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AIMS AND SCOPE

The aim of the Journal is to advance the research and practice in structural engineering
through the application of computational methods. The Journal will publish original papers and
educational articles of general value to the field that will bridge the gap between high-performance
construction materials, large-scale engineering systems and advanced methods of analysis.

The scope of the Journal includes papers on computer methods in the areas of structural
engineering, civil engineering materials and problems concerned with multiple physical processes
interacting at multiple spatial and temporal scales. The Journal is intended to be of interest and use
to researches and practitioners in academic, governmental and industrial communities.

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

Kypnan International Journal for Computational Civil and Structural Engineering siBnsi-
€TCSl MEXKIyHAPOIHBIM MEPUOIUYECKUM U3IaHUEM, YUPEAUTEIIIMHU U U3AAaTENIIMH KOTOPOTO BBICTY-
narotT ['OY BIIO MockoBckHil TOCYJapCTBEHHBIM CTPOUTENbHBIM YHHBepcHuTeT (M3maTenscTBO
ACB) u M3narensctso Begell House Inc. (CIIIA, r. Heio-Fopk).

B penakunoHHBIN COBET *KypHaya BXOASIT U3BECTHBIE POCCUIICKUE U 3apyOeKHbIE ACSITeTN
HayKH U TeXHUKU. OCHOBHOMW KpuTepuil 0TOOpa craTel i myOIuKaluy B )KypHalle — UX BBICOKHN
Hay4YHbI ypOBEHb, COOTBETCTBHE KOTOPOMY OIPENEseTCs] B XOJ€ BBICOKOKBATH(PHUIIMPOBAHHOTO
pENeH3UPOBaHUS U O0BEKTUBHOM IKCIIEPTU3BI, MOCTYMAIONINX B PEIAKIIMIO MATEPHAIIOB.

Kypnan Bxoaut B Ilepedenp BeaylnX peleH3UpyEMbIX HAYUHBIX )KYPHAJIOB U U3/IaHUM, B
KOTOPBIX JOJKHBI OBITh OITyOJIMKOBaHBI OCHOBHBIC HAYUHBIE PE3YJIBTAThI TUCCEPTAIUH.

Kypnan 3apeructpupoBan B denepaibHOM areHTCTBE M0 CPEACTBAM MacCOBOM MH(MOpMa-
MU ¥ OXPaHbI KyJIbTypHOTO Hacienus Poccuiickoit denepanuu. MHaekc B o0IIepoCCHiicCKOM KaTa-
nore POCITEHATD — 18076.
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GUIDELINES FOR PREPARATION OF MANUSCRIPT
AND RELATED INFORMATION

Vladimir N. Sidorov', Pavel A. Akimov’, Taymuraz B. Kaytukov’
'Editor-in-Chief of International Journal for Computational Civil and Structural Engineering
*Deputy Editor-in-Chief of International Journal for Computational Civil and Structural Engineering
*Technical Editor of International Journal for Computational Civil and Structural Engineering

ABSTRACT: Each paper must be typed on snow white paper sheets of A4 (210x297mm) size only on one side
in boxes as shown on this sample. The abstract must be typed in 16 cm width box. The text of paper in the first
page must be written in two columns 8.25 cm in width. All next pages must also have two columns 8.25 cm in
width. Each page should have margins: 32 mm top, 32 mm bottom and 20 mm right and left. The paper should
be typed using 12 point size Times New Roman type-face, or very similar, using single spacing between text
lines applying word processor and printed on laser printer. It can be here pointed such editors as Word for Win-
dows (preferable), Word Perfect, Tex or LaTeX. The appearance of manuscript of paper should be similar as far
as possible to this sample. The paper should be submitted by traditional post: the original with 2 copies for re-

view and the electronic version on diskette or on CD.

Key words: International Journal for Computational Civil and Structural Engineering, preparation of
manuscripts, electronic image preparation, submission of peer reviews and accepted articles.

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), Appendi-
ces (if any), full authors addresses as endnote (10
points, spacing within endnote=1, style for num-
bering=numbers, line separating text and end-
notes=line — margin to margin in right column).

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).

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, +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 diskette
or CD. 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.

iy

Figﬁre 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
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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
diskette or CD must be mailed to Editor-in-
Chief as well. Label CD or diskette with au-
thor’s last name(s), title of the article, abbrevi-
ated 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.

4. CORRESPONDENCE

Enquires regarding International Journal for
Computational Civil and Structural Engineering
and manuscripts should be addressed to the

» Editor-in-Chief
Professor Vladimir N. Sidorov
Department of Applied Mathematics
and Computer Science
Moscow State University of Civil Engineering,
26, Yaroslavskoe Shosse, 129337 Moscow, Russia
e-mail: sidorov.vladimir@gmail.com

» Technical Editor
Associate Professor Taymuraz B. Kaytukov
Research & Educational Center
of Computational Simulation
Moscow State University of Civil Engineering,
26, Yaroslavskoe Shosse, 129337 Moscow, Russia
e-mail: niccm@mgsu.ru
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MPABUJIA O®OPMJIEHUSA CTATEM JIJIS1 )KYPHAJIA
INTERNATIONAL JOURNAL FOR COMPUTATIONAL CIVIL
AND STRUCTURAL ENGINEERING

B.H. Cudopoel, I1.A. AKuMOGZ, T.b. I(aﬁmyxof

'T'maBHbIit penakTop sxypHana International Journal for Computational Civil and Structural Engineering

?3amecTHTENb [IABHOTO peaKTopa xKypHaia of International Journal for Computational Civil and Structural Engineering

Texuuueckuii penakrop sxypHana of International Journal for Computational Civil and Structural Engineering

AHHOTAIUSA: Kaxnas cTtaTbs MpeaCcTaBIsSeTCS B SJCKTPOHHOM U ITe4aTHOM Buze (Oymara Oemnasi, pasmep A4
(210x297 MM), edaTh OJHOCTOPOHHSS — CM. HACTOAMIMHA oOpaser). SI3bIK IMyONMMKanuy CTaTed — aHTITUHACKHIA
(TIpeATIOYTHTENHHO) WM PYCCKHUM, IPH 3TOM B CIIy4ae IyOJMKAIlMK CTaThH HA PYCCKOM SI3BIKE aHHOTAIHS CTa-
THH, KIIFOUEBBIC CIIOBA, CBEJCHMS 00 aBTOpax M HA3BaHUE CTATHU JOJDKHBI OBITH MPEICTaBICHBI aBTOpaMH Ha
AHTJIMHACKOM si3bIKe. TEeKCT OoMKeH OBITh TOATOTOBIIEH B Iporpamme Microsoft Word (popmat daiina — DOC),
JKeJIaTeJIbHO TaKXkKe MpeNoCTaBiIeHUe KonuK ctathi B Gpopmare PDF. AHHOTalms nedaraercst B 1oJie LIMPUHON
16 cM. TekcT Ha HepBOi CTpaHMIIE CTAaThH TEYaTaeTCs B JIBE€ KOJOHKHU, MMPHHON 8.25 cM kaxnas. [loms: Bepx-
Hee — 32 MM., HIbKHee — 32 MM., paBoe — 20 MM., jgeBoe — 20 MM. OCHOBHOI mWpudT It HAOOpa CTaThH —
Times New Roman, 12 nT., MeXKCTpOYHBI HHTEPBaI — OMMHAPHBINA. BHemrHuiA Buj cTaThu o popme odopmiie-
HUS JJOJDKEH COOTBETCTBOBATh HacTosAleMy o0Opa3iyy. [leyaTHble SK3eMILIApBI CTaThy (OpPUTHMHAT U ABE KOIUH) U
ee 3JIeKTpoHHas Gopma (Ha JAWCKETE WIIM KOMIAKT-ANCKE) IOJDKHBI MEPechuIaThesi Mo moyure. Jis mepechuiku
AIEKTPOHHON (POPMBI TOTIOTHUTEITFHO HEOOXOIMMO HCIIONB30BATh AJIEKTPOHHYIO TIOUTY.

