformation dia-
gram of low carbon steel, function oi(ei) for re-
inforcement can be approximated by a linear
hardening diagram (Fig. 4). In this case, a secant
modulus equals to

O &
=—=1 : Ll__TJ’
ei ei

where E1 is a tangential modulus at c>cr (e>¢€r)
(Fig.4).

EC

(8)
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oF;

. E
& Soct
Figure 4. Stress-deformation diagram.

Considering the actual operation loads on rein-
forcement members, we can take uniaxial state
of stress to describe the deformation of a rein-
forcement member, thus relations (4)-(6) can be
simplified respectively and written, taking into
account (2), as follows

- within the area of active loading: do:>0 (de>0)

4E
G, =0, =(K+ 9Cj8xx; t,=1,=E.¢g_/3
Gy =033=T, =Ty =0; )
- when off-loading: do:<0 (de:<0)

T, =r:+Ga(5XZ —g;). (10)

The expressions for intensity of stress and strain
(7) can be written as follows

+31. (11)

Force factors, reduced to the coordinate line -
tension (compression) force Txx, shear force Qx:
and bending moment Mxx - are determined when
concrete and reinforcement stress are integrated
over thickness h (Fig, 3, 4)

T, =b-I<Gal +G,, +62)dz;

h
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—_ z .
M, —b-I(Gal 2, +G,,Z, +0, ~z)dz,

h
Q, =k [(t, +1,+1ilz,  (12)
h

where b is a beam width, ©41,7T«1 and ca2,Ta2 are
the normal and tangential stresses in reinforce-
ment at z=z1 and z=z respectively, k’=5/6. For
integrals (12) it is assumed that deformation
and stress have uniform distribution within the
thickness of reduced layer Ahi(Ahz2), considering
the discrete distribution of stresses oz and ta
over thickness h.

We assume that the structure may suffer the
combined load from different static and/or dy-
namic forces. Equilibrium and motion equations
are derived from Lagrange and Hamilton-
Ostrogradsky variation principles respectively

§2=8I-8A=0, (13)
SI:I:I(SK—ESH—SA)dt:O, (14)

where II is the potential energy of deformation,
A is the work of external forces and K is the ki-
netic energy. Operator forms of the equilibrium
and motion equations resulting from (13) and
(14) are given below

[L, (D], +q, =0;
[L, (W], +q, =m,1,,

(15)
(16)

where [Lx(U)]Jk are the correspondent differen-
tial operators for the vector of generalized dis-
placements U=U(u1,u2,u3); qx are the load com-
ponents; ui=u, u2=w, u3=y are the generalized
displacements uk (k =1,2,3). The load compo-
nents include the components of dead weight,
equipment and structure’s fagcade weight, snow
load and the load which adjacent members of a
composite structure transfer to each other, etc.
Inertial parameters of reinforced concrete struc-
tures are defined as follows

m, =b-{pbh+ipahi (k=12); (17)

i=1
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ph’ & hi
m, =b| 24> p | “L4z2h, ||,
3 |: 12 - pa (12 i 1

where pa is the reinforcement density and pb is
the concrete density [4-6].

Equilibrium equation (15) and motion equation
(16) are developed for the projections onto co-
ordinate axis of a non-deformed coordinate sys-
tem, thus, we can easily state a problem for a
composite structure. Solid connection of mem-
bers in frame-type structure is modeled as rigid
fixing while boundary conditions of ad joint
members are described as pin-edge fixing of
different types with rigid and sliding fixing due
to available elastically deformed members [5].
When dynamic problems are solved, the initial
conditions are specified for the generalized dis-
placements uk and their velocities U,

_ 440,
Uy lizo = Uy

where ug ,11112 are the given initial values of the

generalized displacements and their velocities at
t=0.

Consideration is given to the reinforced con-
crete structures which have a rigid connection
with the foundation and which are installed on
the damped foundation plate (Fig. 1). A relevant
mathematical model is developed where the sys-
tem “structure-foundation plate” is considered
as a jointly acting composite structure [4,5]. We
assume that the foundation plate movement is a
rigid body displacement xf only along the hori-
zontal axis, thus the motion equation of the rigid
foundation plate can be written as follows (Fig.
1, 5)

m X, +F, +F, —(F+F)=0, (19)
where mr is the plate mass, F* is the given load
on the plate, F is the reaction of the structure
supporting members, Fc and F; are the elastic
and viscous components of response from
damping members
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F, =c,(x; =X, ); F =¢ x,, (20)
and where c¢; and ev are integral values of the
elastic and viscous components of  damping
members, Xsw=Xsw(t) is the given law of founda-
tion displacement determined by parameters of
a seismic wave.

springs

< E //Fa
/ HE

Figure 5. Motion of the rigid foundation plate.

When numerical methods are applied to solve
non-linear boundary initial value problem, the
finite-difference method is applied for discreti-
zation along spatial coordinate x and time coor-
dinate t [7]. For discretization along spatial co-
ordinate x, each member of the frame-type
structure is covered within the area of continu-
ous variation of argument x (0<x</m, Im is the
length of beam, column m, Fig. 1) by the main
and auxiliary grids with a pitch Ax»=const. The
main grid nodes have integer indices i: 1<i<Np,
Nm 1s the number of discretization points at
member m. The auxiliary grid nodes are located
in the middle between the main grid nodes and
have fractional indices (i£l1/2). The pitch on
member m of the structure is determined as fol-
lows

21

Differential operators in the initial relations (10)-
(18) are approximated by the difference operator

of the second order accuracy O(Ax:). For dis-
cretization along time coordinate t, two uniform
grids are introduced with the constant pitch At
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within the area of continuous variation of time c} :Z(n —-A). (25)
t>0: the main grid has integer indices n and layers i

tW =At-n, n= 0123..., (22) and wherelli is the potential energy of defo
mation, Ai is the work of external forces within
the grid areaAR=c"-Axm (C" is a weight factor
sensitive to the integration area). The finite
difference equivalents of motion equations (16)
are derived from the varian-difference eqa-

the auxiliary grid has fractional indicesHli2)
and time layers™®!"? (Fig.6).

\\ [, 1o [uk]f:})/vlf’/‘ T 1o tions similar to (24)
N : )
; m . ol
[0, 15 \(H) : ——5=0, (26)

O 1 Sk e i au];
| & ~ '[1'11\-]{?d E
| 1 e S . .

A2 C ek B the discrete form of functional (14) can be
i i ,  presented

ﬁu-l) t@-12) t@ t<n-i 2) tt)

Figure6. Discretizatibn along time coordinate. (n-1/2) (my2)
g g |Z:Z{(f1KE) HEK) O 92)(,1,}&’

Grid functions of generalized displaceme 2

uk(i) correspond to the main grid nodes while
grid functions of velocities:, (i) correspond to o _ _ _
the auxiliary grid nodes. Cross grid allows-a where 3;"Is the discretized Lagrangian i

proximation of ti, (x) differential operators by tional (13) which is expressed biye values of

difference operators of the second order @ngnd(n)functlor.\s of generalllzed d|spla9ements
cy O(AP) at the pitchat (Fig. 6) [u "™, physical mechanical properties and

loads on the 1#th time layer; T,f1,f2 are weight

(27)

o U 1™ —[u, ] factors sensitive to variation of geometric, phy
[, [ = =k ki ical and mechanical properties of timember’s
+) At . gri_d area at_ the tirr_1e s_usheas (0,1, ), av)
[, 1 = [u J™ " =[uJ; _ (23) (Fig. 6), Kz is the kinetic energy of each me
At ber of the composite structure

The finitedifference equivalents of static ebjor 3

rium equations (15) and motion equatiofis) Ky =Z{0,5{Z (Wﬂi)i}ﬂi}. (28)
are obtained with the help of variatidifference ‘ k=

method [47]. The finitedifference equivalents

of equilibrium equations (15) are derived fromf\fter required transformation, the finitéfference

the condition for functional mimum equivalents of static equilibriumgeations (15)
fand motion equations (16)p@moximated for node
?32 _o: ?3\/2 _o: i,i_z _o. (24) i, can be expressed in optor form
I | I [L o UGa)l =6; (29)
where discretized Lagrangian functional (13) fog ‘1, :q)p® =1 Ezc*mkuk]?”“’”A—t[filc*mkUk]f”’”z’

the computational domain of the structure

member can be written as the following sum (30)
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where [Lax(uk;gk)] stands for the left parts of M.,
finite-difference  equivalents of equilibrium £ =28, 4, [——2l,
equations (15) and' £'f,,,f,, are weight fa- Fago T Hag0
tors [4,5]. Equations (30) cover the transient m,

. At, =28, |[——, (33)
processes where not only loadhanges with () o+ Hago

time but physical and mechanical properties of
material, mass and geometric parameters of .
structural members varies also with time; this i&N€ré M, =acmk piw and u p2e are the
very important for strength calculations ofrrei minimum and maximum eigenvalues of finite
forced concrete structures including cracking idifference operators in equations (28)i and
concrete and elastoplastic behavior ofnrei ai, k) are correction factors close to one [4,8].
forcement. Refer to [5] for the estimation formulabtained
When numerical methods are applied to a stafior pi,«anduz,k in the form of linearized egu
problem, grid equations (29) are solved by-qutions.
si-dynamic form of establishing method-§4, Nonstationary equations (30) are solved with
where the equilibriunequations are replaced byexplicit two-layer finitedifference scheme
the form of equation of motion in viscous fluidwhere time derivatives are approximated dy di
as follows ference operators (23) of the second ordeu-acc
racy O(At®) (Fig. 6), this allows us to develop
L,u;g)] =(@cmdi,), (cgu,), (31) the unified computational procedure (32) for
both static and dynamic problems. To consider
whereex(i) is the specific viscosit of artificial €N€rdy dissipation, artificial viscosity param
fluid (k=1,2,3),a>1 are weight factors, which (€rS&x can be applied as the following esém
accelerate the convergence of iteration proce%%n
[4,5]. Performed on the grid with pitekt=const
as in (23), approximation of nonstationary aqu O, ,mkﬂl,(k)ﬂz,(k)
. . . . . E =a —_ |, (34)
tions (31) gives iteration process to determine k™ Tl Hy o+ Moo
velocities[i, """ on the time layeft¥? and
grid functions[uk].(n”) on the time layer @9 wheredk is the Ioga_rithmic vibration deement,
' and g are correction factors [4, 5].
_ Based on the mathematical models (1) to (30)
[uk]_ﬁwlﬂ) :lizakmk —5/(&} [uk]fn-lfl) and numeric methods (31) to (34) developed to
' 28,1y + 5, AL | ' solve nonlinear initiatboundary value pi»
AL [L o Ie_ms, we _studied _hO\Ishe integral_ properties of
n [ Ax(uk1qk)]i . viscoelastic damping members impact the-non
G -[2a,m +eAt] linear deformation and cracking of the prelea
el n L el ed framed reinforced concrete structure under
[uk]i( ):[uk]i( )+At'[uk]i . (32) dynamic load, which was modeled as a harizo
tal component of seismic wave. The study was
It is worth noting, that the specified form ad-e madeon 32bit Intel-based PC with the package
tablishing method gives us the iteration process FORTRANIV programs. The solid beam
(32) ofthe same type for linear and nbimear type 4member structure was taken with thé fo
boundaryvalue problems [4]. The optimal lowing geometrical parameters (Fig. 1,3):
parameters of the iteration process are rdet@=|,=|s=ls; h=ho=hs=hs; [1=10h1; h=1,5b;
mined by the convergence acceleration aaé sk,=0 5l:;, wherelm and  are the legth and
bility of finite-difference scheme thickness of them-th member respectively
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(m=1,2,...,5). The reinforced concrete structure
1s made of concrete B25 and reinforcement class
A400 [1,9]. Reinforcement factors p1 and po are
given in Table 1.

Table 1. Reinforcement factors.

No 1 2 3
u2 [%] 2.5 2.5 1 1
w1 [%] 2.5 2.5 1,5 1,5

The dead weight of the composite structure is
considered as a static load. The ratio between
the mass of foundation plate ms and framed
structure mgs is taken as mf=3-ms.

Xsw

Figure 7. Approximated seismogram.

Seismic load was modeled as approximation of
the instrumental seismogram by a combination
of trigonometric functions on the certain time
intervals Atj (=1, 2, 3,..) [4, 5]

—t.
—L —for t St<t;

J
Zj

in sin 7

sw

0 — for t>t

sw,

(35)

where to=0, tsw=max(tj), Xj, Ati=tj-tj-1 are ampli-
tude-frequency responses of approximation
functions defined in accordance with the given
parameters of instrumental seismogram
[1,9,10]. In our case, the approximated seismo-
gram has 5 sine half-waves with parameters:
X2=-0,7-X1; X3=0,14-X1; X4=-0,04-X1;
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X5=0,1-X1; At2=A11; At3=1,5:At1; At4=1,2-AT1;
At5=0,7-Ati1 (Fig. 7).

The integral value c; of elastic component of
damping members in (20) can be determined by
inherent settlement of elastic members or by the
given ratio ks between free frequency fi of the
damped foundation and typical (carrier) fre-
quency fswof seismic wave [3-5]

m,
T, =27~ (36)

47 m;
— (37)

f

Then

42 12 g2 )
c.=4n" kg £, -m, =k; -

Integral value ev of the viscous component is
determined by viscosity in case of the maximum
aperiodic motion of the damped foundation
plate

e, =2-k cm;, (38)
where k>0 1is a correction factor. Value ke=1
corresponds to the case of the maximum aperi-
odic motion [4,5].
The number of discretization points for the struc-
tural members are: N1=N2=27; N3=N4=25. We
apply establishing method (31)-(33) to solve a
static problem (1)- (15) when a reinforced con-
crete structure is deformed by the dead weight.
The solution of the grid equations (29) is taken
as initial conditions (18) to study wave processes
in the structures under seismic loads. It is inter-
esting to note, that in case of the static problem
solved by establishing method (31) the stability
of the finite-difference scheme is achieved at cor-
rection factor atk) in (33) equal to aix=0,75
while in case of dynamic problems the stability
of the finite-difference scheme is provided by
atw=0,2. We study how the parameters of viso-
celastic dampers impact deformation of the
framed reinforced concrete structure for three
cases: a) foundation plate is rigidly fixed on the

111



ground soil (x~xsw); b) foundation plate is in-
stalled on the elastic damping members (k:=0;
k/>0); and c) foundation plate is installed on the
viscoelastic damping members (k>0; k~>0).

Table 2. The results of the study.

Amax Xmax fsw [HZ] t'/ tsw t'/ t2
0,l-g 13,87 2,38 0,58 1,55
0,2-g 10,61 3,85 0,55 1,5
03g 8,69 5,21 0,88 2,6
0,4¢ 8,56 6,06 1,53 3,95

The results of the study are given in Table 2 and
Fig. 8-12. Table 2 shows how the maximum dis-
placement Xi, which caused damage to un-
damped framed structure, depends on the maxi-
mum seismic acceleration amax. Non-dimensional
displacement Xmax is defined as the ratio between
X1 and deflection w3 of a pin-edge fixed beam of
length /=/3 under the dead weight load which is
uniformly distributed with intensity q.

(39)

where

12
(40)

E R 3 3
D=b-{ /1 +Ea'(Ah1'zf+%+Ah2'z§+A_h2H.
12 12

At time moment t=t" damage of the structure
begins. Within the total range of accelerations
amax=(0,1+0,4)-g the structure begins to damage
from beam No. 4, when continuous cracks (over
the cross section) in concrete appear along the
beam length with further plastic deformation of
reinforcement which appears and quickly devel-
ops resulting in exhaustion of the bearing capac-
ity of the structure.

According to the results of computing experi-
ment, damping members with only elastic fea-
tures (without viscous component) do not al-
ways increase the bearing capacity of structures.
For example, reinforced concrete structure
without dampers preserved the bearing capacity
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under seismic wave with parameters. amax=0,4-g
and Xmax=8,53 while, based on calculations for
elastic damping members at k~0,8;1;1,33;2;4,
in (37) , the bearing capacity of the relevant
structure increases only at 0<k<1. Within the
total examined range of properties of viscous
dampers at k21, when wave processes develop
due to interaction of members in the system
“foundation plate-framed structure” caused by
the combined action of seismic wave and static
load, it results in damage of the structure. Vis-
coelastic dampers with parameter k=1 in (38)
increase the bearing capacity of the framed
structure for all k2>1 excluding kr =4 when the
optimum value is ke=1,5.

Refer to Fig. 8-12 for the results of study of
wave processes in members of composite rein-
forced concrete structure loaded by the horizon-
tal component of a seismic wave with parame-
ters: amax=0,4'g; Xmax=8,53. Curves 1 corre-
spond to undamped structure, curves 2 corre-
spond to elastic damping members with parame-
ters k=0,8; k=0, and curves 3 to viscoelastic
damping members with parameters k~=0,8;
ke=1; 1=t/tsw is non-dimensional time. Fig. 8
gives acceleration of the foundation plate af, and
Fig. 9 and 10 show tangential acceleration
as=u. and as=1i, in the middle of beam spans
No.3 and No. 4 respectively (points C and D,
Fig. 1). Refer to Fig. 11 and 12 for behavior of
normal acceleration ai=w, and a>=w in the
points at columns A and B with coordinates
xa=0,77-11, x8=0,27-1> .

When accelerations are calculated by numerical
differentiation formulas, some problems occur
due to particular features of machine arithmetic.
With application of a cross grid, the numerical
algorithm is based on the explicit two-layer fi-
nite-difference scheme of the second order ac-
curacy O(At?), and, thus, acceleration values can
be determined by the central finite differences
at pitch At by approximations similar to (23)
(Fig. 6). As difference schemes are stable for
the given type of stiff equations at the time pitch
at the level At=(107+10"%) s, round-off errors
cause loss of accuracy in the calculation of ac-
celeration.
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Figure 8. Horizontal acceleration ar
of foundation plate.
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Figure 9. Tangential acceleration 1
in point C, beam No. 3.
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Figure 10. Tangential acceleration i,
in point D, beam No. 4.
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Figure 11. Normal acceleration W ,
in point A, column No. 1.
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Figure 12. Normal acceleration W,
in point B, column No. 2.

We use spline interpolation procedure [7] to get
the correct result in the calculation of accelera-
tion. The grid functions of velocities, obtained
after solution of nonstationary problem, are ap-
proximated by cubic spline interpolation at the
specified time intervals which enables to make
further calculations by analytic expression with-
out numerical differential procedures.

According to the results of the performed study,
viscoelastic damping members sufficiently,
more than by 10 times, decrease the peak accel-
erations which occur at the structural members
at the initial time of action. Moreover, damage
of undamped structure occurs at rather small
values of the maximum displacement in seismic
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wave (Table 2), while the structure with viscoe-
lastic dampers of integral parameters k~0,8;
ke=1 ensure the bearing capacity without crack-
ing in concrete and with maximum stress in re-
inforcement not exceeding omax<0,26r even at
the action of seismic wave with parameters
Clmax:O,4'g; Xmax:155,1 (XIZO,OS M), fsw:1,42
Hz, which corresponds to seismic rating with
magnitude 9 [1,9,10]. According to experi-
mental observations, significant periods of
seismic action relevant to the foundation maxi-
mum acceleration are found within the short-
wave band T==(0,1+0,5) s at vibration frequen-
cy from fsw=10 Hz to fsw=2 Hz [2].

The proposed parameters ksk: in (36)-(38) de-
termine the optimum values of integral charac-
teristics for viscoelastic damping members
which ensure the bearing capacity of frame-type
solid reinforced concrete structures loaded by
the horizontal component of highly intensive
seismic wave.
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K BOITPOCY Ob OHEHKE BJIMAHUA
CIIPAMJUIEHUA AITINIPOKCUMUPYIOHIEN CETKHA
HA YU CJIEHHOE PEHIEHUE KPAEBOM 3AJAUU

M.JI. Mo3zzanega’, I1.A. Axkumog’*3

' MockoBcKwit rocy1apCTBEHHBIN CTPOMTENBHBIH yHHBEPCHUTET, T. Mocksa, POCCHUS
2Poccuiickas akaieMusi apXUTEKTYPBI U CTPOUTENBHBIX HayK, T. Mocksa, POCCU S
33A0 «Hayuro-uccnenoarensckuii mentp «CraJluO», T. Mocksa, POCCHSI

AHHOTAIIUA: B nanHOM cTaThbe pacCMAaTPUBAIOTCS BOMPOCHI O BIUSHUM «CHPSAMIICHUS» allPOKCUMUPYIO-
el CeTKM Ha YMCICHHOE PeIIeHHEe KPaeBoi 3aJauil Ha TOCTATOYHOM yIAJICHHN OT TOUKH «CTIPSIMIICHHS» B paM-
Kax JarpamkeBoro noaxoaa k ¢gparmentamun. CoOTBETCTBYIOIINE MPOOJIEMBI BO3HHUKAIOT MPH pa3paboTke H
Pa3sBUTHH JUCKPETHBIX METOOB JIOKATGHOTO pacyeTa CTPOUTEIHHBIX KOHCTPYKIIHH.

KnroueBble c10Ba: TUCKPETHBIC METO/BI, YUCIEHHBIE METO/BI, AIIPOKCUMHPYIOIIAs CETKa, CIIPSIMIICHHE,
JIOKaJIbHBIE PELICHUs], JIOKAJIbHBIE PACUEThI CTPOUTENBHBIX KOHCTPYKIIUH, KpaeBast 3a1a4a

ABOUT ASSESMENT OF THE IMPACT
OF ALIGNMENT OF APPROXIMATING MESH
ON NUMERICAL SOLUTION OF BOUNDARY PROBLEM

Marina L. Mozgaleva', Pavel A. Akimov
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2 Russian Academy of Architecture and Construction Sciences, Moscow, RUSSIA
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ABSTRACT: The distinctive paper is devoted to assessment of the impact of alignment of approximating mesh
on numerical solution of boundary problem at a sufficient distance from the point of "rectification" within the
Lagrangian approach to fragmentation. Corresponding problems arise within development of discrete methods of

local structural analysis.

Key words: discrete methods, numerical methods, approximating mesh, rectification,
local solution, local structural analysis, boundary problems

B cratbe paccmarpuBaercs BOIPOC O BIMSIHUU
«CTIPSIMJICHHSD) CETKHU Ha pelIeHHe 3aa4n

Au=F (1)

Ha JIOCTaTOYHOM YJAJIEHUU OT TOYKH «CIIPSM-
JICHUsD», BECbMa aKTyaJlbHbIM Ipu pazpaboTke U
HCCIIeIOBAaHUM METOJIOB JIOKaJbHOIO pacuera
CTPOUTENBHBIX KOHCTpYKLUH [1-5, 8-11].
IIpexxne Bcero, MOSICHUM HUXKE CAMO BBEIEHHOE
MOHSATUE «CHpsIMIICHHE» [6, 7].

IIyctb B HEKOTOpOW TOYKE, MOCTATOYHO Yy[a-
JICHHOM OT MHTepecyroueil Hac o0macTu, mpo-

M3BOJUTCA YKPYITHEHHUE CETKU. Torjaa 3To SKBU-
BAJICHTHO MTOCTAaHOBKE B 3TOM TOUKE OTrpaHUyYe-
HUS

D*u=0, (2)

rae D? — onepartop BTOPOii MPOU3BOIHOM.
CnenoBarenbHO, NpU peuieHuH cuctemsl (1)
MUHHMM3ALHUS BBITYKJIOTO (PyHKIIMOHAA

) = (Au,) = (F) 3)
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2R P

j RY ;

YR ;'(

Pucynox 1. OonomepHnulii ciyyail cnpsamieHus.

JOJKHA TPOU3BOJIUTHCS Ha MHOXKECTBE C Orpa-
HUYCHHUSIMU BHa (2).

[Iycte R — mHO)wuTens Jlarpanxa uist 3TOro
orpanuueHus. Torma paccMOTpUM — BIIMSIHUE
CIpsIMJICHHUSI B TOUKE ;| Ha peuieHue 3anaqu (1)
B TOYKE i B OJHOMEpPHOM ciyuae (puc. 1), roe
P —3aJlaHHAasl Harpy3Ka B TOUKE £ .

[Mycts u — pemenue 3agauyn (1). Torma pemre-
HUE 3a/1a41 CO CIpsAMIICHUEM u OyJeT paBHO

u(@)=(A"F))—(4'D*R@), (4

rne F=[0 ...0 PO
CTOUT Ha MecTe Kk-r0 DIeMeHTa BCKTOpA,
R=[0 ... 0 R 0 ... 0]", rne R — Ha me-
CT€ j-I'0 DJIEMECHTA.

... 01", npuuem P

CJ'IGJIOB&TGJ'IBHO, HECJIO0XKHO IMOKa3aTh, YTO

d(j,k
R-= M P, (4.3.5)
c(J,J)
rne d(j,k) — snement marpunsl D’ A, cros-
i Ha j-H CTpOKe B k -M cTtonore; c(j,j) —
sneMeHT Matpunsl D> A~ (D))", crosmmii Ha
j -# CTpOKE B j -M CTOJIOIIE;
d(j,k
(_].5 ‘) P

u(@) =| a(i,k)=b(, j) Gl (6)

rae a(i,k) — COOTBETCTBYIOIIHMI 3IEMEHT MaT-
putiel A™'; b(i, j) — cOOTBETCTBYIOMMii dre-
MEHT MaTpHULbI A7'D?.

-1
Hanee, ecnmu paccmarpuBath 4~ B Buae (QyH-
JAMEHTAJIbHOW MaTPHIIbI, TO MOKHO MOJYYHTh:
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De(j—k)
D*g(0)

Ecmu HHTCPCC MNPCACTAaBIACT BJIIMAHHUC HC HaA

CaMo DCILIECHKE, a Ha €r0 NIPOU3BOIHBIC, TO I
k -1 IpOU3BOHOM MOTYyYHM:

u@)=|e(i-k) D*e(i—j)|P.(7)

D’s(j—k)

u*(i)=| D" e(i—k)- D's0)

+ . H P
D**g(i-j) PR
(8)
rue
L Dk—lv(l-) — D — 1), k —muedeTHOE;
Dv@) =4 _, . k-1
D "v(i+1)-D""v(i), k—uetnHoe.
)
ITockonbky
D'y ~0(1/"), k>0,

TO MOXKHO CACJIaTh BBIBO/J, YTO BJIMAHHUC CIIPAM-
JICHUA Y6LIBaCT KakK 1/1’2, a CaMO CIpPAMJICHUC

(T.e. BeMYMHA R ) MIMEET TOT e HOPSIOK YObI-
BaHus. Jlanee mepeieM K NPAKTUYECKH BaxK-
HOMY BOIIpOCY 00 ONpEJENIEHUH 30HbI BbIpE3a-
HusA. bygem ucxoauTe U3 TOro, 4TO Ha rpaHULEe
30HbI TaPAHTUPOBAHHON TOYHOCTU BIMSIHUE OT
nepepacnpeereHusl Harpy3ku Ha TpaHule 30-
HBI BBIPE3aHUS JOJDKHO OBITH JOCTaTOYHO MaJlo.
B [7] npenioxkeH crneayromuil KpuTepuid Bbipe-
3aHMSI — K 30HE TapaHTUPOBAHHOM TOYHOCTHU KaK
ObI IPUPHUCOBBIBAETCS TpaduK MPOU3BOJAHON OT
dbyHIamMeHTanbHOW (PYHKIIMM HAa MEJIKOW CETKe,
Janee 3Ta KpuBas NpUOIMKAETCS JIOMaHOW IO
y371aM KpynHo# cetku (puc. 2). Tam, rae goma-
Has HA4YMHAET YJOBJIETBOPUTEIBHO OMHUCHIBATH
rpaduk TPOM3BOAHON OT (yHIAMEHTAIBHON
GYHKIIUN, MOXHO YCTaHABIMBATh T'PAHUILYy 30-
HBI BBIPE3aHMUsL.
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30HA eapaﬁmupoeayyoﬁ MOYHOCHUH

HPOUICOOHAR PYHOAMEHIMATBHON YHKYUN

JAOMAaHaA

SRAHUYA 30RbBE 6HIPE3AHUA

-
Pucynok 2. K onpedenenuro kpumepus 8vlpe3aHus.
a) P 6) 2P/3 8) P
0
o o
P P/3 P/3 P2 P2
Pucynok 3. Cxembl npunodscenus Hazpy3ox.
-1 2 -1 0 1
0 0 -1 0 0 2 0 0 -1 0 0
D2 _ vee
0 0 -1 0 0 -1 4 -1 0 0 -1 0 0
o .. 0 -1to .. 0 2 0 ..0-10 .. .. .. 0
L N e 1
Pucynox 4. Cmpykmypa mampuysl oepanudenuil 0 ciy4as IuHeuHou UHMepnoaayuu.
[0 1 -1 0 ]
0 0 0 O 0 1 0 0 -1 0 0
2
b= 0 0 0 O 0 2 -1 0 -1 0 0
0 0 0 0 0 2 -1 0 -1 0 0
10 o s s e s 00 T -

Pucynox 5. Cmpyxmypa mampuyel ocpanuuenuii 0is C1y4as CHoOcq.
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OTOT nmoaxoa K OmpCACJICHUIO 30HbI BBIPC3aHUA
OKBHUBAJICHTCH BBINIOJIHCHUIO YCIIOBUSA

h/r=const. (10)
B o6mem cnyuae, onHako, Hac OyAeT UHTEpeCo-
BaTh BJIMSHHME YKPYIIHEHUsI CETKH IO BCEU KOH-
CTPYKLUH B LenoM. Ecii nepexox oT KpynHOU
CEeTKM K MEJKOH OCYUIECTBISETCA IYTEM JIH-
HEWHOM MHTEPHOJALIMM, TO HAa KaXIOW sSYEHKe
KpYHHOW CeTKU MposBisieTcs 3PQeKT «crpsm-
JICHUSD», BBIPAXKAEMBbI B BHUJE JIOKAJbHBIX Ca-
MOYpPaBHOBEIICHHBIX HAarpy30K BHJa, MOKa3aH-
Horo Ha puc. 3B. Ecnu xe 3ToT mepexon ocy-
LIECTBISETCA IPH MOMOIIM CHOCA 3HAYEHHUU C
KPYITHOM CETKU Ha MEJIKYIO, TO BO3HHUKAIOIIUE
Harpy3ku OyayT UMeTh BUA AUNONA. D EeKThI
TAKOI'0 poJa MOXKHO 3a7aTh B BHJIE OTpaHHUYE-
HUH, aHAJIOTMYHBIX OrpaHUYeHUIO (2), HA MHO-
KECTBE JOMyCcTUMBIX (GyHKuuMid. Takum oOpa-
30M, pEUICHUE 3aJ1a4d Ha KPYIIHOM CETKE JKBU-
BAJICHTHO PELIEHUIO 3a]]a4l Ha MEJIKOW CETKE Ha
MHO>KECTBE JIOMYCTUMBIX (DYHKIIMIA C OrpaHuye-
HUAMY BHA (2), TJie MaTpHla orpaHdenuii D°
OIIpeEIsAETCS B COOTBETCTBUM € pUcC. 4 U 5.

B matpuiie D* crpoku, cocrosmme u3 —1, 2, —1
B Cllydae JIMHEMHON uHTepnoisuuu uinu 1, —1 B
cllydae CHOCa, COOTBETCTBYIOT y3J1aM M3 3Je-
MEHTOB, PACIOJIOXKEHHBIX Ha TpaHUIle 00JacTH
Q,, a cTpoku, cocrosimue u3 —1, —1, 4, -1, -1
unu 2, —1, —1, COOTBETCTBYIOT y3J1aM W3 BHYT-
PEHHHUX 3JIEMEHTOB. 3aMETUM, YTO 3Ta MaTpuua
SIBJISIETCS. TIPSIMOYTOJIBHOM, TIOCKOJIBKY KOJIMYe-
CTBO €€ CTOJOLIOB paBHO KOJUYECTBY Y3JIOB
MEJIKOW CETKH, a KOJUYECTBO CTPOK MEHBIIE
4Kclia CTOJIOIOB Ha BEIMYMHY, PaBHYIO KOJIHMYe-
CTBY Y3JIOB MEJIKOUM CETKH, KOTOPBIE COBIIAJIal0T
C y3JIlaMH KPYITHOM CETKH.