KuaroueBsie ciioBa: International Journal for Computational Civil and Structural Engineering, moarotoBka
CTaTbH, HOATOTOBKA JIEKTPOHHBIX BEPCUH, pELICH3UPOBAHUE
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ABSTRACT: Each paper must be typed on snow white paper sheets of A4 (210x297mm) size only on one side
in boxes as shown on this sample. The abstract must be typed in 16 cm width box. The text of paper in the first
page must be written in two columns 8.25 cm in width. All next pages must also have two columns 8.25 cm in
width. Each page should have margins: 32 mm top, 32 mm bottom and 20 mm right and left. The paper should
be typed using 12 point size Times New Roman type-face, or very similar, using single spacing between text
lines applying word processor and printed on laser printer. It can be here pointed such editors as Word for Win-
dows (preferable), Word Perfect, Tex or LaTeX. The appearance of manuscript of paper should be similar as far
as possible to this sample. The paper should be submitted by traditional post: the original with 2 copies for re-
view and the electronic version on diskette or on CD.

Key words: International Journal for Computational Civil and Structural Engineering, preparation of
manuscripts, electronic image preparation, submission of peer reviews and accepted articles.

1. HOATOTOBKA CTATEH Marepuaja cTaTbH AOJIKEH PacnoJararbcs

ciaenyromum odpaszom: 3aronoBok (Times New

Hacrosmuii o6paser; moaroTorieH B TekctoBoM  Roman, 16 mt.), aBTopel (Times New Roman,
npoueccope Microsoft Word 2003, ucnonszy- 14 mnT.), cBeieHust 00 aBTOpax, aHHOTAIUA,
ercs mpudt Times New Roman, 12 . kimoueBbie cioBa (Times New Roman, 10 mT.).
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[Ipn myOnukanuu cTaTbd Ha PYCCKOM SI3BIKE
nanee pacrojararotcs 3arojoBok (Times New
Roman, 16 nt.), aBropsl (Times New Roman,
14 nr.), cBemenust o0 aBTOpax, aHHOTAIWS,
kmtoueBbie cnoBa (Times New Roman, 10 mr.)
Ha aHTJIMICKOM s3bIKe). BBeneHune, OCHOBHOM
TEKCT CTaThH, MPUIOKCHHS M 3aMEYaHUs Ieya-
TalTCs ¢ ucnonb3oBanue mpudra Times New
Roman, 12 nr.; cnucko nurepaTypsl, pa3BepHY-
ThIE CBesleHus 00 aBTopax — Times New Roman,
10 nT. MeXCTpOUYHBI UHTEPBAI — OJUHAPHBIM.
BripaBHUBaHUE B TEKCTE — IO IIMPUHE, BHIPAB-
HuBaHue (HOpPMYI — MO MpPaBOMy Kpato, hopMmy-
JIbI )KEJIATEIbHO HYMEPOBATb.

3aro/10BOK cTaTbU, CBeleHUsI 00 aBTOpax
MPEJCTABIAIOTCS B (opMe, MPUBEIEHHON B Ha-
CToAIlEM 00paslie, BbIpABHUBAHHE IO LIEHTPY.
Ilon3aro0BKM B cTaThe BBIACIAIOTCA MOJIY-
KHUPHBIM MPU(TOM C BBIPABHHBAHUEM IO Jie-
BoMy Kparo. Ilon3arosoBku mepBOro ypoBHs
JIOJDKHBI OBITH OTZIEJIEHBI OT OCHOBHOTO TEKCTa
OJHOM IyCTOM CTPOKOM, IOJA3ar0JI0BKH BTOPOTO
YPOBHS BBIIEISIOTCS KypPCUBOM.

O0e KOJIOHKH Ha Ka)XJ0M CTpaHHUIe, BKIIKOYas Mo-
CIICJTHIOIO, JIOJDKHBI UMETh OIMHAKOBYIO JUTMHY. B
KOHII€ CTaTbU JOJIXKHBI OBITh IMPUBCACHBI pa3sBep-
HYTbIE CBEJICHHS 00 aBTOpaX, COACPIKAIE B TOM
YHUCJIC UX KOHTAKTHBIC HaHHBIC (Ha ABYX s3bIKaX
NpY Iy OJIMKALINK CTaThU Ha PYCCKOM SI3BIKE).

Pucynku (depHo-Oemnbie) MOMKHBI OBITH BCTaB-
JICHBI B TEKCT CTAThH HJIM TPHIIOKEHBI B OyMasK-
HOM BHJI€ Ha OTJIEJIbHBIX JIUCTAX, C YKa3aHUEM B
KaKHX MECTaX CTaTbU UX CIIEIyET PACIOIOKHTH.
Toxe kacaetcst u ororpadumii, popmat doro-
rpapmii — uepHo-OenbIii. JKenmarenpHO mpwITa-
raTth 3JEKTPOHHBIC BEPCUUM PUCYHKOB U (poTO-
rpaduii! AHamormyHble TPeOOBaHMS KacaIOTCS
Tabimu. Haunydmumii BapuaHT TakoM, Korjaa pu-
cyHkH, (oTorpadm W TAOIHIBI BCTABIICHBI B
¢aiin, moarorosneHuslit B Microsoft Word. Bee
CHMBOJIbI, B TOM 4HCJIe HCIOJb3yeMble B
YPaBHEHHUSIX, T0JKHbI ObITh MeYaTHBIMM.

o; =0, e+ 2u¢;. (D)

Volume 7, Issue 1, 2011

Opnnaxo, pucyHku u (ororpaduu, BcTab/ieH-
Hble B (paila TekcToBOro mpoueccopa Micro-
soft Word He Bcerna MMewT mNpuemiIeMoe
AJIA MeYaTH KavecTBO M3-3a UX HU3KOrO pas-
peuieHus. B 3TOM CBSI3M aBTOpPY HACTOATEIBHO
PEKOMEHIYETCSI  NONOJHUTEIBHO IPUIOKUTH
(Ha TUCKeTe WM KOMITAKT-TUCKE) K CTaThe (aii-
Ibl, coaepxkamue pucyHkH. JlomycTumbie
¢opmartel nasi pucynkoB — JPEG, TIFF unum
EPS, pazpemenne — 300-600 dpi.

Pucynku, dhotorpadum u Tabnuipl, B cIydae ux
OOJIBLIMX Pa3MEpOB, TAKKE MOTYT pacrojaraTh-
Csl B OJIHY KOJIOHKY C BBIDaBHHBAHHEM IO IIIU-
puHe. PopMysbl B CTaTbe HyMEPYIOTCS C BbI-
paBHHMBAaHUEM IO TpaBOMYy Kpato. CHHCOK JHu-
TepaTypbl JOJDKEH ObITh NPUBEAECH B KOHIIE
cratbu. Pucynku, ¢ororpadum wu TabnHIEI
JIOJDKHBI OBITH OT/IEJEHBI OT OCHOBHOT'O TEKCTa
KaK MUHUMYM OJHOM ITyCTOU CTPOKOM.

PI/IC}’ﬁOK 1

IIpeanonaraercsi, YTo CTAaThsl HAMHCAHA HA
rPaMOTHOM H XOPOIIO YWUTAEMOM AHIJIHIi-
CKOM WM pycckoM si3bike. [Ipu HeoOxommumo-
CTH, TIepe]l OTIPABKOW CTaThU aBTOPAM CIICAYET
MIPOKOHCYJILTUPOBAThCS y nepeBoauukoB. Cra-
Thbsl HE OyJeT MOAPOOHO MPOBEPATHCSA PEAAKIIN-
el Ha npeaMeT HaJIWu4duAad JMHIBUCTUYCCKUX
omuOoK. B Toxke Bpems pemakius oCcTaBisIeT 3a
co00¥i MPaBO OTKJIOHUTH CTaThiO, MPH HATUYUH
B IIOCJIEOHEN OOJIBIIIOrO0 KOJIWYECTBA OIIMOOK
JUHTBUCTUYECKOTO XapaKTepa.