Beenem ans mcxomHoi 3amaum GyHKuuroo Jla-
rpaHka BUIA

L(u,R):%(Au,u)—(F,u)+(R,D2u). (11)

Takum oOpa3oMm, MuHuMH3anusg ¢yHkuuu Jla-
rpamka OyIeT TpPOM3BOJAUTHCS Ha IOAIPO-
CTPaHCTBE «CIPSMJICHHBIX» (QYHKUUH, a R —
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BEKTOp MHOXMTenen Jlarpanxka Uit yClIOBHUH
CIIpSIMJICHUSI Ha SYCMKax KPYMHOW CeTKu (aHa-
noruvHo P Ha puc. 30,B.

PaccmoTrpum  ycroBuss MUHUMYMa (PYHKIHH

(11):

a—L=Au+(D2)*R—F=0

aﬁg (12)
—=D*u=0.

OR

Pemenwne cuctemsl (12) momyvaercs B BUae

u=A"F-A4"(D*)'R (13)

501041

u=u-A"(D*)'R, (14)
rjae u — penienue 3aaa4n (1) Ha MEJIKO# ceTke.
Takum oOpazom, cymmapHbli 3¢ ¢ekT ot
cupsiMJIeHus: OyJeT BBIpaKaTbCs ClIaraéMbIM
-1 2%
A" (D") "R, u nHac OyaerT WHTEpecOBaTh BO-
npoc 00 yObIBaHUU 3TOTO CIAraeMoro, a Takxke
u camux R. Jliga R w3 BTOPOro ypaBHEHUS CH-
ctembl (12) MOKHO TIOTYYHUTh:
D*A'F-D*A"(D*)*R=0. (15)
Pemas 3T0 ypaBHeHue, ojTyyaeM 3HAYEHUS IS
-1 2
R v mna A (D°)"R. 3amMeTuM, 4TO B CHIIY

BEIPOXKJIGHHOCTH ~ omepaTopa  D®>  BeKTop
—1 2\ *
A7 (D")"R B o0mem ciaydae MOXET OBITh

HalJeH C TOYHOCTHIO 10 KOHCTAHTHI. [lockomb-
Ky 4acTo ObIBaeT HEOOXOAUMO pelIaTh 33a/a4y B
MPOU3BOJHBIX, TO TOTJAa 3Ta KOHCTAaHTAa yHU-
yroxkaerca. Kpome Toro, MoO)XHO OTMETHUTH, UYTO
B KayeCTBE aJbTEPHATHUBBI MPHU OINPEICTCHUN
MPAaBUJILHOCTH BBHIpe3aHusl (pparMeHTa MOKHO
WCIIOJIb30BaTh MAJOCTh 3HAYEHUI MPOU3BOIHBIX

R u A7 (D?)" R narpanuie BhIpe3aHus.
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Ob UCCIEJOBAHUMU JUCKPETHBIX METOA0OB
MNOJYYEHUS JTOKAJBHBIX PEHIEHUH _
OJHOMEPHBIX 3AJIAY PACYUETA KOHCTPYKIIUHN

M.JI. Mo3zzanega’, I1.A. Axkumog’*3

' MockoBcKuit rocy1apCTBEHHBIN CTPOMTENBHBIH yHUBEPCHUTET, T. Mocksa, POCCUS
2Poccuiickas akaieMusi apXUTEKTYPBI U CTPOUTENBHBIX HayK, T. Mocksa, POCCU S
33A0 «Hayuro-uccnenoarensckuii mentp «CraJluO», T. Mocksa, POCCHSI

AHHOTAIIMS: B nanHOM cTaTbe paccMaTpUBAIOTCSl aKTyalbHbIE BOIIPOCH! UCCIIEIOBAHMS TUCKPETHBIX (YHC-
JICHHBIX) METOOB ITOJYYEHUs JOKAIBHBIX PEIICHHH OJHOMEPHBIX 3ajad pacdeTa KOHCTPYKIHA. Bompoc o pe-
[IEHUH OJHOMEPHBIX KPAaeBBIX 33/1a4 JOCTATOYHO YacTO BO3HUKAET NPH pacueTe TaKuX KOHCTPYKIMH, KaK pas-
HOTO pojia 0anky 1 0allOYHbIE CHCTEMBI.

KnroueBble c10Ba: TUCKPETHBIE METO/BI, YUCICHHBIE METO/BI, JIOKAJIbHBIE PEIICHNUS,
JIOKaJIbHBIE PACUETHl CTPOUTENBHBIX KOHCTPYKINH, KpaeBas 3a/1a4a

ABOUT DEVELOPMENT OF DISCRETE METHODS
OF ONE-DIMENSIONAL LOCAL STRUCTURAL ANALYSIS

Marina L. Mozgaleva, Pavel A. Akimov
' Moscow State University of Civil Engineering, Moscow, RUSSIA
2 Russian Academy of Architecture and Construction Sciences, Moscow, RUSSIA
3JSC “Research Centre “StaDyO”, Moscow, RUSSIA

ABSTRACT: The distinctive paper is devoted to research and development of discrete (numerical) methods of
one-dimensional local structural analysis. Solution of one-dimensional boundary problems is normally required,

for instance, for beam analysis.

Key words: discrete methods, numerical methods, local solution, local structural analysis, boundary problems

HPEABAPUTEJIBHBIE 3AMEYAHUA

Bonpoc o pemieHnn ogHOMEpPHBIX KpaeBbIX 3a-
Jad JOCTaTOYHO YacTO BO3ZHHMKAET IIPH PacueTe
TaKUX KOHCTPYKIIMH, KaK pa3HOro poja Oaiku u
OanouHble cucTeMbl. B KkauecTBe COOTBETCTBY-
IOLIMX MPUMEPOB 3/1€Ch MOXKHO YKa3aThb JKeJe3-
HOJIOPOXKHbBIE U MOJAKPAHOBbIE ITyTH, LIMJIUHAPU-
Yyeckre O0OJO0YKH, pa3iIMyHble IJIMTHBIE KOH-
CTPYKLIMHU, paCCUUTHIBAEMBIE METOJIOM IPSIMBIX,
MHOTO3TaKHbIE 3[JaHUA U T.1. B ciiyuae 3Haum-
TENbHON HPOTSKEHHOCTH NEPEUUCICHHBIX CH-
cTeM (HarpHumep, KeJIe3HOIOPOKHBIN MyTh) MPH
X MOJIEIMPOBAHUM JUCKPETHBIMH METOAaMHU
(HampuMep, METOJ  KOHEYHBIX 3JIEMEHTOB
(MKD3), BapuanMOHHO-pa3HOCTHBIH  METOJ]

(BPM), metron koneunbix pazHocteir (MKP) c
MOCTOSTHHBIM IIIaroM) JUISl JOCTHXKECHHS J0CTa-
TOYHOM TOYHOCTH TpedyeTcs JOCTaTOYHO
0obIIIOe KOJMMYECTBO maroB. Kpome toro, us3-
BECTHO, YTO 3HAUUTEIbHOE KOJIMYECTBO HEH3-
BECTHBIX B 3TOM Cllydae NPHUBOIUT K ILIOXOU
00yCIIOBIEHHOCTH cucTeMbl. [lomumo cucrem
CO 3HAUUTENHHON TPOTSHKCHHOCTHIO aHAJIOTHY-
Hasl CUTyallusi BOZHUKAET TakXKe JJis OaJouHbIX
KOHCTPYKIIUH, XapaKTePU3YIOMINXCS CHIBLHBIM
KpaeBbIM 3(pPeKToM, T.€. MPU HAIUYUHU B COOT-
BETCTBYIONIMX PEIICHUSX COCTABIISIFOIIMX THITA
exp(Ax) mpu A0CTaTOYHO OOJBIIMX 3HAYCHUIX
Ax, wanpumep npu A/ >20, rme /| — anuHa
KOHCTPYKIMHU. B JeHCTBUTENHHOCTH TMOHSTHE
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MPOTSDKEHHOCTH CUCTEMBI U SIBJIGHUE TUIA Kpa-
eBoro 3(ddekra CBA3aHbI SAMHBIM KPUTCPUEM —
BEJIMUYMHON Al . Pazymeercs, CyliecTByeT U psij
JIpyrux cooOpakeHuM (B 4YaCTHOCTU, OTHOCH-
TEJIbHO HEOOJbIlass MOIIHOCTh BBIUYHCIUTEIb-
HBIX CPEJACTB), MO KOTOPBIM CIIMIIKOM MeJKast
CeTKa SIBJIAETCA HEXeJIaTeIbHOM AJisi MOoCTpoe-
HUS YUCIIEHHOTO penieHus. B ocobeHHOCTH He-
uenecooOpa3Ha ceTka CO 3HAUUTEIbHBIM KOJIU-
YECTBOM Y3JIOB IPU HEOOXOAMMOCTHU IMOIYyYUTh
JOKaJIbHOE peIlleHUE B 3aJaHHOW 3apaHee 30He
KoHCcTpykuuu [1-11].

[Ipu paccMoTpeHNHM OJHOMEPHBIX KPAaeBBIX 3a-
Jlad CYIIECTBEHHBIM SIBISIETCS TOT ()aKT, YTO B
psize ciay4aeB JIsl KOHTPOJIS MPaBUIBLHOCTH TO-
JTy4aeMBIX Pe3yJIbTaTOB MOXET OBITh IIOCTPOCHO
aHanutudeckoe pemienue. Hakoner, paszpabor-
Ka, HUCCJIENOBAaHUE U PA3BUTUE METOJOB, CBS-
3aHHBIX C MOJYYEHHEM JIOKAIbHOTO PEIEHUs B
Clly4ae OJIHOMEPHBIX 3a]1a4, SIBJISETCS XOPOLIeH
MOJIETIBIO JJIsi Pa3pabOTKH aHAJIOTMYHBIX MOJ-
XOZIOB IIPY PEIICHUH MHOTOMEPHBIX 33/ad.

1. BIUSAHUE CIIPAMJIEHUA
OYHKIMHU HA PEIIIEHUE 3AJIAYHN
B HEOTPAHUYEHHOM OBJIACTH

PaccmoTpum ciydail omHOMEpHOW KpaeBOM 3a-
naun. [lycte B obmactu Q= (0,/) wucxomHas

KpaeBas 3aj1aya OINpeJesieHa KBaJpaTHYHBIM
(byHKIMOHAIOM

CD(u):%(Lu,u)—(F,u)+C, (1)

rae L — omepaTtop KpaeBou 3agauu; F — 3a-
JTaHHAasl [TpaBas yacTh.

OyuknuoHany (1) cooTBeTcTBYyeT cTaluoHap-
Hasl TOUKa, SBJISAIOLIAsICS PELIEHUEM YPaBHEHUS

Lu=F. )

JInst mpHOIMKEHHOTO pEIICHHs 3a1aud Ha OT-
peske (0,/) pazoObeM ero Ha y4acTKH JOCTa-

TOYHO MEJIKOM CETKOM C IMOCTOSHHBLIM IIIaroM / ,
00eCreYnBarOIIMM XOPOIIYI0 aNMPOKCHMAIIHIO.
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B sTOoM ciyuae monyueHHas AUCKpETHAas 3ajada
OMHKCHIBAETCS (PYHKIIMOHATIOM

(Dh(u):%(Au,u)—(F,u)+C, 3)

rie A — COOTBETCTBYIOIAs MaTpHla KpaeBOi
3ajaun; I — npaBast yacTb.

CranuoHapHasi TOUKa MOXET OBbITh OIpeseeHa
U3 ypaBHEHUs

Au=F . (4)

[Tpenmoioxum, 9TO HA HEKOTOPOU YacTH 00Ja-
CTH MPUHAT OoJiee KPYIHBIN mar, 00beIuHsIO-
LM HECKOJIBKO YYAaCTKOB MEJIKOM CETKH.

bynem cumrarh, 4TO MCKOMas (DYHKIMS Ha CO-

OTBETCTBYIOLIMX y4yacTKax JIMHEWHas. OTo
O3Ha4acT, 4ToO
1 .
u; = 5(“141 tu;, ), iel, (5)

rne ! — MHOXECTBO CIIPAMIIACMBIX TOUCK.
DTO e YCIOBHE, OYCBHIHO, MOKHO 3aIHCaTh
CJIeTyIOIIAM 00pa3oMm:

D*u(i)=u, , —2u, +u,,, =0. (6)

B ofmem ciydae Takux CHpPSAMIEHUH MOXKET
OBITh HECKOJIBKO, U PaclojiaraTbCsi OHU MOTYT B
pa3HBbIX MECTaX.

[lycts y, — xapaxkTtepuctudeckas QyHKIHS
TOYEK, IMONAJAIUX BHYTPh CHPSAMIIECHHBIX
Y4acTKOB, T.€.

1, ecnu B i-¥ TTOY 3aJaHO YCIOBHE;
0, ycioBHE HE UMEET MeECTa.

Xr (l) = {

(7
Tor,ua, yY4UuTbiBasg HJOIIOJIHUTCIIBHBIC YCJIOBUA
CHpHMHeHI/Iﬂ nu I/ICHO.]'H)?;yfI MHOXHUTCIN HanaH-

’Ka, MOYKHO 3aMUCaTh UCXOTHBIA (YHKIIMOHAT B
BUJC

O(u, R) = D)+ 1 OROD u(@), (8)

iel
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L g 0 & 00—

1 2 3 4 35 6 7

§ 9 10 11 12 13 14 X1

Pucynox 1. Ilpumep 3a0anus mouex cnpamienus (coomeemcemayoujue moyKku 8bl0eneHbl
YEePHLIM YBEmoM).

rae R(i) — mHOXUTEeM Jlarpamxa.

C ¢uznyeckoil TOUKU 3peHUsI IPU pacyeTe KOH-
CTpYKIMIA MHOXuTenu Jlarpanxka mpencrais-
0T COOOW peaKIuy JOMOJHHUTEIBHBIX CBS3EH,
OIUCBIBaEMBIX ycioBUeM (8). DToT (yHKIHO-
HaJI MOYKHO TIPEACTaBUTh B BUJIE

D(u, R) = D(u)+(y, R, D’u), 9)
] 0, ecim - (1)=0
R_{R, ecm y, (i) =1 (10)

1

rae

WITH, YYUTBIBAsE CAMOCOIPSKCHHOCTh OIlepaTopa
2 2
D?* ((D?)" = D) nomyunm:

D(u, R) =%(Au,u)—(F,u)Jr(Dz;(FR,u). (11)

CranmoHapHble TOYKH HUCXOJHOTO (pyHKITMOHA-
7a U (QyHKIMOHANA C JIOTOJIHUTENbHBIMU YCIIO-
BUSMU OynyT, pazymeercs, pa3HbiMH. OO03Ha-
YUM Yepe3 # CTAIlMOHAPHYIO TOYKY (DYHKI[HO-
HaJla ¢ JOMOJHUTEIbHBIMU YCIOBUsMU. BBenem
TaK¥XE BCIIMUUHY

Au=u-u, (12)
IPEJCTABIAIONIYI0 COOON BEKTOp, IMOKa3bIBaIO-
IMA  BIMSHME JONOJHUTENbHBIX  YCIIOBHH,
omnpenenseMbix peakuusamMu R,. Kpome Toro,

0003Ha4YNM:
Q=yx/D*; QO"=D'y,. (13)
CrnenoBatenbHo, pyHkimonan (11) npumet Bua:

®(u,R) = %(Au,u)—(F,u)+(Q*R,u). (14)

VYcnoBue cTalMOHapHOCTH HOBOTO (DYHKIIMOHA-
Ja OTUCHIBAETCS CUCTEMON YpaBHEHUHN

Volume 11, Issue 1, 2015

ail)=AL7—F+Q*R=0

u
aE—Qﬁ—O (15)
OR ’

Perenue »Toil cucTeMbl MOYKHO UCKATh B BUJIE

Uu=u—Au,
u=A"F; Au=A"O'R,

(16)
rie (17)
T.. U — PEUICHHE HCXOAHOM 3amauu; Au —
BIIUSIHUE CBSI3EM.

Jns onpenerneHus R MOJACTaBUM U BO BTOPOE
ypaBHeHHe cucteMsl (15). Byem umers:

Ou—Au)=0; QAu=Qu; QA"Q'R=Qu.
(18)

BBomas o003HaueHME

B=047'0", (4.6.19)
MepenunmIeM MOCJIeaHee ypaBHEHHUE B CIICAYIO-
mieM BHUIC

BR =0Qu. (4.6.20)
B kauectBe mpumepa mnpuBeneM oOUIMI BUA
MaTpHIl JUIsl JUCKPETHOW KpaeBOM 3aJadyM C 3a-
JAHHBIMU TOYKaMH CHPSIMJIEHUS, KaK MOKa3aHO
Ha puc. 1. CooTBETCTByIOIIME MMOCTPOCHHUS
IIpeJICTaBJIEeHbI Ha puc. 2-7.
Jns ananmza (pU3MYECKOro CMBICTA YCIIOBUS
(20) paccmoTpuM ciyyai, Korja COpSIMIISIEMbIid
Y4aCTOK COCTOMT M3 JIBYX OTpe3KoB. IIycTe Ta-
Kas CUTyallus peaju3yercs B IpuMepe, Ipen-
CTaBJICHHOM Ha puC. 8, 1715l TOUKHU i = 7.
Nmeewm:

ugtug

u, = Wwin ug —2u, +ug =0.
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-2 1
1 -2 1
1 -2 1
1 -2 1
1 -2 1
I -2 1
) I -2 1
b= 1 -2 1
1 -2 1
1 -2 1
1 -2 1
1 -2 1
1 -2 1
L 1 _2_

Pucynox 2. Cmpyxmypa mampuywl D’

o ;
0
1
0
0
0
1
Ar= 1
1
0
0
1
1

- 0_

Pucynok 3. Cmpykmypa mampuyol y, .

Torma mMatpuma () TpeICTaBISICTCS OMHOM HEHy- TIe R — 4YHCIO, T.e. SABISETCS pPe3yJIbTaToM

JIeBOM CcTpoKoi (ceapMasi cTpoka). CooTBeTcTBeH- ~ACHUCTBHA Ha CUCTEMY pPCAKIMU CBA3H, COCTOS-
iee M3 TPeX CaMOYPaBHOBEIICHHBIX CHII, OKa-

3aHHBIX Ha puc. 9.
B sToMm ciyuae peakuus i -ii CBS3M UMEET BUJI,
MoKa3aHHbIN Ha puc. 10.
(¢)=[00 ..1 -2 10 ..0]. i Ha b
7-amosns Brnvistaue i -it CBSI3M HA CHCTEMY OIPEIENSIeTCs
pelIeHuEeM ypaBHEHUS

HO Martpuiia Q" COCTOMT M3 OJHOTO HEHYJIEBOIO
CTOJIOLA BUIA

B 5TOM citydae 100aBKa K HCXOJIHOMY PELICHUIO
HAa MEIKOH CeTKe OmpeeseTcs pelleHHeM AAu' =—R.q", (21)
YPaBHEHUS A o 0 iz i

e =D dO)={) 7T @
AAu=-Rq,, ’ ’
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Q:ZFDZZ
0
Q*:Dzlr:
o1
‘ 0
T.e. e =|1|¢«1i;
0
_0_
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~2 1
1 -2 1
1 -2 1
0
1 -2 1
1 -2 1
0_
1
-2 1
1 -2 1
1 -2
10
0 1
—2 1
1 -2
1 0]

Pucynok 5. Cmpyxmypa mampuyor Q" .

0
. 1 |«i-1
q'=|-2| «i
1 |«i+1

_0_
(23)

TakuM o06pazoM, ¢' COOTBETCTBYET CHCTEME
CuJ, moKa3zaHHOW Ha puc. 11, a R, — uywuco,

OIIPEICTISIONIEE BETUIUHY PEAKIIHH.
OOriiee pelieHue Co CBSI3SIMH MOKET OBITh
HaliieHo o ¢opMmyiie

i=u-Y gR , tne g =A4A"q". (24
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_O * * k% *x % ]

0 =* * ok % * %

* ® % % ® %

x* 0 EIE * ok

* 0 * ok % * ok

* 0 * * = * %k

o * ® % % ® %

G=A"Dy,= * * k% * %

* ® k% ® %

% ¥ % % 0 * %

* EIE 0 * =

* ® % % ® %

* ® % % ® %
* k% ok * % ()

Pucynox 6. Cmpykxmypa mampuyer G .
o -
0
* ® ok k E
0
0
0
1 * * *
B=7,D*A"'Dy, = :
* *
0
0
* * *
* * *
L 0_
Pucynok 7. Cmpyxmypa mampuyst B .

1 2 2 4 5 6 7 8 9 10 11 12 13 14 X1

Pucynox 8. Ilpumep 3a0anus mouex cnpamienus (coomsemcemayoujue moyKku 8bl0eneHbl
YepHbIM YBEMOM).

2R

P o o o3 o -

1 2 3 4 56 7 |89 10 11 12 13 14 X1

R R
Pucynox 9. Cucmema mpex camoypanogeuenHvix cu.
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2R,

i+1

R.

!

Pucynox 10. Obwuii 6uo peakyuu cesazu.

2

i+1

1

Pucynok 11. Buo sxeusaneHmHou peakyuu ces3u.

[Moacrasnss # B ypaBHEHHUsI CBS3CH, OTYy4nM:

ZrZZr(i)Ringi :ZrDzua (25)

T.€. CUCTEMY YpaBHEHHH OTHOCUTEJIBHO HEH3-
BECTHBIX R, .

OTtMeTuM, 4TO AJI OompeneieHuss u U g, Tpe-
OyeTcsi pelieHre CUCTEMbl YpaBHEHUH C CUM-
METPUYHOM, TIOJOKUTEITHFHO  OMPEIEICHHOMN
Matpuled 4 U HECKOJIbKUMH MpPaBbIMHU YacCTs-
mu (F ,q'). Iocnenyromee onpexneneHue R,
TaK)K€ COCTOMUT B PEIICHUH CHUCTEMbI C CUMMET-
PUYHOM, TIOJIOKHUTEIIBLHO OMpPEICICHHON MaTpu-
ueii B,
2
BR=y,Du, (26)
MOPSIZIOK KOTOPOM OMpEAesieTcs] KOJTUYECTBOM
cBa3ed. B pasBepHyTOM BHIE cucTemMa paspe-
LIAIOLIMX YPABHEHU OTHOCUTEIBHO PEAKIINI R
MMEET BHI:
2 -1 1y2 2 4-1
DA Dy, R=y,D"AF. (27)
Ucnonb3zoBanne MHoxurene Jlarpanxka s

OIMPCACIICHU BJIWAHUA CIIPAMICHUA YYaCTKOB
MO3BOJIACT YCTAHOBUTBH, KaKUM (1)I/ISI/II-IGCKI/IM

Volume 11, Issue 1, 2015

(bakTOpOM COMPOBOXKIACTCS yBEIMUEHUE IIara
cetku. [loxanyii, caMbIM CyIIECTBEHHBIM (hak-
TOM SIBJISIETCSL TO, YTO CIpPSIMICHHE COOTBET-
CTBYEeT NPUIOKEHUIO B OKPECTHOCTH TOYKH
CUMMETPHYHOW, CaMOYpaBHOBCIICHHON  JIO-
KaJTbHOW CHUCTEMBI CHI (T.€. CHCTEMBI, y KOTO-
POl CyMMa MPOEKIUH CHUII, & TAKKE MOMEHT OT-
HOCHUTEIHFHO TOYKH MPUIOKECHHS TIO00H U3 TpeX
CHJI PaBHBI HyNI0). M3 MHOTMX (U3NYECKHX U
MaTEeMaTHYECKUX COOOpPaKeHUH HM3BECTHO, YTO
BO3/ICHICTBUE HAa COOPY)KEHHE B IICJIOM JIOKAITb-
HOW CHCTEMBl CaMOYpPaBHOBEIICHHBIX CHJ B
OOJIBIIIMHCTBE CIIy4YaeB Pe3Ko yOBbIBaeT Ha pac-
CTOSIHHH, YTO B IMPUHITUIIC U OTPABLIBACT yBe-
JMYEHHE Iara CETKH BIAJM OT MECTa, Harmps-
JKEHHOE COCTOSIHHE KOTOPOTO BBI3BIBAET WHTE-
pec WM TPEJCTABISACTCS OMACHBIM C TOYKH
3peHUsl pa3pylICHHs WK KaKoro-Tubo APyroro
KPUTEPHSI HAJICKHOCTH KOHCTPYKIIHH.

Breigenus 3ToT Qusuveckuii pakTop, cOOTBET-
CTBYIOIIUI T€OMETPUYECKOMY YBEITHUCHHIO IIIa-
ra CeTKH, MOoJydyaeM BO3MOXKHOCTH JIJISi aHAJHU-
TUYECKOTO MCCIICJIOBAHUSI €r0 BIUSHHS W YHUC-
JICHHOW OLIEHKH, a TaK)Ke YHCICHHOTO OIpejie-
JICHUs, KaK MaKCUMAJIbHO MOYKET yBEJIINYHBATh-
Csl IIar CETKU IO Mepe yAaJeHUS OT WHTEpecy-
IOIIETO MECTA.
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2R P
>
i j X1

R R
Pucynox 12. K uccnedosanuro nusnus CnpamieHus.

2R P
-
iy i i, X1

R

R

Pucynox 13. K uccnedosanuio 6nusnus cnpsamieHus.

C MaremaTHuecKoW TOYKU 3peHus (¢akTom,
ONpEACISAIONUM pe3yibTaT yJIAJIEHHOIO JIO-
KaJIbHOTO BO3/CHMCTBHUS Ha paccMaTpuBaeMoOe
MECTO KOHCTPYKLIUH, SIBIISICTCS MOBEJICHUE BEK-
TOpa (IUCKPETHON PYHKITUN)
i -1

Rg'=R A ¢q,, (28)
e Matpuna A~ ¢ Mo3uIuil CTPOUTENLHOH Me-
XaHUKU SIBISIETCS JUCKPETHON (QYyHKIMEH BIus-
Hus. [Iockonbpky

-1 -1n2 i

A q=A"D¢, (29)
TO (DaKTUYECKH PE3YJIbTAT OIpEIENIeTCs] BTOPOi
HEHTPATLHON Pa3HOCTHIO OT JIMHWH BIUSIHUSI, U
MMEHHO CTETleHb ee yOBbIBaHMs ONpeessieT yBe-
JIMYEHHE I1ara CETKH.
B TO ’xe Bpems BenMuUMHA BO3JCHCTBUS OT

CIPSIMJICHUSA B I -U TOYKE HA BEJIMYUHY UCKOMOM
(GyHKIMU B j-H TOUKE — 3TO BEJIMYMHA DJIEMEH-

Ta a,,

[IycTe mpaBasi yacTh 3ajaHa B BHJE JHC-
KPETHOW €AMHUYHOU (DYHKITUHU B j -i TOUKE, T.C.

E=P{°’ i*J
I, i=].

MAaTPHIIBI A'D?.

(30)

128

B Cuiy JIMHEHHOCTH 3aJa4u 3TOro BIIOJIHE O0O-
CTAaTOYHO I HCCIeAoBaHMsA. Torga BeIndYHHA
R OIIPEACIIACTCA U3 paBEHCTBA

Rb,, =d, P, 31
rae b, — JMarOHAILHBIA 3JIEMEHT MaTpPHIIbI
D*A7'D*; d,; — IEMEHT MaTpHIEI D*A7".
CrnenoBaTenabHO,

d,;

Ecnu xpaeBast 3ajaua paccmarpuBaercs B Oec-
KOHEYHOH 00JacTH, TO YMHOXEHHME MAaTpPHILIbI
A”' Ha BeKTOp B TOM Cllydae MpeCTaBIseTCs
CBEPTKOM ¢ JWCKpPEeTHOW (yHIAMEHTAIbHOM
bynkueit £(x). Torga MOXXHO 3amucaTh, YTO

00

A= e(i- j)v(j).

[=—00

(33)

DT0 03HAYAET, YTO BCE CTPOKHM MATpUibl A
MPEACTABICHBl OJHUM M TEM K€ BEKTOPOM

e=l.. €, &, & & & ..](puc.14).
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1 E, &, & &
A = E, &, &
£, &,

&,
& &
g & &

Pucynox 14. Cmpyxmypa mampuyor A"

U KaxJas JUaroHallb MaTpULbl IPEICTaBICHA
OJIHUM 4YHCJIOM, COOTBETCTBYIOLIUM 3HAYEHUIO
¢dbyHIaMeHTanbHOM (DYHKIIMM B TOYKE, COOTBET-
CTBYIOLIEH HOMEpY AUArOHaJIH.

Mo’HO HpOBEpHTH, uTO Matpuma D’A~'D* n
D*4™
D?D’s u D’¢, NOCKONBKY ONEpaliy pa3zHO-
CTU U CBEPTKHU SIBIISIOTCA NEPECTAHOBOYHBIMH.
PaccmatpuBas peakuuio R Ha CHpSMIIEHUU |-
ro y4acTKa OT CHJIbl P, IPUIOKEHHON B TOUYKE
J , HOJIyYUM, YTO

MaTpuIa o0Opa3oBaHbl  BEKTOpaMu

b, =(D’D*e)0); d,,=(D’e)i—j). (34)
Ecnu npunsTsh 11 ynporenus, uyto i =0, To

__De()) a35)
D*D*(0)

Jist U3y4eHus: BIUSIHUS CTIPSIMIICHUS B TOUKE i,

OT €IUHUYHON Harpy3Kd, MPHUIOKEHHOW B TOY-

ke i, (puc. 13), BoiBeneM oOuyro dopmyiy

9TOH 3aBUCUMOCTH. MIMeeMm:

(i) = (A" P)i,)— (A" D*R)(iy), (36)

0 0
o o

e P=P/1|«i ; R=R|1|<i . (37)
0 0

Volume 11, Issue 1, 2015

Benuunna R ompenensiercs mo  (Gopmyiie
(4.6.32), T.c.
d@.,i
g=Lnt) b, (38)
b(i i)
u(iy)=aly,i,)P—a(,,i,)R, (39)

~s. . -1
rae a(iy,i,) — dIeMeHT MaTpulpl A~ , pacro-
JIOKEHHBIH B [;-ii CTpOKE W i,-M CTOJOLE;

G(i,,i,) — onement marpuusl 4 D, pacro-
JIO3XEHHBIN B i, -1 CTPOKE U I, -M CTOJIOLE.

Bocnonb3oBaBmmck BelpaxkeHueM g R depes
BEJIIMUMHY P, TOJIly4yuM:

di,.i,)
b(i i)

r>or

(i,) = d(y,i,)—al,.i,) P. (40)

B ciyuae, ecnmu A~ mpencraBuma QyHgaMeH-
TaNbHOW (yHKIMEH (OeCKOHEUHBIH Yy4YacTOK),
OyJ1eM UMeTh:

2 . .
D e(i, —i,)

D' 0) D*e(i, —i,) |P.

u(iy) =| &, _ip)_
(41)

B OonbIIMHCTBE MPaKTUYECKUX CIIy4aeB, Kak
NpaBUIO, UHTEPECYEeT HE CTOJNBKO cama (pyHK-
U1, CKOJIBKO €€ TIPOU3BOAHBIC. B nuckpeTHOM
cJlydae 3TO Pa3HOCTHBIC OTHOIICHHS WIH IPO-
cto pasHoctu. O0mas GopMmyna uisi pa3HOCTH
k -ro mopsinka UMeeT BUI;
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i’ (io) =

De(i, —i,) )2
=|Dfe(i. —i )— r ) prhgo—i )|
(0 p) D48(0) (0 r) hk
(42)
r1e
D'p(i)= D"'g(i)~D"p(i~1), k—vuernoe
D*'o(i+1)-D""'p(i), k —neuernoe.