2. OTHPABKA CTATBU HA
PEHHEH3UPOBAHUE

ABTOpbI (M3 Poccum M IPyrux cTpaH) A0JK-
Hbl BBICJATh B ajpec peJaKUMH TpU Iedart-
HBIX 3K3CMILIApa CTaTbM HAa MM TJIaBHOI'O pC-
JlaKTOpa KypHana, npodeccopa Cunoposa Bia-
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numupa HukonaeBuua (KOHTakTHass MHQoOpMa-
uus npuBeneHa B pasaene «KoHTakTHble NaH-
HBIE») WM TEXHUYECKOMY PEIaKTOPy *KypHana,
noueHnty KaiitykoBy Taiimypasy batpazoBuuy.
DNEeKTPOHHBIC BEPCUU CTaTe HEOOXOAMMO BHI-
CJIaTh TAKXK€ IO AJIEKTPOHHOM MOYTE TJIABHOMY
penakTopy *KypHaia. DIEKTPOHHBIC U IEYaTHbIE
¢bopmbl He Bo3Bpamarorcsa. Kaxpas mpuxons-
masi B peJakivio )KypHaja CTaThsl HaIllpaBJseT-
Cs AN PAcCMOTPEHUsl HKCIEPTaM COOTBETCT-
Bytomiero npoduist. Kak npaBuiio, no kamxmoi
cTaTbe Ha3HA4YalTCH ABa JKcnepra. Bpems
MIPOBEJICHUS HKCIIEPTU3BI CTAThU HE MOXKET Ipe-
BbIIATh 6 MecsieB. CBOM 3aKJIIOUCHUS U OICH-
KM TIO CTaThe HKCIEPThl COOOIIAIOT TJIaBHOMY
peAaKTOpy JKypHaja, Ipy 3TOM Ha Ka)aylo cTa-
THIO JIOJDKHO MPUNTH HE MEHee ABYX 3aKioue-
HuM. 3amMeyaHuss M MpPENJIOKEHUS SKCIEPTOB
JIOBOJISITCSL 10 CBEJIEHUSI aBTOpa CTaThH, MOCHE
9Yero OH BHOCHUT BCE HEOOXOAMMbIE N3MEHEHHS.

3. OTIIPABKA CKOPPEKTUPOBAHHOM
CTATbU

[Tocne ogoOpenus 3KcnepTaMu CTaTbu U BHECE-
HHUA aBTOpaMH BCECX H€O6XOI[I/IMI)IX I/IBMCHCHI/II;'I,
OKOHYATEJIbHBI BapUaHT CTaThM (OyMa>KHBIN B
TpPeX JK3EeMIUISIPAaX U DJIEKTPOHHON Ha IUCKETE
WM KOMIIAKT-IUCKE) BBICBUIAETCA B aJpec pe-
JaKIM{, HAPUMEDP B JKECTKOM KOHBepTe ¢op-
mara A4 no noure. Tak:ke Heo0OX0aMMO IO-
CJIaTh JJeKTPOHHYI0O BEpPCHIO CTATBH 10
3JIEKTPOHHOH MOYTe TJIABHOMY pPeIaKTopy.
Ha nuckere mnmm KOMOakT-AuCKe HEOOXOIUMO
HamucaTh HMMEHa aBTOPOB, Ha3BaHUE CTaThH,
Ha3BaHME XypHana U naTy. Takxke jkeIaTelbHO
yKa3aTh CIHCOK IPOrpaMM, KOTOpPbIE UCIOJIb30-
BaJMCh NPU MOJATOTOBKE CTaThU M CIUCOK (haid-
JIOB, HaXOMSIIMXCS Ha JUCKETE WM KOMIIAKT-
mucke. I[lnara ¢ acnupaHTOB 3a MyOJIMKAIIMIO
PYKOMUCEN HE B3UMAETCH.
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LIMIT STATE AND ZONAL DISINTEGRATION
OF ROCK MASS NEAR DEEP-LEVEL OPENINGS

Qi Chengzhi', Chen Canshou®, Wang Mingyang®, Qian Qihu’
' School of Civil and Communication Engineering, Beijing Institute of Civil Engineering and Architecture,
Beijing, CHINA
’PLA University of Science and Technology, Nanjing, CHINA

ABSTRACT: When the initial geostress in deep level rock mass exceeds the uni-axial strength limit of rock
mass, zonal disintegration phenomenon near underground opening arises. This phenomenon is quite different
from the elasto-plastic solution of the problem according to classical elasticity and plasticity theories. This paper
represents an attempt to study the formation mechanism of rock mass zonal disintegration near the deep level
openings. At first the definition of great depth is discussed according to classical elasticity and plasticity theory.
It is shown that the depth at which complete plasticity takes place can be regarded as the definition of great
depth. Experiments on rock samples showed that deformation and fracture process of rock can be looked at as
multi-stage phase transition process. On this basis the rock mass zonal disintegration is studied from the view-
point of continuous phase transition. The Ginzburg-Landau expansion of Gibbs thermodynamic potential is used.
Governing equation with respect to order parameter is derived, and the plastic deformation near the opening is
determined. The result agrees with the experimental data well

Key words: deep level opening, rock mass zone disintegration, continuous phase transition

1. INTRODUCTION

When the initial geostress in rock mass at great
depth exceeds the uni-axial strength limit of
rock mass, the phenomenon of zonal disintegra-
tion near underground opening arises. Anomaly
of this phenomenon lies in the localization of
fracture of rock mass in discrete zones which
alternate with relatively no-fractured zones
(Fig.1). These zones repeat the form of the con-
tour of underground openings.

Figure 1. The phenomenon of rock mass zonal
disintegration near deep level opening

The phenomenon of discrete fracturing ahead of
stop faces in mining openings was firstly dis-
covered by G.R.Adams, A.J.Jager ( 1980) [1],
and the phenomenon around the deep level
opening was firstly discovered in experiments
and in situ observations by Yu.S. Kutsnetsov,
E.I.Shemyakin, M.V Kurlenia , V.N.Oparin and
et al (1983) [2, 3]. Systematical in situ, experi-
mental and theoretical studies were undertaken
by E.I.Shemyakin, M.V.Kurlenia , V.N.Oparin
and et al [3, 4,5,6,7]. E.LShemyakin,
M.V Kurlenia, V.N.Oparin and others think that
this phenomenon is caused by the splitting of
rock mass alone the direction of the maximum
tangential compression stress when the lateral
compression stresses are small[4,5,6]. When
splitting occurs, “false” opening contour forms,
and the splitting process repeats. The whole
process stops when the condition that the stress
in rock mass exceeds the uni-axial strength of
rock mass is not satisfied. Experiments showed
that duo to the existence of discontinuity in rock
mass, the deformation of rock mass does not
satisfy the deformation compatibility condition
of Saint-Venant, and the condition of smallness
of the lateral compression can always be satis-
fied [7]. The phenomenon of zonal disintegra-
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tion ahead of stop face was analyzed from the
point of view of geological structure by
V.N.Odintsev [8,9]. He thinks that the disinte-
gration zones appear duo to the formation of
new structures by the dynamic fracture when the
instable state is reached in the quasi-static de-
formation process in the rock mass. Such struc-
tures maintain stable in definite range of stress
in the following loading process. Such a process
repeats and the phenomenon of disintegration
takes place. Gusev M.A. and Paroshin A.A.
used the non-Euclidean model to study the
mechanism of the formation of zonal disintegra-
tion [10]. As a parameter to describe the disin-
tegration they used the parameter of non- com-
patibility of deformation which has the meaning
of scalar curvatureltrace of Ricci tensor. On
the basis of irreversible thermodynamics they
derived the governing equation and obtained the
periodic distribution of the parameter of non-
compatibility of deformation.