(43)

Kak Bunno u3 popmyn (40), BenuuuHa norper-
HOCTH pEIICHUS OT CIPSIMIICHHS B 9TOM Cllydae
OTIpeIeNIIeTCsl OTHOILICHUEM

_Au(iy) D’e(i, —i,)De(iy —i,)
Cu(y)  D*e(0)eiy —i,)

. (44)

I[JISI Pa3HOCTHBIX IMMPOU3BOAHBLIX 3Ta MNOTI'PCHI-
HOCTb UMECT BHUA:

. Aut@,) D’eli, —i,)D*"e(iy~i,)
Wb, D*s(0)D sl,—i,)
(45)

B nefcTBUTENBHOCTH MOXKET OKa3aThCs, 4TO
camo pemreHue u(i,) WM €ro TNPOWU3BOIHBIC

u*(i,) Mansl camu no cebe, U TOITOMY JTHOOast

OTHOCUTEINIbHAsI TOTPEIIHOCTh, JaXe OYEHb
OoJipIlasi, HU O YeM He TOBOPUT (CKOpee BCEro,
OHa WJUTIOCTPUPYET TOYHOCTh apU(PMETHUECKUX
BbIUKCJIEHH). B 3TOM CBSI3U NpaBUIBHO CYIUThH
O TOIpEeIHOCTH C TMO3UIHUH MaKCUMAaJbHBIX
3HaueHud pyHKIMH &(x), 1MbO, eciu Hac WH-

TEPECYIOT €€ MPOU3BOJHBIC, CpaBHUBATh HEOO-
XOJIUMO C WX MaKCHMaJbHBIMU 3HaUYCHUsSMU. B
obmieM cirydae 0003HAYUM MaKCHMaJbHOE 3Ha-
yeHre (pyHKIUM WIH €€ TIPOU3BOJHBIX B 3aJlaH-
HOI o0acTu uepes
k k-

M=¢_ =€ (), - (46)
Torma oOmiasi MOrpenIHOCTh OJHOTO CIIPsIMIIE-
HUS OlICHUBaeTcs (hopmynon
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o D’s(i, —i,)D*" &(iy —i,) 1
D*&(0) M

(47)

ITon BemmumHOM M MOKET HOHUMATHCSI M HEKO-
TOpasi Ipyrasi BeMYMHA, B3ATash M3 COOOpake-
HH, CBSI3aHHBIX C ITOHHMMaHHEM OTHOCHUTEIIHHOM
MOTPEIIHOCTH (HallpUMep, CPaBHEHHE C BEIUYH-
HOW JIONyCTUMBIX 3HAUYE€HUN (YHKIMU WIH ee
MIPOU3BOJHBIX JTUOO BO3AEHCTBUS OT APYTHX CHIL,
HE CBSI3aHHBIC C CHIION P, M T.IL.).

3. COBMECTHOE BJIMSIHUE
OPUKCUPOBAHHOI'O 3BHAYEHUSA
®YHKIIMU U EE CIIPAMJIEHUA
HA PEIIEHUME 3AJIAYHN
B HEOTPAHUYEHHOM OBJIACTH

Ilycte B TOYKe i, 3alaHO COCPEIOTOYCHHOC

B TOYKE I  —

»

u(i.)=g. Torma 6e3 cnpsmieHus QyHKIUHA

Bo3AencTBue P, yCIIOBUE

HCXOOHasd 3aJada OIIMChIBACTCA (bYHKI_[I/IOHaJ'IOM

O, Ry) = )+ R, (u(i,)~g),  (48)
rae R, — MHoxwurens Jlarpamka (peakuus Ha

¢ukcupoBaHHoe 3HaueHue ¢yHkuuu). Cranumo-
HapHas TOYKa 3TOro (yHKIMOHAaJa Olpeeser-
Csl U3 YPaBHEHUU

Au=F+R e,
, " 49
{u@)zg, )
rae e(i,)=0(,,i) ={})’ b j&li' F =Pe,, (50)

T.e. 0(i,,i) —cumBos KpoHekepa.

Ecnu onepatop A~ mpejacTaBuM B BUJE CBEpPT-
k1 ¢ QyHIaMeHTaIbHON (GyHKIMe, TO pernenue
3a71auu Oy/1eT UMETh BUI:

u=Psxe, +Re*e, =Pe(i—i,)+Rye(i—i,).

(1)
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B sToM ypaBHenuu R, onpenensercsa u3 ycio-

BUsA
Pe(i, —i,)+Rye(i, —i,)=g, (52)
OTKyJa
R —L( —Pe(i —i)) (53)
0 8(0) g r P .
Ilycte Temepp B TOYKE I, 3aJaHO €LIE OIHO
YCIIOBUE — CIIpsIMIICHUE (QYHKITUH
u(i,)=g
- 54
{Dzu(ir)zo. %)

Torma ¢yHKIIMOHAN, ONMUCHIBAOIINK 3aaady,
MIPUMET BU/I:

D, R) = D)+ R, (u(i,)— g)+R,D*u(i,),
(55)

rne R, u R, — MHOxuTenu Jlarpanxka (peakuun

CUCTEMBI), COOTBETCTBYIOIIME MOCTABIECHHBIM
YCIIOBUSIM. YCJIOBHE CTAallMOHAPHOCTH TAaKOTO
(GyHKIIMOHAIA ONpeieNsieTcsl CUCTEMON ypaBHe-
302071

Au = Pe,, +Rye, +R,D%e,
u(i,)=g
D*u(i,)=0.

(56)

B cmyuae, xorma marpuma A TpencTaBieHa
¢dbyHIamMeHTanbHOM (QyHKIMEH, o01ee pereHue
HIICTCA B BUJIE

ii = Pe(i—i,)+Rye(i—i,)+R,De(i~i,),
(57)

rae R, 1 R, MOTyT OBbITh HaliIEHBI U3 YCIIOBUIA
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Pe(i, —i,)+Rye(i, —i))+
+R,D*c(i, —i)=g

2 S N2afs (58)
PDe(i, —i,)+ R, D e(i, —i,)+
+R,D*e(i, —i)=0
WIH AR =0, (59)
_| &0 Ds(0)|. ,_|R,|.
o A—[ng(o) D“a(OJ’ R{RJ’ o

e e, —i,)
b‘[o}P{ng(z‘r —ip)] (61

Jnst HaxoXKIeHHsT 0OpaTHON MaTPUIIBl BOCTIONb-
3yemcs (hopmysion

4 = l{_a;,z _aal,z} _

A 2.1 ) 1,1 i (62)
_1[ D*s(0) -Ds(0)
_A{—ng(()) £(0) }

e A =(0)D*&(0)— (D £(0))°. (63)

Toraa u3 (59) BenuunHa R omnpenenurcs clie-
JyIOIINM 00pa3oMm:

Ailb _ g D4€(O) _
A| - D*&(0)
_ P| D*s(0)e(i, —i,) - D*e(0)D*s(i, —i,) |
A| ~D*s(0)s(i, —i,)+&(0)D*e(i, —i,) [
(64)
R, = iD“g(O)—
—§[D4g(0)g(z’, —i,)-D*e(0)D’e(i, —i,)];
(65)
R, = —%ng(O)—
- g[—D%(O)e(z‘r —i,)+&(0)D*s(i, —i,)]-
(66)

[TorpemHOCTh, BO3HMKAIOIIAsI B peE3yJbTaTe
CHPSIMIICHUS, ONpeieIisieTcs Mo Gopmyiie
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Au=u—u=

i )R, — R+ D2e(i—i)R,, ©7)

=e(i—
A€ BCIMYHUHA

AR, =R, —R, (68)

OHpeILGJISIeTCSI BBIpa)KeHI/IeM
AR, = g| — = D*c(0) |-
©Cle(0) A
~ P{g(l’ -i,) 1

£0) _K[D e(0)e(@, —1,)—

—D*e(0)De(i, —i,)]|=
_ (D) (D*(0))
Ae(0) Ae(0)
D £(0) i )P,

ei, —i,)P-
——2D%(i, -

T.C.

_(D’2(0))?
Ag(0)

, (De(0)’
Ag(0)

ng(O)

i, —i,)P—  (69)

———=D’¢(i,~i,)P.

HOFpCI_HHOCTB AJId pa3HOCTHBIX CXCM MOXKHO
3aIMcaTh B BUJIC
Au® (i) =[e® (i —i )AR, + ™ (i —i )R,/ h*,
k=0,1,2,..
(70)

OtHOocuTeNbHAST TIOTPEUTHOCTh MOXKET OBITh
omnpezesieHa M0 OJHOMY M3 CJIEAYIOIIUX BbIpa-
JKEeHUIt:

Au®

ko Au® }/k _
M b

yo= 5
u®

(71)
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rae M — HekoTopas 3apaHee BHIOpaHHAs BEJU-

® nmubo

(k)

YWHA, MPEJCTABIAIOMAas co00i max u
HEKOTOPOE 3a/IaHHOE OTPAaHUYCHUE Ha U

4. TIOCTPOEHUE PA3BETAIOIIENACS
CETKH JUISI OTHOMEPHOM
KPAEBOM 3AJIAYH

[Tycte TpeOyeTcss Ha3HAYUTHh KOOPAUHATHI Y3-
JIOB aIMpOKCUMHPYIOMIEH CETKH TaKuM 00Opa-
30M, 4TOOBI B 3apaHee 3a/JlaHHOI TOYKe pelle-
HUE IOJIy4aJOCh C JOCTaTOYHOW TOYHOCTBIO
IIPY HaWMEHBILIEM KOJIMYECTBE y3JI0B. PaccMoT-
pUM TIOCTPOCHHUE TaKOW CETKH Ha MpumMepe Oa-
KM Ha YNPYroOM OCHOBAaHHUHM C €CTECTBEHHBIMHU
KpaeBbIMU ycCJIOBUsIMH. [locTaHOBKAa COOTBET-
CTBYIOLIEH 3a7a4u:

y“” +4a'y = f(x), x€[0,L]
yO _0 y"l 0
vy, =0, y/=0.

(I)yH,Z[aMeHTaHLHaH (I)yHKI_[I/ISI B JaHHOM CJIy4ac
HUMECT BUJ

£(x) = (1/(8a*)) exp(~ar| x [)(cos(aux) +sin( | x ) ;
(72)

Ananusupys ¢Gopmyny onpexaenenus ¢QyHna-
MEHTaJIBHON (DYHKIIUH, HECIOKHO 3aKIOYHTH,
YTO BJIMSHUE €IMHUYHOW HArpy3KH Ha mepemMe-
mieHus: OalKW C YBEIMYCHHEM PACCTOSHHS
cTporo yObIBaeT M, HAYMHAsA C HEKOTOPOTO ce-
YeHHs, TPAKTHYECKH wucye3aeT. Pazmep 30HBI
BIIMSIHUSL 3aBUCHT OT BENWYHMHBI « . CienoBa-
TEJIbHO, MPABIWJIBHO MOJO0paHHAs CeTKa JOJIK-
Ha YYUTHIBaTh ATy OCOOEHHOCTH ITOBEICHUS
dbyHIaMeHTabHON (QYHKIINH.

V3I1bI JIOKAJIBHOM CETKH 1eNIeco00pa3Ho moaou-
paTb, UCXOAS W3 aNMpOKCUMAIUH (QyHIaMeH-
TaJIbHON (DYHKIMH €€ KyCOYHO-JTMHEHHBIM aHa-
agoroM. OTHUM W3 BapHAHTOB TAaKOH anmpoKCH-
Maluu MOKET OBITh MOCTPOEHHE OTPE3KOB Ta-
KAM 00pa3oM, 4TOOBI PacCTOSIHHE MEXIY Mpsi-
Mo# U rpadukoM QyHKIHMH OBUIO MOCTOSHHBIM
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Y PaBHSIOCH 3apaHee 3aaHHON BenwunHe. Ko-
OpJIMHATHI TOYEK IMepeceYeHus] ITUX JBYX Ipa-
(UKOB M OYIyT SABIATHCSA KOOPIMHATAMHU Y3JIOB
HMCKOMOM pasz0derarorieiicss ceTku. MeHss Benu-
YUHY PACCTOSHUS, MOXKHO MOJy4aTh PA3INIHYIO
TOYHOCTH aIPOKCUMaNUK (HyHIaMEHTaTIbHON
(GYHKIIMU ¥ pa3sTUYHOE KOJUYECTBO Y3JIOB IS
COCTaBJICHUS Pa3HOCTHBIX YPaBHCHH.
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OLIEHKA TOYHOCTH PE3YJbTATOB UUCJEHHOI' O
MOJIEJIMPOBAHUSA HECTAIIMOHAPHOI'O BOJIHOBOT'O
HAMIPSIKEHHOTI'O COCTOSIHUSA B TE®@OPMUPYEMBIX
OBBEKTAX CJOXKHOMN ®OPMBI

B.K. Mycaes

Poccuiickuit yauBepcuret Apyx0bl HapoaoB, . Mocksa, POCCUA

AHHOTAIIUSA: PaccMaTpuBaroTCsl HEKOTOpPBHIE BOIPOCHI YHCIEHHOIO MOJEIHPOBAHHSA HECTallMOHAPHBIX
YIPYTHUX BOJIH B CIOXHBIX AeopMHUpyeMBIX oOnacTsx. [Ipy pelieHnn CIOXHBIX 3a/ad BOSHUKAIOT MPOOIIEMBI
OLICHKH JIOCTOBEPHOCTH TOJy4eHHBIX pe3ylbTaToB. B paboTe paccMarpuBaeTcsi OLleHKa TOYHOCTU U JJOCTOBEP-
HOCTH PE3yJIbTaTOB YHCIIEHHOTO MOJICIIMPOBAHMS BOJIH HANPSHKEHUH B 00J1aCTsX CII0XKHOH (opMel. [IpuBoauTcs
COIIOCTaBJIEHUE C Pe3yIbTaTaMH HKCIEPUMEHTAIBHOTO, aHATUTUYECKOTO M YHCIEHHOTO METOOB.

KiroueBnle cjioBa: MaTeMaTHYeCKOE MOAETINPOBAHNE, KOHTYPHBIE HANPSKEHUs, KPYTJoe OTBEPCTHE,
(doToynpyrocts, NOAKpEIJICHHOE 0TBepcTHE, Kypricalickas 6eToHHas INIOTHHA, HONYIJIOCKOCTb,
BOJIHOBAsI TEOPHS YIPYTOCTH, IMHAMHUYECKasi TCOPUS YIPYTOCTH, IIepeMeIIeHIe, CKOPOCTh ITepeMEIIeHHH,
YCKOpEHHe, ceficMuuecKoe Bo3AeHCTBIE, AenbTa (QyHKIUS, GYHKIHMA XeBucaiaa, MeToa KOHEYHBIX JIEMEHTOB,
KOMIIJIEKC IIPOTPaMM, y3JIOBbIE TOUKH, SIBHAS IBYXCIIOHHAs cCXeMa.

ESTIMATION OF ACCURACY OF THE RESULTS
OF NUMERICAL SIMULATION OF UNSTEADY WAVE OF THE
STRESS IN DEFORMABLE OBJECTS OF COMPLEX SHAPE

Vyacheslav K. Musayev
Russian University of friendship of peoples, Moscow, RUSSIA

ABSTRACT: Discusses some of the issues of numerical modeling of unsteady elastic waves in complex de-
formable areas. Solving difficult problems arise problems of assessing the reliability of obtained results. In work
the estimation of the accuracy and reliability of results of numerical modeling of stress waves in the areas of the
complex form. Comparison with the results of the experimental, analytical and numerical methods.

Key words: mathematical modeling, grid voltages, round hole, photoelasticity, backed hole,
Kurpsai concrete dam, half-plane, wave theory of elasticity, the dynamic theory of elasticity, displacement,
velocity, displacement, acceleration, seismic impact, the Delta function, Heaviside function,
the finite element method, complex programs, anchor points, an explicit two-layer scheme.

BBEJEHHUE

B pabote npuBomuTcs MHPOpPMAIUS O TMPAKTHU-
YECKOM pean3alui METO/1a KOHEYHBIX JIEMEH-
TOB B IepemenieHusx. lIpencraBiensl pe3yib-
TaThl UCCIENOBAHUN Ul MATH 3anad. Paccmar-
pUBaeMble 3aJa4yd IPEACTaBICHBI B BUIE CO-
OpY’)KEHHH C OCHOBAaHHEM IIpH BO3ACHCTBUU
BOJIH HampspkeHuid. Ilpumensercs ¢yHnamen-

TaJbHOE BO3/EHCTBHE TUNIA PYHKIMU XeEBUCAN-
Ja.

OCHOBHOE BHHMMAaHHUE YJEIECHO OLIEHKE TOYHO-
CTM W JOCTOBEPHOCTH YHCIIEHHOTO pEIICHHUs
HECTAallMOHAPHBIX AUHAMUYECKHX 3a]1a4.

Ha ocHOBe MeTO/la KOHEUHBIX JJIEMEHTOB B Il€-
pEMEILEHUsAX pa3paboTaHbl AJITOPUTM U KOM-
IUIEKC TpOorpamMm JUisl pEIIeHHs JBYMEPHOU
IJIOCKOM TMHAMMYECKOM 3aJa4u TEOPUHU YIpYy-
TOCTH MPYU PA3JINYHBIX HAYAIbHBIX U IPAHUYHBIX
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YCIOBHAX, Ui O0JacTel pazauyHON (OpMBI,
IUIT MOJETHM YPaBHEHHIH COCTOSIHHMS KyCOYHO-
HEOJHOPOAHON HM30TPONMHON Cpe/bl, MOJYUHS-
IomIeicst ynpyromy 3akoHy ['yka mpu Manbix
yIpyrux aedopMarusx.

Hexortopele Bompocsl B 00JaCTH IOCTaHOBKH,
pa3pabOTKKU METOAMKH, aJTOPUTMa U JOCTOBEP-
HOCTH PE3yJIbTaTOB YHCICHHOTO MOJIEIIUPOBa-
HUS HECTAal[MOHAPHBIX JAMHAMHYECKUX 3a/ad
paccMOTpeHbI B ciaeayomux padborax [1-47].

1. 0 BO3JEHCTBUH IIJIOCKON
IMPOJOJIBHOM YIIPYT O BOJIHBI
HA CBOBOJHOE KPYTJIOE
OTBEPCTHUE

PaccmarpuBaercs 3agada 0 BO3JEHCTBHHM IUIOC-
KOI MpOoJ0JIbHOM YIIPYToil BOJIHBI HA CBOOOAHOE
KpYTJI0€ OTBEPCTHE.

HauanpHble ycnoBusi NpUHATHI HyJeBbIMH. B
ceyeHuu Ha paccrosHuM  1,9H (puc. 1) mpu
0=n=10 (n=t/At) cKOPOCTh yNPYTOro Ie-
peMeleHus U u3MeHsieTcs JuHerHo ot 0 1o
P (Pzao/(pCp) (op= -0,1 Mlla (-1

krc/cm?)), a pu n =10 u = P.

Kontyp xpyrmoro orBepctusi ABCD mpenrno-
Jaraetcs CBOOOTHBIM OT  Harpy3oK  IpH
t>0.

I'pannunbie ycnoBus st koutypa EFGH 1ipu
t>0 u=v=u=v=0. OTpaxeHHbIC BOJHBI OT
koHTypa EFGH He NOXOAAT 10 HCCIEIyeMbIX
touek npu 0 =n =260.

Uccnenyemasi pacyetnas o6macts umeer 1536
y3J70BbIX TO4eKk. KOHTyp Kpyrioro OTBepCTHS
anmnpOKCUMHUPOBaH 28 Y3JI0BBIMU TOUKAMH.

Ha puc. 1 nmokasano u3MeHeHHe yIpyroro KOH-
TYpHOro HampsbkeHus oG ((O0j =0y /|0'0| )B
Touke | Bo Bpemenu [ (i =(Cpt)/H):1 -

pe3yabpTaThl aHAIUTHYECKOro pemenus [1 u 2];
2 — pe3ynbTaThl YMCIEHHOTO PELIEHUs, IMOJy-
YEeHHbIE METOJIOM KOHEYHBIX 3JIEMEHTOB B Ile-
pemMeneHusx [5, 6 u 7].

PacxoxxaeHue 111 MakCUMaJbHOTO YIPYroro
KOHTYPHOTO HAaIPSKEHMsI COCTABIIAET 6 %.
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Pucynox 1. zmenenue ynpy2o2o KoHmypHo20
Hanpsicenust Gy, 8 mouke 1 60 epemenu t Ha
KOHmMYype c60000H020 KpPYy21020 OmMEepCcmusi npu

8030eticmaul NI0CKOU NPOOOIbHOU YNPYeoll
6o1HbL muna @yuxkyuu Xesucaiioa.

a)

2 0
\ ,
A /
% \\ /
Ful N/
V

0 20 40 t/At
Pucynox 2. dxcnepumenmanvroe 6ozoeticmsue
O] 60 8pemeHU | , ROJYUEHHOe MemOoOOM Ou-

Hamuueckou gpomoynpyzocmu. a — pomoepam-
Ma Kapmum noaoc; 6 — SKCNepuUMeHmaibHoe
6030elicmeue, NpUHAMOoe Npu YUCIeHHOM peule-
HUU MemMoOOM KOHEUHbIX INeMEHMO8 8 nepeme-
WeHUSX.
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B IeOpPMHUPYEMBIX 00BEKTaX CIOKHON (POPMBI

Ha puc. 2 noka3aHo 3KCIIEpUMEHTAIBHOE BO3-
IEHCTBUE O()] BO BPEMEHU { , OJIYYCHHOE Me-

TOZIOM JMHAMHYECKO# (oToynpyroctu: a — ¢o-
TOrpaMMa KapTHH T0J0C; 6 — 3KCIIEPUMEHTAIIb-
HOE BO3/ICHCTBHE, NMPUHATOE NPU YHCICHHOM
peICHUKU MCTOAOM KOHCUYHBIX 3JICMCHTOB B IIC-
PEMEIICHHSIX.

Ha puc. 3 nmokazaHo u3sMeHEHHE ynpyroro KOoH-
TYPHOTO HanpsDKeHHsI O B TOYKe 1 BO Bpeme-

HU { TpU BO3IEUCTBUU Oy : @ — poTorpamma

KapTHUH T0JI0C; 6: 1 — SKCIepUMEHTAIIbHBIE pe-
3yJbTaThl, IMOJYYEHHbIE METOJAOM JUHAMUYE-
cKoil poroymnpyroctu [5, 6 u 7]; 2 — pe3ybTaThl
YUCJIEHHOTO pELIEHUs, MOJIyYEHHbIE METOJ0M
KOHEUHBIX 3JIEMEHTOB B MEpeMENIeHusIX [S5, 6 u

7.
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Pucynok 3. Hzmenenue ynpyeo2o KoHmypHo2o
Hanpscenust Gy, 6 mouke 1 60 epemenu t Ha

KOHMYpe c80000H020 KPY21020 OMEEPCMuUsl npu
go30elicmeuu o) : a — homozpamma Kapmun

nonoc; 6: 1 — sxcnepumenmanvhbvle pe3ynoma-
Mbl, NOJYYeHHble MemOoOOM OUHAMUYECKOU ¢ho-
moynpyeocmu; 2 — pe3yibmamyl YUCIeHHO20
peulenus, nosyyeHHblie MemoooM KOHeUHbIX
I/IeMEHMO8 8 nepemMeujeHUsIX.
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Pacxoxaenne nimsg MakCHMalabHOIO YIIPYTroOro
KOHTYPHOT'O HaIPSIKEHUS COCTaBIsAET 2 %.

2.0 BO3JIEMICTBUH IIOCKOM
IMPOJOJIbHOM BOJIHBI
HA NOJAKPEIUIEHHOE KPYTIJIOE
OTBEPCTHUE

PaccmarpuBaercs 3amada 0 BO3ACHCTBUU ILIOC-
KOU MPOJOJILHON YIPYroil BOJHBI Ha MOAKPEI-
JeHHOe Kpyrioe orBepcTHe. HawanbHble ycio-
BUS IIPUHSTHI HYJIEBBIMH.

B ceuennu Ha paccrosHumn 1,6H (puc. 4) npu
Ogl’ll <10 (I’Zl :t/All)

NepEeMELLEHUs] U, H3MEHsieTcs JinHenHo oT 0

CKOPOCTh YIPYIoro

pi(e] H:Go/(pchz), a Impu m =10 le =P].

BHyTpeHHHII KOHTYp NOAKPEILUIEHHOTO OTBEp-
ctuas  ABCD mupenmnonaraercss CBOOOJHBIM OT
Harpy3ok npu ¢ > 0.

Ha rpanune nonkpemsienuss u cpensl EFGH
IIPUHATHI YCJIOBHsI HENPEPBIBHOCTH IEpEMelle-
HU.

I'pannunble ycnmoBus it koHTypa IJKL 1ipun
t>0 Uy =vy =L.12 I\;’Z =0.

OTtpaxkeHHble BOJIHBI OT KoHTypa IJKL He no-
XOOAT [0  HUCCIENYyEeMbIX  TOYEK  IIpH
0 =n; =540 (..., — moaKpemjeHue; ..., - cpe-
nia).

Uccnenyemast pacuetHas o6nactb umeer 1536
Y3JI0BBIX TOYEK.

BHyTpeHHUII KOHTYp NOJKpEIUIEHUs amlpoK-
CUMHUPOBaH 28 y3JI0BBIMU TOUKAMH.

[To TonmmuHe MOJAKpEIUIeHNE aNnMpOKCUMHUPOBA-
HO JIByMsl Y3JIOBBIMH TOUKAMH.

Ha puc. 4 noka3zaHo M3MEHEHHE KOHTYPHOTO
HalpsHKEHUsT O B TOYKEe | BO BpeMEHH 1

(h=(C pat)/ H):1 — pesynpTaTsl aHaINTHYC-

CKOro pemieHus [2]; 2 — pe3yJibTaTbl YUCIICH-
HOTO pEIlEeHUs, MOITyYeHHbIE METOJ0M KOHEU-
HBIX AJIEMEHTOB B IepeMelieHusx [S5, 6 u 7].
Pacxoxzaenue aiii MakCUMalbHOTO YIPYToro
KOHTYPHOTO HallpsbKeHUs cocTaBiser 12 %.
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Pucynok 4. Hzmenenue ynpy2o2o KOHmypHoz2o
HanpadjiceHus Gy 6 mouke 1 60 epemenu fl Ha

BHYMPEHHEM KOHMYpPe NOOKPENIeHHO20 KPY2io-

20 omeepcmuis npu 8030eticmeult NI0CKOL npo-

00/IbHOTL YNpY2oll 80aHbL Muna Qynkyuu Xeu-
cauioa.

3.0 BO3JIEVICTBHUH IIOCKOM
IMPOJOJIBHOM YIIPYT O BOJIHBI
HA KYPIICAUCKYIO INIOTUHY
C OCHOBAHUWEM

PaccmatpuBaercs 3agada o BO3JEHCTBHH IUIOC-
KON IpOAOJIbHON ynpyroi BosiHbl Ha Kypmcaii-
CKyI0 IJIOTUHY C OCHOBaHueM. HayanbHble
YCIJIOBUS IPUHATHI HYJIEBBIMHU.

B cedenun Ha paccrosaum 2,3H (puc. 5) mpu
0 =n <25 CKOpOCTH YyNPYTHX TEpEMEIICHHUH 1
U vV U3MEHAIOTCS JuHerHo oT 0 mo u = Psina
u v=Pcosa,a npu n =25 u=Psina u
v=Pcosa.

Kontyp mnotunel HIJABCDE (xpoMe TOYKH
D) npeanosaraercsi CBOOOJHBIM OT Harpy-
3okTipu >0 u=v=u=v=0.

OtpakeHHbIe BONHBI OT KOHTypa EFGH He
JOXOIAT 10  HMCCIENYEMBIX TOYEK  IpH
0 =n =2000 .

Hccnenyemast pacuetHass oOsacth umeer 953
y310BbIX TOuek. Kyprmcalickas IuloTMHa an-
MPOKCUMHpOBaHa 224 y3JI0BBIMU TOUKAMH.

Ha puc. 5 noka3zaHo M3MEHEHHE KOHTYPHOIO
HAMpsOKEHHUsT O B TOYKe | BO BpeMeHu f , TO-

Jy4eHHOE C TIOMOIIBI0 WHTerpana Jlroamens
MIPHU BO3JCHUCTBUM THUIA MOJYIEPHOIa CHHYCOU-
nel ipu A/ H =3 (A — nnunHa BonHbI): 1 — pe-
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3yJbTAaThl YHUCIEHHOI'O PEIIECHHUS, IOJyYEHHBIE
METOZOM KOHEUHBIX 3JIEMEHTOB B II€PEMEILIECHU-
ax [5, 6 u 7]; 2 — pe3yabTaThl YUCIEHHOIO pe-
IIEHUs, [IOJyYSHHbIE CMEIIaHHBIM METOZOM KO-
HEUYHBIX 2JIEMEHTOB [5, 6 1 7].

PacxoxxaeHue [uisi MakCUMalbHOI'O YIPYToOro
KOHTYPHOT'O HaIlpsKEHUs coCTaBisAeT 5 %.

O

2 Z N

-3 | | | 1 |
Pucynok 5. Hamenenue ynpy2o20 KOoHmypHo2o
Hanpsicenust Gy, 8 mouke 1 60 epemenu t Ha

xkonmype Kypncaiickou niomunsl npu o30eti-
CMeUU NIO0CKOU NPOOOTbHOU YNPY2OU BOJIHbL
muna nonynepuooa cunycouowvi npu A/ H =3.

4. 0 BO3JIEMICTBUH ILIOCKOM
IMPOJOJIBHOM YIIPYT' O BOJIHBI
B BUJIE JIEJIbTA ®YHKIIUN
HA YIPYI'VIO IOJYIIVIOCKOCTD

PaccmoTpuM 3amady O BO3AEMCTBHM IUIOCKOM
MPOJIOJIBHOM B3PBHIBHOW BOJIHBI (puc. 7) Ha
YOPYTYIO MOJYIUIOCKOCTH (pHC. 6).

Ha rpanune nomymiaockoctd AB TPUIIOKEHO
HOPMAJIbHOE HANPHKEHHE O, KOTOpOe Mpu
0=n=I10 (n=t/At) w3MeHseTCs JHUHEHHO
or 0 no P,ampu 10=n=<20 or P nmo 0
(P=0y, 0pg = -0,1 MIla (-1 krc/cm?)).
I'pannunble ycnoBus uist kKoHTypa BCDA npu
t>0 u=v=u=v=0. OrpaxkeHHbIE BOJHBI OT
KoHTypa BCDA He MOXOIsAT A0 HCCIEAYEMBIX
touek mpu 0 =n =100 .

Uccnenyemas pacuetnast o6nacts umeer 14762
Y3JIOBBIX TOYEK M 14520 KOHEUHBIX JIEMEHTOB.
Pemaercs cuctema ypaBHeHud u3 59048 Hewus-
BECTHBIX.
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B IeOpPMHUPYEMBIX 00BEKTaX CIOKHON (POPMBI

Oy
BIH)HHH.HHHH KCEEEREDN

Bl —t —0,5H

120H
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| 121H -
Pucynox 6. [locmarnoska 3adayu
0 pacnpocmpanenuy NIOCKUX npoOOIbHbIX
83PbIBHLIX BOIH 8 YNPY20U NOJYNIOCKOCHU.
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t/At

Pucynox 7. Bozoeiicmeue muna oenvma-
@yHryuu.

Ha pHuc. 8 npeaAcCTaBjICHO U3MCHCHUC HOPMaAJIb-
HOI'O HAIIPSIZKCHUSA o X

Oy =0y /|00|

BO BpeMeHHU n B Touke Bl.
Ha puc. 9 npeacraBneHo M3MeHEHHWE HOpMallb-

HOI'O HAlIpS’KCHUSA O y

o,=0,/ |(70|

BO BPEMEHU N B TOuke Bl.

B nanHOM cimydae MOXHO HCHOJIB30BaTh yCIO-
BUs Ha (POHTE TUIOCKOW BOJIHBI, KOTOPBIE H3-
J0XeHbI B padoTe [3].