The phenomenon of zonal disintegration is simi-
lar to the temporal-spatial structures in some
physical- chemical processes. From the view-
point of the relationship between temporal-
spatial parameters the phenomenon of zonal dis-
integration is apparently the solution of the
equations similar to that in quantum mechanics.

Experiments showed that the deformation and
fracture process of rock under loading can be
looked at as multi-stage process of continuous
phase transition [11]. From the viewpoint of
non-equilibrium thermo- dynamics deep level
rock mass is in strong non- equilibrium state
after the excavation of the openings. According
to the concepts of synergetics in strong non-
equilibrium state self-organization process takes
place which results in the dissipative structures
[12]. Self-organization process proceeds in time
and space. It is evident that classical elastic-
plastic solutions do not take into account this
process, therefore they can be considered as the
first approximation of the solution of the prob-
lem.

In physics the theory of phase transition of the
second order developed by L.D. Landau suc-
cessfully explain the phenomena of supercon-
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ductivity and superfluidity [13,14]. A.A.
Abrikosov predicted successfully the vertex
structure in superconductors of second kind
[15]. If the deformation process of rock under
loading can be looked as multi-stage process of
phase transition, then this process should obey
to the law of phase transition. This analogy
stimulates the authors to study the phenomenon
of zonal disintegration with the help of the
phase transition theory. Therefore in the present
paper an attempt is made to study the phenome-
non of zonal disintegration from the point of
view of phase transition.

2. DEFINITION OF GREAT DEPTRH
FROM THE VIEW-POINT
OF CLASSICAL PLASTICITY THEORY

We start with the study of the stress-strain state
of rock mass around deep level underground
opening.

The circular underground opening without lin-
ing is subjected to external loading of magni-
tude o, =yH , where y is the density of rock

mass, H is the depth of opening. Under elastic
condition, the stresses and strains near the open-
ing are determined by follows (here compres-
sive stresses are considered as positive):

O,p =0, i(aw —q)(az/rz)D o,=o0, (1)

2
o.a

Ey =F——, ¢&,=0 2

/o 2/101’2 z (2)

Whereo,, 0,,0,,¢,€,, & are stress and strain

(/)7
tensors in polar coordinate system r,@ and z,
o, is the hydro-static pressure at infinity; ¢ is

the external pressure acting on the wall of open-
ing; u, is the shear modulus of rock mass; ais

the radius of circular opening; r is current coor-
dinate.

In this case we have three mutually perpendicu-
lar maximum shear stresses:
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As a simple yield condition we take the Tresca’s
criterion, which is shown in Fig.2. The yield
shear stress of the ideal plasticity is denoted by
T, and the yield stress at uni-axial compression

is denoted by o,. With the depth, the principal
shear stresses increase gradually. When 7 =T,

yield arises at the wall of opening at first. In this
case we have

T:J‘/’;szaszoz% @)
i.e. when
c,=T,=0,/2 (5)
yield arises in the wall of opening at first.
According to S.A .Khastianovich and

E.I.Shemyakin [16], the plasticity is considered
as partial when only 7 reaches yield limit.

T

I
| I
| T |
| |
| |
| |

® L-1,)6 I, T

(@)
Figure 2. Stress-strain dependence
for ideal plasticity

With the further increase of the depth, the yield
condition is also satisfied in another plane of
maximum shear stress:

Volume 7, Issue 1, 2011

According to the conception of
S.A.Khastianovich and E.I.Shemyakin, the plas-
ticity is complete when sliding takes place in 2
planes of maximum shear stress. In this case
besides the formation of slip lines in planer, ¢,

the slip lines arise in r,z plane also. And rock
mass is cut into blocks and dynamic events such
as rock-bursts and the gas extrusion etc. under
disturbance of external factors take place easily.
As a result we have the next relationship be-
tween o, and o,

(8)

Therefore from the viewpoint of occurrence of
dynamic phenomena, great depth can be re-
ferred to the depth at which the initial geostress
of rock mass reaches the uni-axial strength of
rock mass.
As the governing parameter of strain we take
the maximum shear strain
I'=¢ -¢, 9
If, as a model of rock mass, we take the ideal
plastic model, then rock mass enters plastic state
when T attains7,. But the rock mass fractures

only when the maximum strain I" reaches the
limit magnitude I, i.e.

=T, (10)

For brittle rock I';=I",, where I, is the limit of

elastic deformation.

When the rock mass near underground opening
yields, the stresses in plastic zone can be ex-
pressed as:

o, =2T,In";0, = 2To(ln1+1J (11)
a a

And the radius of plastic zone is determined by
the next equation:
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2 o,-T,

[ﬁj —e T (12)
a

i.e. the radius of plastic zone grows rapidly with
the depth and correspondingly with the stress.
When o, =2T, =0,, from Equation (12) we
obtain the radius of plastic zone: ¢ =1.65a.
Based on the assumption of elastic dilatation

and the V.Karman’s hypothesis, the displace-
ment in the plastic zone is determined as [17]:

U :M;ﬁlng_}_B

r r

(13)

where D is a constant to be determined by the
condition of deformation at boundary r =c.

Atr=c

=¢,-¢ =I=T,/G (15)

The shear deformation and the strain compo-
nents are expressed as:

F=Fe|:—1+2v+2(l—v)(£J } (15)

r

’ =r{(l—2v)(1nﬁ—1]+(1—v)(ﬁj } (16)
r r

e, =r{(l—2v)1n%—(1—v)(%]2] (17)

When the maximum shear deformation at the
opening wall reaches its limitI' =T, the open-

ing walls begin to fracture, in this case the ra-
dius of plastic zone can be determined from (15)

eV __1 (L
(;j _2(1—v)£1“e+1 2vJ (18)

From (18) we obtain ¢, ~2.73a when
I[,/T, =10 and v =0.3. In this case we have
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o, ~3T,=150, (19)
The deformation at opening wall is expressed
as:

FaFe[—1+2v+2(l—v)e % ] (20)

3. THE FEATURES OF DEFORMATION
OF ROCK UNDER EXTERNAL
LOADING

Experiments on rock samples showed that [11]
upon reaching their maximum values stresses in
rock begin to decrease with the growth of de-
formation because of the initiation of local slid-
ing planes. In these sliding planes in process of
the further deformation rock prepares for the
microfracture. Therefore, we may relate the
plastic deformation with the formation of slid-
ing planes which are close to the maximum
shear stress planes. Hence, the dependence of
maximum shear stress 7 on maximum shear de-
formation I' contains the basic information on
deformation and fracture of rock.

Typical relationship between maximum shear
stress T, dilatation € and maximum shear strain
I' is shown in Fig.3 [11]. The hardening stage
follows the elastic stage (I'<T,,T <T,), and the
softening stage begins at the point I'=T,,7 =T, .
Rock fails when shear deformation attains its
limit value7,. . The dilatation of rock decreases
up to the elastic limit, but increases beyond this
point, and becomes zero at the limit of strength.
The absolute growth of dilatation takes place
beyond the limit of strength.