Volume 11, Issue 1, 2015

[Ipennonoxum, 4To OT HEKOTOPBIX TOUEK YIIPY-
roM Cpenbl MPOU3BOJUTCA KaKOe-TO BO3MYIIE-
Hue. Ha QpoHTE MIOCKOW MPOIOIIEHON BOJHBI
MMEIOTCSl CIEAYIOUIUE aHATMTUYECKUE 3aBUCH-
MOCTH JIJIS IUTOCKOT'O HAIPS)KEHHOTO COCTOSTHUS

o, =- |(70| u o, :-V|O'0|.

Y

Ortcroia BUIUM, YTO TOYHOE pEUICHUE 3a7auu
COOTBETCTBYET Bo3zeicTBUIO O (puc. 7). s

YIPYTHX HOPMalbHBIX HAINPSDKCHUI O, U O,

HMECTCA XOpoHIee KAYCCTBCHHOC W KOJIHUYC-
CTBCHHOC COIJIaCOBAHUC C pE3yJibTaTaMH TOY-
HOI'0O pCIICHUA.

Ox

I

-0,2

.03
0 20 40 60 30 100
t/At

Pucynox 8. Usmenenue HopmanoHo2o Hanps-
Jcenus G, 60 epemenu t/ At ¢ mouxe Bl.

Oy

A
-08 \/

-1,2

0 20 40 60 80 100

t/At
Pucynok 9. zmenenue nopmanbrhozo Hanpsi-
orcenus G, 60 epemenu t/ At 6 mouxe Bl.
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5.0 BO3JIEMCTBUHU IIJIOCKOM
MMPOOJIbHOM BOJIHBI B BUJIE
®YHKIIUU XEBUCAIJIA
HA YIIPYT'YIO TOJYIIJIOCKOCTh

PaccmoTpuM 3amady o BO3ACHCTBUM IUIOCKOM
MPOJI0JILHOM celicMuyeckoi BoaHkbI (puc. 10) Ha
YIOPYTYIO TIOMYIUIOCKOCTD (pHC. 6).

\

|
\
\
\
\
\

- 0,08

-0,1

0 20 40 60 80
t/At

Pucynox 10. Bozoeiicmsue muna ¢ynxyuu

Xesucaitioa.
0 I\
-0,05

-0,1

100

0 20 40 60 80
t/At

100

Pucynox 11. H3menenue ynpy2o20 HOpmaibHo20
HanpaxiceHusi G, 680 epemenu t/ At 6 mouke

Bl1.
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Ha rpanune nomymiaockoctd AB TPUIIOKEHO
HOPMaJIbHOE HANPSDKCHUE O, KOTOPOE IIpH

0=n=10 (n=t/At) u3MeHseTCS JINHEHHO OT

0 mo P, ampu n=10 pasio P (P=o0,
oo = -0,1 MIla (-1 krc/cm?)).

I'pannunble ycnoBus st kKoHTypa BCDA npu
t>0 u=v=u=v=0. OTpaxkeHHbIEC BOJIHbI OT
KoHTypa BCDA He noXOAST 10 UCCIEAyEeMbIX
touek pu 0 =n =100 .

Uccnenyemas pacueTHast o06iacth umeeT 14762

y370BBIX TOUEK U 14520 KOHEUHBIX 31E€MEHTOB.
Pemaercs cucrema ypaBHeHuit u3 59048 Hewus-
BECTHBIX.

0 |\
s\
\
-0,8 \

Gy

0 20 40 60 80
t/At

Pucynox 12. Hzmenenue ynpy2020 HOpmanbHO20

HANPAJNCEHUSL O ), 60 BDEMEHU t/ At

100

6 moyke Bl.

Ha puc. 11 mnpeacraBieHo H3MEHEHHE HOp-
MaJIBHOT'O HaNpsDKeHUust o, (0, =0, /|0'0|) BO

BpeMeHHU h B Touke Bl.
Ha puc. 12 mnpeacraBneHo H3MEHEHHE HOp-
MAaJbHOTO HalpskeHus o, (0, =0, /|0'0|)

BO BpeMeHHU n B Touke Bl.

B nanHOM cilydae MOXHO HCIIOJIB30BaTh yCIIO-
BUSL Ha (POHTE IUIOCKOW BOJIHBI, KOTOpBIE H3-
JI0’KEeHbI B padore [3].

Ha ¢ponTe miockoi mpoaoiabHONH BOJIHBI UMe-
IOTCSl CIIEAYIOIINE AHAIUTHYECKUE 3aBUCUMOCTH
JUISL TIZIOCKOTO HAIIPSDKEHHOTO COCTOSIHUS

oy =-log| u o, =-v|oy|.
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O].IeHKa TOYHOCTH PE3YJIBTATOB YHCICHHOTO MOJACIUPOBAHNSA HECTAIITMOHAPHOTO BOJTHOBOT'O HAIIPSX)KEHHOI'O COCTOSTHUA

B IeOpPMHUPYEMBIX 00BEKTaX CIOKHON (POPMBI

OTCIOI[a BUIUM, YTO TOYHOC PCHICHUC 3aaa4du

COOTBETCTBYET Bo3jaeicTBUIO O (puc. 10).
Jlisl HOpMaJIbHBIX HANPSKCHUH O, U O, MMe-

CTCA XOpoHIiee KauCCTBCHHOC U KOJIMYCCTBCHHOC
corjiaCoBaHuE€ C pe3yjibTaTaMHM TOYHOI'O PCIIC-
HUs.

BbIBO/IbI

Ha cHoBanuu mpuBeICHHBIX UCCIETOBAHUN MOX-

HO CIIEJIaTh CIIETYIOIIIE BHIBOABIL:

1. AHanu3 YUCIIEHHBIX PE3yJIbTaTOB MOKa3bIBa-
€T, 4YTO METOJ, KOHEYHbIX IEMEHTOB B IEpe-
MEIICHUSX C YCIIEXOM MPUMEHSETCS s pe-
IIEHUs HECTALlMOHAPHBIX AMHAMHUYECKUX 3a-
Jau.

2. IlpoBeneHHbIE MCCIENOBAHNUSA CXOAUMOCTH U
YCTOWYMBOCTH, CpPaBHEHHE C peE3yJIbTaTaMH
JpYrMX METOOB II0Ka3ajo XOpouUlee COBIa-
JIEHUE, YTO MO3BOJISET C/eNaTh BbIBOA O (u-
3UYECKON M MAaTEMaTUYECKOU JOCTOBEPHOCTH
pe3ybTaTOB YHCIEHHOTO PEUIeHUs MHAMHU-
YEeCKUX 3a7ad, IOJyYEHHBIX METOAOM KO-
HEYHBIX JIEMEHTOB B IIEpEMEIICHUSIX.

3. MeTtoauka, aaroput™M, KOMIUIEKC MPOrpaMM
U pe3yibTaTbl PEIICHHBIX 3aJad4 PEKOMEH-
OYIOTCSl 111 UCIOJb30BaHUS B HAy4HO-
TEXHUYECKUX OpraHMu3alusaX, Cleluain3u-
PYIOLIMXCS B O0JIACTH JTMHAMMYECKOTO pac-
yeTa COOPYKEHHMI C OKpYXKarllehd cpenou
IIPU yAAPHBIX, B3pPBIBHBIX M CEHCMUYECKUX
BO3JIEUCTBUIX.
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O MATEMATUYECKOM MOAEJIMPOBAHUU _
HECTAIIMOHAPHBIX YIIPYI'NX BOJIH HAIIPSAKEHUUA
B IIOJAKPEIIVIEHHOM KPYI'JIOM OTBEPCTHUHA

B.K. Mycaes

Poccuiickuit yauBepcuret apyx0br HapoaoB, . Mocksa, POCCUA

AHHOTAIIUSA: PaccmatpuBaioTCcsi HEKOTOPBIE BOTIPOCH YHCICHHOTO ONPEACTICHHUS BOJH HAIPSKSHUH B IO~
KPEIUIEHHOM KPYIJIOM OTBEPCTHH. {15 peleHus: AByMEpHOH IUIOCKOM AMHAMHUYECKOM 3aJauu TEOPUM YIIPYIo-
CTHU C Ha4YaJIbHBIMU W TPAaHUYHBIMHU YCJIOBUAMU MPUMCHACTCA METOA KOHCYHBLIX 3JIEMCHTOB B NEPECMCIICHUMAX.
3ajaya peraercss METOAOM CKBO3HOTO cueTa, 6e3 BblAeNeHUs! pa3pblBoB. OCHOBHBIE COOTHOIIEHUSI METO/A KO-
HCYHBIX 3JIECMCHTOB IMOJYYC€HBI C ITIOMOUILIO ITPUHIUIIA BO3MOKHBIX nepeMemeHHﬁ. C TIOMOIIBIO BBIPOKIACHUSA
MPSIMOYTOJIBHOTO KOHEYHOT'O 3JEMEHTA C YETHIPbMS y3JI0BBIMU TOYKaMHM IOJyYeH KOHTYPHBIN KOHEUHBIH die-
MEHT C JBYMsI y3JIOBEIMU TOUKaMH. Ha 0CHOBe MeTo/1a KOHEUHBIX 3JIEMEHTOB B IIEPEMEICHUSIX Pa3padOTaHBbI all-
TOPUTM M KOMIUIEKC MPOrpamMM I PEeLIeHHUs BOJIHOBBIX 3ajjad T€OpHH ympyrocTu. IIporpaMMHBINA KOMILIEKC
MTO3BOJISIIOT PEIIaTh CIIOXHBIE 33Ja4dd IPH HECTAIlMOHAPHBIX BO3ZCHCTBHAX HA OOBEKTHI CIOKHOM (OPMBI.
[IpuBoauTCS ComocTaBIeHNE KOHTYPHOTO HANPSDKEHHUS ¢ Pe3yIbTaTaMU aHATUTHYECKOTO PeIICHNSI.

KiroueBblie cj10Ba: MaTeMaTHYECKOE MOAEIUPOBAHUE, KOHTYPHBIE HANPSKEHUS,
MIOJKPEIUICHHOE KPYTJIOe OTBEpCTHE, (DYHKIMSI XeBHcaia, AMHAMUYECKast TEOPHs! YIIPYTOCTH, IEpEMEIIEHHE,
CKOpPOCTb IIEpEMEIEHHH, YCKOPEHHE, METO KOHEYHBIX DJIEMEHTOB, KOMILIEKC IIPOTPaMM, y3JIOBbIE TOUKH,
sIBHAs1 IBYXCJIOMHAsI cxema

ON THE MATHEMATICAL MODELING
OF NONSTATIONARY ELASTIC WAVES STRESSES
IN CORROBORATED BY THE ROUND HOLE

Vyacheslav K. Musayev
Russian University of friendship of peoples, Moscow, RUSSIA

ABSTRACT: Discusses some of the issues numerical definition of stress waves in corroborated by the round
hole. For solution of two-dimensional plane dynamic problem of elasticity theory with the initial and boundary
conditions of the method of finite elements in displacements. The task is solved by the method of end-to-end ac-
count, without the allocation of gaps. The main ratios of the finite element method is obtained using the principle
of virtual work. Using the degeneration of the rectangular finite element with four anchor points obtained outline
of a final element with two anchor points. On the basis of finite elements method in the movements of the algo-
rithm and software complex for solutions of the wave theory of elasticity problems. Software complex allow to
solve complex problems under nonstationary actions on objects of complex shape. Comparison of the contour
voltage with the results of the analytical solution.

Key words: mathematical modeling, grid voltages, supported by a round hole, Heaviside function,
dynamic theory of elasticity, displacement, velocity, displacement, acceleration, finite element method,
complex programs, anchor points, an explicit two-layer scheme.

INOCTAHOBKA 3AJIAYU IIPU YIIPYI'UX dopMupyeMbIx 00IacTIX CIOKHOU (HOPMBI pac-
BOJIHOBBIX BO3JEVMCTBHAX CMOTPHUM HEKOTOpOE Tea0 [ B MPAMOYTOJIbHOU

JleKapToBO# cucteme koopaunatr XOY (puc. 1),
Jlnsa pemenus 3a1a4d O MOAEIMPOBAHUU YIIPY- KOTOPOMY B HadallbHbIH MOMEHT BpeMeHu ¢ = 0
TUX HECTAllMOHAPHBIX BOJH HAIpPSDKCHUU B Jie-
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COOOIaeTcss MEXaHUYECKOEe HECTAlMOHAPHOE
WMITYJIbCHOE BO3JICUCTBUE.

[Ipeanonoxum, 4ro Teno [ HU3rOTOBJICHO W3
OJIHOPOJIHOTO M30TPOITHOTO Marepuaia, MmoI4u-
HAIOLIETOCS YIIPYroMy 3akoHy ['yka npu manbix
ynpyrux nedopmarnusx.

Sy

§ =8, W8y

0 X
Pucynox 1. Hexomopoe meno I
8 NPAMOY20IbHOU 0eKapmogoll cucmeme
koopounam XOY .

Tounble ypaBHEHUs JABYMEpHOW (IUIOCKOE

HaNpsHKEHHOE COCTOSHHE) JUHAMUYECKOH Teo-
pUHU yIpyrocTH UMEIOT BUL

oo, Oty 0%

J’_
ax oy P2
8‘[ 80' aZV
yx )y
+—>= er
ox Tar Pop (RWEL

2 2 2

Ox — pCpgx +p(Cp '2Cs )gy >
2 2 2

oy =pCpey +p(Cp -2C5 Jey s

2
Ty = PCsVxy

B ou B ov
Tox T oy
ou Ov
nyZE—F&a (X,y)E(FUS), (1)
Tae: oy, 0, H Ty, KOMITOHEHTBI TEH30pa

YIPYTHX HANPSDKCHUH; &y, &, H Yy, — KOM-

MOHEHTBl TEH30pa YNpyrux nedopmauuid; u u
V — COCTaBJISIIOIIME BEKTOpa YIPYIHX Iepe-
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MeleHnd Bnoidb ocer OX wu OY
CTBEHHO; p — IJIOTHOCTh MaTepHaa;

COOTBET-

— CKOpOCTb IPOAOJIBLHOMN YIIPYTOM BOJIHBL;

c-|—£
Y\ 2p(1+v)

— CKOPOCTh IIONEPEYHON YIPYTrOM BOJHBI;, V —
kodd¢unment [lyaccona; £ — MOAyb ynpyro-
cri; S (S;US,) — rpanmusbiii KOHTYp Tena

I .

Cucremy (1) B obmactu, 3anumaemoit renom 1,
clleyeT UHTETPUpPOBaTh NIPU HAYaJIbHBIX U I'pa-
HUYHBIX YCJIOBHUSX.

s penieHuss 1ByMEpPHOM IIJIOCKOM JUHAMUYe-
CKOM 3a/1a4yul TEOPUU YNPYTOCTH C HAYAJIbHBIMU

Y TPaHUYHBIMH YCJIOBUSIMH — HCIIOJIB3YeM Me-
TOJI KOHEYHBIX PJIEMEHTOB B TIEPEMEIICHUSX.
HOCTaHOBKI/I, YUCJIICHHBIC MCTOJBI, TCXHOJIOTUA
MPOTPaMMHBIX KOMILUIEKCOB M aHAJIU3 Pe3yJbTa-
TOB PCHICHUA HECTAIMOHAPHBIX JUHAMHYCCKHUX
3aja4 11 o0nacTeil coKHOW (OPMBI paccMOT-
pEHBI B clieytomux padorax [1-43].

PA3BPABOTKA METOJIUKH
N AJITOPUTMA

3amada pemaeTcs METOJOM CKBO3HOTO CYETa,
0e3 BbIIEICHHS pa3phiBOB. OCHOBHBIE COOTHO-
IICHUS METOJa KOHCYHBIX 3JICMCHTOB HOJ'Iy‘-IeHI)I
C TMOMOIIBI0 TTPUHIIUIIA BO3MOXKHBIX TIepeMeltie-
HUMN.