Fig.4 represents the kinetic process of crack
formation [11], where N/N___denotes the ratio
of current quantity of cracks to the maximum
quantity of cracks at the moment of failure of
rock.
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Figure 3. The stress-deformation diagram
of rock
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The parameter N/N,,, may be regarded as the

damage parameter @ . In elastic deformation re-
gime the growth of @ is imperceptible. When
deformation process enters plastic deformation
regime parameter @ grows rapidly. Besides
pure shear deformation process, dilatation also
contributes to the deformation significantly.
Dilatation is accompanied with the lose of bond-
ing and the formation of fracture planes, within
which material particles are ground. More com-
plex structures arise in the newly formed struc-
tures, and the formation of the more complex
structures is accompanied with the change of the
stability types. Further, new state appears, in
which on the further straining stress decreases.
Damage parameter grows quickly beyond the
limit of strength, and approaches to 1 after the
formation of main cracks. The kinetic process of
the development of micro-cracks may be looked
at as multi-stage continuous phase transition.
Fig.4 reveals some features of continuous phase
transition. The transition into stage beyond the

Volume 7, Issue 1, 2011

strength limit is accompanied with the change of
the stability types; such a change is caused by
the strong structural fluctuation. Therefore the
arising of inflection point corresponding to the
strength limit in the diagram is completely pre-
dictable. This fact allows us to use the phase
transition theory to study zonal disintegration of
rock mass near the deep level opening.

4. ZONAL DISINTEGRATION NEAR
DEEP LAVEL OPENINGS
AS CONTINUOUS PHASE
TRANSITION

In analogy with the phase transition theory of
second order, it is convenient to introduce di-
mensionless parameter of the following form for
the description of irreversible deformation:

i 21)

Rock mass has complex structural hierarchy. At
different structural levels there exist correspond-
ing structural surfaces. These structural surfaces
are the weakened surfaces, in which the defor-
mation and fracture of rock mass mainly con-
centrate. These structural surfaces are not closed
compactly, but have definite width. Naturally,
we can suppose that the wider these structural
surfaces open, the less the strength of rock mass
is. Therefore when the rock mass is subject to
external loading the deformation and fracture of
rock mass take place at the maximum structural
scale level. With the growth of the loading, the
less structural scale levels involve in deforma-
tion and fracture process.

In physics symmetry is a very important con-
cept. The most common symmetry is the homo-
geneity and isotropy of space. In mechanics of
deformable solids medium with isotropy prop-
erty shares symmetry feature. Mechanical be-
havior of such medium is described by two pa-
rameters of elasticity. When fracture happens
isotropy disappears, and symmetry is broken.
Under the action of external load fracture takes
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place at the largest scale level. In this case
global symmetry of medium is broken. But the
formed blocks may be looked as homogeneous
and isotropic bodies. In this case symmetry is
localized in blocks. With the increase of load
the size of consecutively formed blocks gradu-
ally decreases. Therefore the fracture process
may be looked as process of consecutive break-
ing and localization of symmetry.
The breakage of the symmetry is accompanied
with the irreversible deformation, and the irre-
versible deformation is accompanied with the
dissipation of energy and the formation of dissi-
pative structures [12]. Therefore, according to
the concept of physics, ¥ may be regarded as
the order parameter. Shear stress is the response
of rock mass to external action. Rock mass re-
sponds not only to the initial defects, but also to
the new defects. Therefore we may consider
rock mass as the statically conservative system,
whose total energy is its potential energy H.
Suppose that equilibrium state corresponds to
the minimum of H, then we can obtain the fol-
lowing equilibrium equation:
VH =0 (22)
Here we take the thermodynamic potential of
the following form:

1 1
H:V0+V]t//—EV21//2+— '+ (23)

3
In correspondence with the peculiarity of the
continuous phase transition we have V, >0,
V,>0.

When y [0 the total system is in equilibrium

state, function (23) should satisfy the next con-
dition

dH

—=[v1 Vv +~} ~0 (4)
dy 2

w=0

Therefore from (24) we have V, [10. Not losing
generality we suppose that V, =0.
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We can take the potential function y of the
third order:

1 1
H = Y WVl (25)

3!

When the rock mass enters limit state, long-
range interaction between the particles of rock
mass occurs. By analogy with the expansion of
Ginzburg-Landau [13] the gradient term should
be added to expression (25)

1

1 2 ;1 2
H=—— -V +—C(V 26
SV AV Ao (Vn) (26)

where C is the coefficient, and C>0.
Thus the total potential in the whole area is de-
termined by the following expression

1 , 1 s 1 2
O=[|-Vu’+-Vu+-c(Vu) lda 27
ﬂzzw 33w2('//)}()

According to the fundamental law of Physics,
for the stable state medium always chooses the
parameters in such a way that to make the free
energy minimal.

Take variation of equation (28) with respect to
v we have

0 = [[-Vysy +Vy sy + CVy - V(y) ko
o

= [syl-Voy + Vi i+ [ v yv(syran =0

" ’ (28)

Because
V(Vy -8y)=V?y -y +Vy -V(5y)

we have
Vy -V(oy)=V(Vy -5y)-Vy oy

Integrating the second term of (28) by parts and
applying Gauss theorem yields
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[evy -v(op)aa =

= _[51//(CV w idS —J.CVZI// - OydQ
dQ Q

where the first term on the right side in the
above equation is the surface integration, dS is
the area element, and dQ is the surface of the
medium. In this case equation (28) takes the
following form

30 = [oy[-Voy + Vi bt [ Vv spaa-
Q Q
= I&//[— Vo + Vo’ —CVzt/f]dQ
Q

29
+ [(copvy)ids =0 %)

Because equation (29) is valid for any variation
of order parameter oy and for any point in the

medium, the next condition

-V +Vp’ —CViy 110 (30)
and boundary condition
(V)i =0 (31)

must be satisfied.
Because of the axial symmetry of the stress-

strain state around the circular opening, we have
from (31)

2
cl @ v2/+6_w TV -Vt =0 (32)
or ror

Under condition of small deformation, we may
ignore the second order term on the right side.
In this case we have:

(33)

2
oy oy
or*  ror

j+D2w:0

where D* =V, /C
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Equation (34) can rewritten as

Oy Oy

r’ +r—+D* 'y =0 34
or? or v (39
Equation (34) is the uniform Bessel equation of
the 0 order, whose solution has the following
form [19]

w =C,J,(Dr)+C,N,(Dr) (36)

where J,and N, are the Bessel’s function of 0

order and Neumann’s function of 0 order respec-
tively.

Expanding boundary condition (V l//)- nj =0
yields

a—V/-cosﬁﬁtﬁ—l/l-sint? =0

ox oy

r=a

Using the next formula of coordinate transfor-
mation

0 sin@ 0
— =cosf—— —;
X or r 06
0 ) 0 cos@ 0
— =sinf—+ —
'y or r 00

we can obtain the next equation in polar coordi-
nate system

17
ar r=a

=0 (37)

Using the following iteration relation

{1, (Dr)=-4,(r)
L [N,(Dr)]=-N, ()

we have
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| =-D[C,J,(Da)+C,N,(Da)]=0
_ . J,(Da)
C,=-C, N, (Da) (38)

Because the shear strain is not designated with
positive and minute sign, we can take its abso-
lute value of

- c{mm)— ), (Dr)} 68)
From
r-r,
T
we have
F=y(Te-T,)+T, (39)

The selection of parameter C; should make the

solution at the opening wall coincide with the
classical elasto-plastic solution. Parameter D
depends on the radius of opening. Its selection
should make the period of y coincide with the

distance of the first zone of disintegration
Taking Da=3.2(i.e.D=3.2/a),
v 103001 /T, 1100 o, =3T,[11.50, [lusing
the next equation

F(a) =

(Fc - Fe )

C, [JO(Dr)— /,(Da) N, (Dr)}

N,(Da)

Ty
+T, =Fe[1+2v+2(lv)e % }

(40)

we obtain C, ~1.862.