Jnst pemieHust TUHEHHBIX AUQGEpeHIIMATBEHBIX
ypaBHeHul (1) MCHONIb3yeM METOJ KOHEYHBIX
3JICMCHTOB B HepeMemeHI/mx.

UTOoOBI BBHIMOJHUTH TUHAMHUYECKHI pacueT Me-
TOAOM KOHCYHBIX OJJICMCHTOB, Hy)KHO HUMCTH
MaTpUIly YKECTKOCTH M MAaTpHUIly HHEPIUU KO-
HCYHOI'O 3JICMCHTA.
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O MaTeMaTHYeCKOM MOJCINPOBAHNH HECTAIIMOHAPHBIX YIPYTHX BOJH HANPSHKEHUH B ITOJKPEIUIEHHOM KPYTJIOM

OTBEPCTHU

[IpuHrMass BO BHUMaHUE OIPENEICHUE MaTpu-
LBl JKECTKOCTH, BEKTOpa MHEPLUHMH U BEKTOpA
BHEIIHUX CUJ I Tesa [ , 3aIUChIBaeM IIpU-
OJMIV)KEHHOE 3HAYEHHE YPaBHEHMsI JIBUKEHUS B
TEOPHUH YIIPYTOCTH

Hd+Kd=R,
Dg=Py, D|—9=Pp, ()
rac: [T[ — JuaroHaJIbHas ManI/IIIa I/IHepHI/II/I;

K — Mmarpuna xxectkoctu; @ — BEKTOp y3J0-

BBIX YIIPYTUX NIEpEMELICHUN; ¢ — BEKTOp Y3-

JIOBBIX YIPYTUX CKOPOCTEH mepemMenienuii; @ —
R

BEKTOpP Y3JIOBBIX YIPYTUX YCKOPEHUIA;
BEKTOp BHEILIHUX Y3JI0BBIX YIIPYTUX CHUII.
CooTtHomrenue (2) cucrteMa JIMHEHHBIX OOBIKHO-
BEeHHBIX Ju(depeHINaIbHbIX ypaBHEHUNH BTO-
poTro TopsA/iKa B MEPEMENICHUSIX ¢ HadyaJbHBIMHU
YCIIOBHSIMU.

Takum o0pa3om, ¢ MOMOLIBI0 METO/1a KOHEUHBIX
3JIEMEHTOB B IEPEMEIICHUSX, TUHEHHYIO 3a/1auy
C HayaJbHBIMU W TPAHUYHBIMHU ycioBHsMH (1)
MIPUBENU K TUHEHHOH 3a1ade Ko (2).
OmpenenuM ymnpyroe KOHTYpPHOE HANpsHKCHHE
Ha TpaHuIle 00JIaCTH, CBOOOTHOM OT HArpy30K.

0
2 1

| X

Pucynox 2. KonmypHnulii koneunwlii d1emenm
C 08YMSL Y3NI08bIMU MOYKAMU.

C mnoMmoIIbI0 BBIPOXKACHUS MPSMOYTOJIBHOTO
KOHEYHOI'O 3JIEMEHTA C YETBIPbMS Y3JIOBBIMHU
TOYKaMU IOJIyYMM KOHTYPHBIM KOHEUHBIN 3JIe-
MEHT C JIByMsl Y3JIOBBIMHM TOUKaMH (pHuc. 2).

IIpu nmoBopoTe ocu x Ha yroia a IHNPOTUB YaCO-
BOM CTpEJIKH, IMOJIY4YUM YIPYroe KOHTYpPHOE
HaNpsKEHUE 0 B LIEHTPE THKECTH KOHTYPHOIO

KOHCYHOTO 3JICMCHTA C ABYMS Y3JIOBBIMH TOY-
KaMHu
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or =(E/(2a(1-v? ))((uy -us )cosa+
+(vy-vy )sina). (3)

st uHTErpUpoOBaHUs ypaBHEHUA (2) KOHEYHO-
9JIEMEHTHBIM BapuUaHTOM MeToja [ anepkuHa
IPUBEJEM €r0 K CIEAYIOLIEMY BUIY

. d - __ - ~ e
Ho d+Ké=R, _d=0. (4)

=~

WHurerpupys 1o BpeMEHHOW KOOPAMHATE COOT-
HouleHue (4) ¢ TOMOIIbI0 KOHEYHORJIEMEHTHOTO
BapuaHTa Merona l'amepkuHa, MOJy4uM [IBY-
MEpPHYIO0 SBHYIO JIBYXCJIOWHYIO KOHEYHOJJIe-
MEHTHYIO JIMHEHHYIO CXEMY B IE€PEMEIIEHUSX
JUIsl BHYTPEHHUX U TPAHUYHBIX Y3JIOBBIX TOUYEK

By =B+ MH (KD, +R; ),

By = By + NPy - )

OCHOBHBIE COOTHOIICHHS METOJIa KOHEUHBIX
AJIEMEHTOB B NEPEMEIICHUSAX MOJIyYEHBI C IO-
MOINIBIO MPHUHIIUIIA BO3MOXHBIX TEpPEeMENIeHUN
U KOHEYHOXJIEMEHTHOTO BapuaHTa Merozna ['a-
JEpKHUHA.

PaccMoTpuM yCTOMYMBOCTH ABYMEpPHOW SIBHOM
JIBYXCIIOMHOM KOHEYHOXJIEMEHTHON JIMHEHHON
CXeMbl B MEPEMEIICHUSIX ISl BHYTPEHHUX H
TPAaHUYHBIX Y3JIOBBIX TOUEK Ha KBa3HPETyJsip-
HBIX CETKaX.

OO1mas Teopus YNCICHHBIX YpaBHEHUIN MaTeMa-
TUYecKoi (u3uKM TpeOyeT AJig 3TOro HaJoXKe-
HUE OMNpEJEICHHBIX YCIOBUUW Ha OTHOIICHHUE
1IaroB IO BPEMEHHOH KoopauHate At U IO
MIPOCTPAHCTBEHHBIM KOOPJAUHATAM, & UMEHHO

minAl;
k——— (i=1,2,3,..), (6)

Cp

At =

rae: A/ — nanvHa CTOPOHBI KOHEYHOTO 3JIEMEH-
Ta.

Y CTOWYHUBOCTh IBYMEPHOM SIBHOM JBYXCIIOMHOM
KOHEYHOZJIEMEHTHOM JIMHEMHON CXEMBI B Iepe-
MEIIEHUAX JUIsl BHYTPEHHUX M T'PAaHUYHBIX Y3-
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JIOBBIX TOYEK Ha KBA3UPETYJSAPHBIX CETKaX HUC-
ClelyeM C ITOMOIIBIO YHUCIEHHOTO SKCIIEPUMEH-
Ta.

Pe3ynbrarel 4MCIEHHOrO 3KCHEPUMEHTA IOKa-
3anmu, 49to npu k = 0,5 obecrieunBaeTcs yCTOM-
YUBOCTh JBYMEPHOW SIBHOW NBYXCIOMHOW KO-
HEYHOARJIEMEHTHON JIMHEMHOMW CXEMbl B IIEpe-
MEILIEHUAX Il BHYTPEHHUX U TPAHUYHBIX Y3-
JIOBBIX TOUEK Ha KBa3UPETYJISIPHBIX CETKaX.

st uccnexyeMon 001acT, COCTOSIIEH U3 Ma-
TEpPHUATIOB C pPa3HbIMU (DU3MUECKHMMH CBOMCTBA-
MH, BBIOMPAETCS MHUHHMAIBHBIA IIAar Mo Bpe-
MEHHOU koopauHaTte (6).

Ha ocHoBe MeTona KOHEYHBIX AJIIEMEHTOB B Tie-
peMmeleHusx pa3paboTaHbl aITOPUTM U KOM-
IJIEKC MpOTpaMM ISl  PEIICHHs] JIMHEWHBIX
IJIOCKUX ABYMEPHBIX 3aJ]1ay, KOTOpPbIE MO3BOJIS-
IOT peliaTh CJIOKHBIC 3a7a4d MPH HECTaIHO-
HapHBIX JUHAMUYECKUX BO3JEHCTBUAX HA YHU-
KaJIbHBIE COOPY>KCHHS.

[Ipu pa3paboTke KOMIIIEKCA MPOTPaMM UCTIONb-
30BaJICS AITOPUTMUYECKUH S3bIK PopTpan-90.

OINPEAEJIEHUE HECTAIIMOHAPHBIX
YIOPYTI'UX BOJIH HAIPSI)KEHUIA

B IIOAKPEINVIEHHOM KPYI'JIOM
OTBEPCTUM

PaccmarpuBaeTcs 3agada o BO3AEHCTBHH IUIOC-
KOW TIPOJOJIBHOM YIIPYrOM BOJIHBI Ha IOAKpEI-
JIEHHOE KPYTJIO€ OTBEPCTHE.

HauanbpHble ycnoBusi NpUHATHI HYJeBbIMHU. B
ceyeHuu Ha paccrosHuu 1,6H (puc. 3) npu

Oél’ll é10(71121/1”1)

CPEMCIICHUA 1:12 n3MeHsercs auHerno or 0

CKOPOCTh YIIPYTOTO

no B =o00/(p2Cp), ampu ng > 10 uy, =A.
BHyTpeHHUII KOHTYp NOAKPEIJIEHHOTO OTBEp-
ctus  ABCD mnpennonaraercs cBOOOIHBIM OT
Harpy3ok mpu ¢ > 0.

Ha rpanune moakperuienus u cpenslt EFGH
MIPUHSTHl YCIOBHSI HENPEPHIBHOCTU IEpEMeEle-
Huil. I'pannunble ycioBus 1 KoHTypa [JKL
mpu t>0 uy =vy, =uy =vy =0. OTpakeHHbIE
BOJIHBI OT KOHTypa [JKL He noxoadar A0 uc-
crnemyeMbix Touek mpu 0 =ny =540.
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Pucynox 3. [locmanoska 3aoauu
07151 HOOKPENIEHHO20 KPY2l020 OMEePCmusL.

0 1 2 3 T =(CpytV/H

80 120 160 200 240 280 tiALy
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2 ——
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Pucynoxk 4. Hamenenue ynpy2020 KOoHmypHoz2o

Hanpsdicenus Gy, 6 mouke 1 6o epemenu 1| Ha

BHYMPEHHEM KOHmMYpPe NOOKPENIEHHO20 KPY2lo20
omeepcmus npu 8030eUcmeuls N10CKOLL NPoO0.b-
HOU ynpyeoti 60HbL muna Qyukyuu Xesucatioa.

0
-5
-10
7 Y™
6 K
0 200 400 600

t/At,
Pucynox 5. Hamenenue ynpy2o20 KonmypHozo
Hanpaxcenus ¢y, 6 mouxe I Ha KoHmype noo-

KPENIEHHO20 KP)Y2/loco Omeepcmusl 60 6pemMeru
t/ At .
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O MaTeMaTHYeCKOM MOJCINPOBAHNH HECTAIIMOHAPHBIX YIPYTHX BOJH HANPSHKEHUH B ITOJKPEIUIEHHOM KPYTJIOM

OTBEPCTHU

PacueTbl NPOBEACHBI TPH CIEAYIOMUX HCXOJ-
HBIX JaHHBIX: H = 0,2 m; 4t = 0,186:10° c;
E; =0,72:10° MIla (0,72-10° krc/em?); vy =0,3;
p; =0,275-10* kr/m® (0,275:10°  kre-c?/em®);

Cp =5364  w/c; Aty =0,407-10° ¢;
E,=036:10* MIla (0,36:10°  krc/cm?);
vy =036; py =0,122:10* wrm®  (0,122:10°

kre-c/em); €y = 1841 M/c; oy =-0,1 MITa (-1

krc/cm?) (+++  — MOJKpEIUIEHHE; -7 — CPEeIa).
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0 200 400 600
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Pucynox 6. Hzmenenue ynpy2o2o konmypHo2o
HanpsiceHus G, 6 mouke 2 Ha KOHmype NoOKpen-

JIEHHO2O0 KPY2l020 Omeepcmus 60 epemeru t/ Aty .

\/\’\ /N
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0 200
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Pucynoxk 7. U3menenue ynpy2o2o KoHmypHoz2o
HANPANCEHUS G, 6 MoyKe 3 Ha KOHmype noo-

400 600

KPENIEHHO20 KpPY2l020 OmeepCcmusl 60 6pEMEHU
t/ 4t .
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Pucynok 8. zmenenue ynpyeo2o konmypHoz2o
HANPAJICEHUS G, 6 MmouKe 4 Ha KOHmype noo-

Ok

600

KPENIEHHO20 KPY2loco Omeepcnusl 60 6peMeru
t/ At .

al

0 200 400

t/At,
Pucynok 9. Hzmenenue ynpy2o2o KonmypHo20
HANPAJICEHUS. G}, 6 MOUYKe 5 Ha KOHMYpe Noo-

600

KpenjeHHO2c0 Kpy2il020 omeepCcmusl 60 6DEMEHU
I/Atl .

Uccnenyemas pacuetHas obmacte umeer 1536
Y3JIOBBIX TOYEK. BHYTpEeHHMI KOHTYp MOJKpEI-
JICHHUS alMpPOKCUMHUPOBAH 28 y3JIOBBIMH TOYKA-
Mu. [lo TonmMHE NMOAKpEIUIEHHE annpOKCUMU-
POBAHO IBYMsI Y3JIOBBIMU TOUYKaMHU.
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Pucynok 10. H3zmenenue ynpy2o2co konmypHo2o
HANPAJICEHUs G}, 6 mouke 6 Ha KOHmype noo-

KPENIEHHO20 KP)Y2lo2c0 OmeepCmusl 60 6pEMERU
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Pucynok 11. H3zmenenue ynpy2o2co konmypHo2o
HANPAICEHUS G}, 6 MOoyYKe 7 Ha KOHmype noo-

KPENINEHHO20 KpPY2l020 OomeepCcmusl 60 6pEMERU
I/Atl .
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0 200 400 600
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Pucynox 12. Hzmenenue ynpy2020 KoumypHo2o
HANPAJICEHUS. G, 6 mouKe 8 Ha Koumype noo-

KpenyieHHo20 Kpyaio20 0meepcmius 60 6peMenU
t/ Atl .

T
T

—

0 200 400 600
t/Aty
Pucynox 13. Hzmenenue ynpy2020 KonmypHozo
HANPAJICEHUs. G, 6 mouke 9 Ha KOHmype noo-

ernﬂeHHOZO preﬂoeo Omgepcmuﬂ 60 6peM€Hu
K/Atl .
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O MaTeMaTHYeCKOM MOJCINPOBAHNH HECTAIIMOHAPHBIX YIPYTHX BOJH HANPSHKEHUH B ITOJKPEIUIEHHOM KPYTJIOM

OTBEPCTHU

Ha puc. 4 noka3zaHo M3MEHEHHE KOHTYPHOIO
HanpsHKEeHUst O B TOYKE | BO BpEMEHH [

(h=(C p2t)/H): 1 — pesyibTaThl aHAIUTH-

yeckoro pemenust [1]; 2 — pesyiabTaThl 4yuc-
JIEHHOIO0 PELICHUs, MOJYyYEHHbIE METOAOM KO-
HeuyHbIX 31emeHToB [10, 12 u 13].

PacxoxaeHue Ui MakCUMaJbHOI'O YIPYroro
KOHTYPHOTO HaIpspkeHUst cocTaBisieT 12 %.
PesynbraThl HMccieOBaHUIN IOKa3aHbl HAa PUC.
5-13 B Buze rpa)ukoB U3MEHEHHUS KOHTYPHBIX

HanpsbkeHut oy, (o = oy / |(70|) B Toukax 1-9
BO BpeMEHHU ¢/ At] mpu BO3AEHCTBUU (PYHKLIUHU
Xesucaiiaa.

MaxkcumanbHON BEJIMYHMHBI CKUMAKOLIEE KOH-
TypHOE HaIpsSKEHUE JOCTUraeT B Touke | mo-
YTH 32 JBa NIpoxoaa (PpoHTOM MPOAOTLHOM
BOJIHBI JIMAMETPA CPEIHEro KOHTypa IMOIKpeI-
JIEHHOT'O KpPYIJIOrO OTBEPCTHSI U PaBHO O = —

13,6.
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