From equation (39) we can determine the distri-
bution of strain around the opening, which is
illustrated in fig.5, in which curve 1 denotes the
solution of (39), and curve 2 represents the solu-
tion of ideal plasticity (15). From Fig.5 it is evi-

Qi Chengzhi, Chen Canshou, Wang Mingyang, Qian Qihu

dent that there is additional zone of disintegra-
tion besides the fracture zone near the opening.
This result agrees with the experiment data [1].
The result seems to be absurd at first sight, be-
cause the deformation in the areas between dis-
integration zones is of the level of deformation
at yield. But the experiments do show that frac-
ture in areas between disintegration zones is
very weak, in these zones cracks orient chaoti-
cally, and it seems that they appeared latter as a
result of movement of rock mass around the
opening toward the center of the opening [4].

It is necessary to point out that, the formation of
deformation pattern is a common phenomenon
in the deformation process of materials. Ex-
perimental observations, prevalent in the present
technical literature, show beyond doubt that
macroscopically uniform material domains, un-
der surface traction, develop non-uniform and
often highly localized deformation fields con-
trary to the prediction of “local” theories [19].
Therefore the formation of zonal disintegration
is not an occasional phenomenon, but is the re-
alization of the general law in the nature.

I'/1e

Figure 5. Plastic deformation distribution
in rock mass around the opening
(curve 1 — solution of Eq.(39);
curve 2 — solution of Eq. (15))

S. CONCLUSION

This paper represents an attempt to study the
formation mechanism of rock mass zonal disin-
tegration near the deep level mining opening. At
first the definition of great depth from the view-
point of classical elasticity and plasticity theory
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is discussed. It is shown that the depth at which
complete plasticity takes place can be regarded
as the definition of great depth. Experiments on
rock samples showed that deformation and frac-
ture process of rock can be looked at as multi-
stage continuous phase transition process. Based
on continuous phase transition theory rock mass
zonal disintegration is studied. The Ginzburg-
Landau expansion of Gibbs thermodynamic po-
tential is used. Governing equation with respect
to order parameter is obtained, and the plastic
deformation near the opening is determined.
The result agrees with the experimental data
well.
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REFLECTION AND SCATTERING OF SEISMIC WAVES
BY SEISMIC BARRIERS

Sergey V. Kuznetsov

Institute for Problems in Mechanics, Russian Academy of Sciences, Moscow, RUSSIA

ABSTRACT: The basic idea of seismic barrier is to protect an area occupied by a building or a group of build-
ings from seismic waves. Depending on nature of seismic waves that are most probable in a specific region, dif-
ferent kinds of seismic barriers are suggested. For example, vertical barriers resembling a wall in a soil can protect
from Rayleigh and bulk waves. The FEM simulation reveals that to be effective, such a barrier should be (i) com-
posed of layers with contrast physical properties allowing “trapping” of the wave energy inside some of the layers,
and (ii) depth of the barrier should be comparable or greater than the considered seismic wave length. Another
type of seismic barrier represents a relatively thin surface layer that prevents some types of surface seismic waves
from propagating. The ideas for these barriers are based on one Chadwick’s result concerning non-propagation
condition for Rayleigh waves in a clamped half-space, and Love’s theorem that describes condition of non-
existence for Love waves. The numerical simulations reveal that to be effective the length of the horizontal barri-

ers should be comparable to the typical wavelength.

Key words: Barrier, seismic wave, bulk wave, Rayleigh wave, Love wave

INTRODUCTON

Methods of seismic protection.

Generally, current approaches for preventing
failure of structures due to seismic activity can
be divided into two groups: (i) approaches for
creating seismically stable structures and joints;
this group contains different methods ensuring
either active or passive protection; and (i1) ap-
proaches for creating a kind of seismic barrier
preventing seismic waves from transmitting
wave energy into a protected region.

While the first group includes a lot of different
engineering approaches and solutions, the sec-
ond one contains very few studies; see Takaha-
shi et al. (2001) and more recent works by Mo-
tamed et al. (2008), Kusakabe et al. (2008) . The
proposed research belongs to the second group.

Possible types of wave barriers.

The considered seismic barriers can be of two
types: vertical, aimed to reflect, trap, and dissi-
pate most of the seismic wave energy; and hori-
zontal, based on Chadwick and Smith (1977)
and Love (1911) theorems, and aimed to pre-
vent certain types of seismic waves from propa-
gation; see, Fig. 1.

Figure 1. Vertical and horizontal
seismic barriers.

Yet another interesting approach is to create a
“rough” surface of the half-space to force the
propagating Rayleigh wave scatter by caves and
swellings; see Fig.2, where part of a free surface
with the sinusoidal roughness is pictured. In this
respect, the rough surface apparently transforms
the elastic half-space into viscoelastic one. To
be effective, periodic imperfections should have
magnitude and period comparable to the magni-
tude and wavelength of propagating Rayleigh
wave (Sobczyk 1966, Maradudin & Mills 1976,
Maradudin & Shen 1980).

In practice, such a rough surface can be
achieved by a series of rather deep trenches ori-
ented transversally to the most probable direc-
tion of the wave front. Some of obvious defi-
ciencies of this method are: (i) its inability to
persist the surface waves other than Rayleigh
waves; (i1) protection from Rayleigh waves
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travelling only in directions that are almost or-
thogonal to orientation of the trenches; and, (iii)
high sensitivity to the frequency of travelling
Rayleigh waves. These shortcomings made an
idea of exploiting a rough surface as a kind of
protective barrier, unrealizable.

Rongh surface

Figure 2. Rough surface acting as seismic
barrier against Rayleigh waves.

Vertical barriers.

For bulk waves the most effective vertical bar-
rier would be an empty trench, or a trench filled
in with a lighter material than the ambient soil.
For such a barrier most of the wave energy
would be reflected, as is shown on Fig. 3.

Figure 3. Full reflection of an incident bulk
wave from an empty trench.

Sergey V. Kuznetsov

However, propagating Rayleigh or Love wave
will simply overflow an empty trench, as Fig.4

—> —>

Figure 8. Flow of Rayleigh wave around
an empty trench.

Thus, to be effective against the most dangerous
types of seismic Rayleigh and Love waves, the
vertical barrier should be of a more elaborate
type. Possible structures of vertical barriers will
be discussed later on.

Horizontal barriers.

Horizontal barriers can be constructed by modi-
fying properties of the outer layer preventing the
corresponding surface wave from propagation.
In practice, modifying physical properties of the
outer layer can be achieved by reinforcing
ground with piles or “soil nails”; see papers
where reinforcing was studied for increasing
bearing load of the soil (Blondeau 1989, De Bu-
han et al. 1989, Abu-Hejleh et al. 2002, Eiksund
2004, Herle 20006).

If distance between piles is sufficiently smaller
than the wave length, then a reinforced region
can be considered as macroscopically homoge-
neous and either transversely isotropic or
orthotropic depending on arrangement of piles.
Of course, homogenized physical properties of
the reinforced medium depend upon material of
piles, distance between them, and their ar-
rangements.

For stochastically homogeneous arrangement of
piles and the initially isotropic upper soil layer,
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the reinforced soil layer becomes transversely
isotropic with the homogenized (effective) char-
acteristics that can be evaluated by different
methods:

Voigt homogenization yields the upper bound
for effective characteristics (Bensoussan, Lions,
Papanicolaou 1978):

Ceﬂective =~ f)Csoil + priles ’ (1

where C. are the corresponding elasticity tensors

and £ is the average volume fraction of piles.

Reuss homogenization. This method is related to
constructing the homogenized inverse tensors:

Seﬁective == f)Ssoil + fspiles 2)

yields the lower bound, where S.. are the corre-

sponding compliance tensors. In the case of pile
reinforcement these two methods give too broad
“fork” and thus, are not reliable.
Two-scale asymptotic expansion method. Much
more accurate results give the two-scale asymp-
totic expansion method (Bensoussan, Lions, Pa-
panicolaou 1978, Sanchez-Palencia 1983):

C

=1-HC,; +fC s K, (3)

effective piles
where K is the corrector that is defined by solv-
ing the special boundary value problem for a
typical periodical cell. It is interesting to note
that taking the corrector K in Eq. (3) as the null
tensor we arrive at Voigt homogenization (1).
Methods for constructing the corrector within
the two-scale asymptotic expansion methods are
discussed by Michel, Moulinec, and Suquet
(1999), Cecchi and Rizzi (2001).

THE MAIN TYPES OF SURFACE
ACOUSTIC WAVES

In this section we proceed to analyzes of the

main types of seismic surface waves and condi-
tions for their non-existence
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Rayleigh waves.

These waves discovered by Lord Rayleigh
(Strutt 1885) propagate on a plane surface of a
halfspace; see, Fig. 5 and exponentially attenu-
ate with depth. These waves transmit the most
seismic energy and lead to most severe damage
in earthquakes.

Figure 5. Rayleigh wave in a half-space.

One interesting problem associated with
Rayleigh waves is a problem of “forbidden” di-
rections of “forbidden” (necessary anisotropic)
materials that does not transmit a Rayleigh wave
along some directions. Forbidden materials and
forbidden directions have been intensively
searched both experimentally and numerically
(Lim & Farnell 1968, 1969, Farnell 1970) until
mid seventies when the theorem of existence for
Rayleigh waves was rigorously proved (Barnett
& Lothe 1973, 1974a,b, Lothe & Barnett 1976
Chadwick & Smith 1977, Chadwick & Jarvis
1979, Chadwick & Ting 1987). This theorem
states that no materials possessing forbidden
directions for Rayleigh waves can exist.

Despite proof of the theorem of existence, a
small chance for existence of forbidden materi-
als remained. This corresponded to the case of
non-semisimple degeneracy of a special matrix
associated with the first-order equation of mo-
tion; actually, this matrix is the Jacobian for the
Hamiltonian formalism used for Rayleigh wave
description. However, it was shown (Kuznetsov
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2003) that even at the non-semisimple degener-
acy a wave resembling the genuine Rayleigh
wave can propagate. Thus, for waves propagat-
ing on a homogeneous half-space, no forbidden
materials or directions can exist.

Stoneley waves.

These are waves were introduced by Stoneley
(1924), and analyzed by (Sezawa & Kanai 1939,
Cagniard 1939, Scholte 1947). Stoneley waves
propagate on an interface between two contact-
ing half-spaces, Fig 6.

Figure 6. Stoneley wave on the interface
between two contacting half-spaces.

In contrast to Rayleigh waves, Stoneley waves
can propagate only if material constants of the
contacting half-spaces satisfy special (very re-
strictive) conditions of existence. These
conditions were studied by Chadwick & Bore-
jko (1994), Sengupta & Nath (2001).

It should be noted that for the arbitrary anisot-
ropy no closed analytical relations between ma-
terial constants of the contacting half-spaces en-
suring existence or non-existence of Stoneley
waves have been found (2010).

Love and SH waves.

Love waves (Love, 1911) are horizontally polar-
ized shear waves that propagate on the interface
between an elastic layer contacting with elastic

Sergey V. Kuznetsov

half-space; Fig. 7. At the outer surface of the
layer traction-free boundary conditions are gen-
erally considered.

Figure 7. Love wave propagating
on the interface.

In the case of both isotropic layer and half-
space the conditions of existence derived by
Love are:

S S
clayer < chalfspace ’ “)

where ¢ are the corresponding speeds of the

transverse bulk waves. At violating condition
(4) no Love wave can propagate. For the case of
both anisotropic (monoclinic) layer and a half-
space the condition of existence is also known
(Kuznetsov 2006a).

SH waves resemble Love waves in polarization,
but differ in absence of the contacting half-
space. At the outer surfaces of the layered plate
different boundary conditions can be formulated
(Kuznetsov 2006b). In contrast to genuine Love
waves, the SH waves exist at any combination
of elastic properties of the contacting layers.
Besides Love and SH waves a combination of
them can also be considered. This corresponds
to a horizontally polarized wave propagating in
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a layered system consisting of multiple layers
contacting with a half-space. Analysis of condi-
tions of propagation for such a system can be
done by applying either transfer matrix method
(Thomson 1950, Haskell 1953), known also as
the Thomson-Haskell method due to its origina-
tors; or the global matrix method mainly devel-
oped by Knopoff (1964).

At present (2010) no closed analytical conditions
of existence for the combined Love and SH
waves propagating in anisotropic multilayered
systems are known; however, these conditions
can be obtained numerically by applying transfer
or global matrix methods; see (Kuznetsov 2006a,
b; Djeran-Maigre & Kuznetsov 2008).

Different observations show that genuine Love
and the combined Love-SH waves along with
Rayleigh and Rayleigh-Lamb waves play the
most important role in transforming seismic en-
ergy in earthquakes (e.g. Agnew 2002, Braiten-
berg & Zadro 2007). But, as we have seen, there
is a relatively simple (at least from a theoretical
point of view) method for stopping Love and
the combined Love and SH waves by modifying
the outer layer in such a way that conditions of
existence (4) are violated.

Lamb and Rayleigh-Lamb waves.

Lamb waves (Lamb, 1917) are dispersive waves
propagating in a homogeneous plate and (if a
plate is isotropic) polarized in the saggital plane,
similarly to polarization of the genuine Rayleigh
waves. It i1s known (Lin & Keer 1992, Ting
1996) that Lamb waves can propagate at any
anisotropy of the layer and at traction-free,
clamped, or mixed boundary conditions im-
posed on the outer surfaces of the plate. The
same result can be extrapolated to a layered
plate containing multiple anisotropic homoge-
neous layers in a contact (Ting 2002). Thus, for
Lamb waves no forbidden materials exist.

More interesting from seismological point of
view are Rayleigh-Lamb waves; see Fig.8.
These are dispersive waves propagating in a
layered plate contacting with a (homogeneous)
halfspace. Rayleigh-Lamb waves in isotropic
media are polarized in the saggital plane defined
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by vectors v (normal to a median plane) and n
(direction of propagation), as Lamb and
Rayleigh waves. Needless to say that Rayleigh-
Lamb waves are much more difficult for theo-
retical studies than Rayleigh or Lamb waves.

'\1

Figure 8. Rayleigh-Lamb waves.

SEISMIC BARRIERS

Herein, we present some results on numerical
simulation of propagating seismic waves and
their interaction with seismic barriers. The pre-
sented results were obtained by the explicit FE
code implemented on a cluster and a metacluster
computers.

Vertical barriers.

Theoretical analysis and numerical simulations
reveal that to effectively protect from Rayleigh
and Rayleigh-Lamb waves a vertical barrier
(Fig.1) should satisfy several conditions: (i) the
barrier should have a composite layered struc-
ture composed of vertical layers with contrast
physical properties; (ii) depth of the barrier
should be comparable to the wavelength of the
most probable seismic wave; (iii) the protected
zone should be completely surrounded by a bar-
rier to avoid flowing of the seismic wave inside
the protected zone.

Henceforth, all the numerical simulations are
done with Abaqus/Explicit® CAE software.
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Figure 9. Round-shaped composite vertical
barrier protecting from Rayleigh waves:
a) 3D model; b) cross-section.

Figure 9 demonstrates a movie frame related to
numerical simulation of a propagating seismic
Rayleigh wave interacting with a round-shaped
vertical barrier; the latter completely surrounds
the protected region. The ratio of the wave-
length to depth of the barrier was taken ~0.8.
This corresponded to the reference frequency
about 7 Hz and the Rayleigh wavelength 20m
(speed of Rayleigh wave was 140 m/sec; speed
of the transverse bulk wave was ~180 m/sec);
diameter of the protected region was 120m. In-
side the protected region reduction of the mag-
nitude of displacements was more than ten times
comparing to the outside territory.

Sergey V. Kuznetsov

Transverse (horizontal) barriers.

Our analyses revealed that similarly to vertical
barriers, the transverse barriers should satisfy
several conditions to effectively protect from
seismic waves: (i) length (horizontal) of the bar-
rier should be comparable to the wavelength;
(i1) material of the barrier should have larger
density than the ambient soil for Rayleigh
waves; that is in agreement with Chadwick’s
theorem stating that at the clamped surface of a
halfspace, no Rayleigh wave can propagate; (ii1)
material of the barrier should satisfy the oppo-
site Love’s propagating condition (4) for pro-
tecting from propagating seismic Love waves.

Step:

Figure 10. 3D model of the horizontal
round-shaped barrier interacting with a long
Rayleigh wave: a) 3D model; b) cross-section
near the barrier.
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Figure 10 demonstrates a movie frame related to
numerical simulation of a propagating seismic
Rayleigh wave having a long wavelength and
interacting with a round-shaped transverse
(horizontal) barrier; the latter completely sur-
rounds the protected region. The ratio of the
wavelength to length of the barrier was taken
one and a half. Inside the protected region re-
duction of the magnitude of displacements was
about three times comparing to magnitude of
displacements at the outside territory.

CONCLUDING REMARKS

Herein, a brief outline of future research direc-
tions related to creating more efficient seismic
barriers is given. A practically important case,
when seismic barriers appear to be indispensa-
ble, is discussed in the last subsection.

Setting up an optimization problem.

To make search of the optimal geometric and
physical properties of the protecting barriers
more systematic, solution of the following op-
timizing problem can be suggested. Mathemati-
cally the optimization problem for minimizing
magnitudes of deflections can be written as
finding minimum of the following target func-
tion F:

min

F(C,;pi:li:h )=
Cl’Pl’ll’hI( ( PP 1)

E(max max [ s(®) m(x, m)])j, (5)

0weQ)  xeD

where C,,p,, and Ay, [; are the elasticity tensor,

density, depth, and length of the barrier (in the
case of isotropic material, Lamé constants can
be used instead of the elasticity tensor), o is the
angular frequency, Q is a spectral set, s(w) is

the corresponding spectral density, D denotes
the protected zone, and m 1is the magnitude of
deflections in the protected zone. This problem
resembles one that is usually solved at finding
optimal parameters of shock absorbers (Den
Hartog 1985, Balandin et al. 2000, 2008).

Volume 7, Issue 1, 2011

A barrier utilizing concept of scattering
seismic wave energy.

That is another type of seismic barriers. From
technological point of view, such a barrier can
be even simpler and possibly cheaper to create
than vertical or horizontal barriers. To demon-
strate this concept, consider a ring-shaped pile
field as shown on Fig. 11.

Figure 11. A ring-shaped pile field used
to scatter seismic wave energy.

While interacting with seismic waves each pile
acts as a scatter obstacle. Arrangement, mate-
rial, and profile of the piles can be obtained by
an optimization procedure that is similar to one
outlined in the previous subsection.

Where seismic barriers can be most efficient?
Simple observations reveal that different types
of seismic barriers can be most efficient at soft
soils especially subjected to liquefaction, when
more traditional seismic protection measures
can be inadequate. Indeed, by diminishing am-
plitude of seismic waves inside the protected
zone, the considered barriers should improve
stability of liquefied soils.

However, for such soils a more complicated
analysis of traveling waves involving Biot’s
theory of poroelasticity can be needed; see De-
tournay E. & Cheng (1993). It should also be
mentioned that according to the genuine Biot’s
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theory all governing equations are linear, that
ensures validity of the harmonic wave approach.
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NON-STATIONARY HEAT TRANSFER IN TWO-LAYER
UNLIMITED PLATE AT COMBINED BOUNDARY CONDITIONS
OF THE SECOND AND FOURTH TYPES

S.V. Fedosov, N.K.Anisimova, Yu.A. Shchepochkina, Yu.V. Shishkov

Ivanovo State University of Civil Engineering and Architecture, Ivanovo, RUSSIA

ABSTRACT: The work is devoted to the problems of mathematical modeling of heating processes during high-
temperature decoration of building materials and products. Model of thermal treatment for the system “decorat-
ing material — decorated product” is suggested. The calculation of kinetic of heating of decorating material to the
point of fusion is given. The dynamics of distribution of temperature fields on the surface and in the product on

the stage of cooling.

Key words: decorations, building product, process, modeling

A lot of modern construction technologies in-
volve industrial methods of application of
physical fields for acceleration of physical and
chemical processes necessary for giving particu-
lar properties to the materials and products ob-
tained. [1]. These are the use of electric current
of industrial frequency [2], high-frequency ways
of heating [3], ultra-violet [4] and infra-red [5]
radiations.

Alongside with traditional methods of applica-
tion of physical fields in in-site concreting
technologies with the use of thermally active
formwork [6,7], lately the researchers have been
more and more interested in the ways of high-
temperature decorative finishing of building ma-
terials and products [8-12].

For the further in-depth theoretical and experi-
mental researches of the developed technologies
and their introduction in industry, it is necessary
to develop reliable methods of calculation of
technological processes and equipment, based
on mathematical models, which are possibly
close to real physical and chemical, heat and
mass-exchange processes, proceeding in the de-
veloped apparatus [13].

One of perspective means to protect decorative
finish of concrete, ceramic and other products is
a high-temperature treatment involving a high-
intensity influence of electric arc or low-
temperature plasma on the decorated material
[9,10,12].

Figure 1 shows the scheme of the process.

rA

—1II

»
< »

0 -0, - X

Fig.1. Illustration of thermal treatment model
(I — concrete, II — decorated layer, III — source
of radiation)

Present view of physico-chemical and heat
processes running in the system are stated in
detail in works [10, 12]. The present research is
their continuation, and the basic attention in it is
given to the problems of mathematical model-
ling of thermal processes at high-temperature
treatment of building products.

The system of «decorative material and deco-
rated product» can be presented according to
figure 1 by two unlimited plates being in con-
tact, each having their own size — 8; and 6,, and
properties: heat conductivity — A; and A, ther-
mal capacity — ¢, and ¢, and density — p; and p;
accordingly. Index "1" corresponds to the deco-
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rated (basic) product, index "2" — to the decora-
tive (rendered) material.

We assume that both products are in "ideal"
thermal contact. The second (left one according
to figure 1) surface of the basic product is heat
insulated.

Between the second surface of a rendered mate-
rial and the high-temperature gas environment
there is a complex heat exchange determined by
radiation and convection:

N\

Qten —Drad Tcony =Ohe (Orad 'Osurf ) . (1)
Here: g, — density of heat flow created by ra-
diation (q,4¢) and convection (qeony), J/mz-c; Olef —
effective factor of heat release due to radiation
and convection, J/mz-K; T,ea — temperature of
radiating agent, K; T,,r— temperature of heat
receiving surface of decorative material, K.
Boundary-value problem of non-stationary heat
conductivity for the given case takes the follow-
ing form:

ot, (x,T1) —a, aztl(x,‘t) (>0 0SXS51) (2)

ot ox?
ot, (X,1) —a 0%t, (X,1) (t>0; -5,<x<0)  (3)

ot ’ x?2
t,(x,0)=t,, (%) “4)
t, (X,0)=t,(x) 5)

ot,(-9,,
qden:-}\?% (6)
ot,(0,7) _ 0t,(0,1) 7
M 0x hs 0x )
t,(0,7)=t,(0,7) (8)
0t,(9,,7) ~0 )
0x

The initial conditions (4) and (5) show, that at
the moment of time, accepted for a start readout,
distribution of temperatures through the thick-
ness of each model plate has arbitrary character.
There are no restrictions to satisfy these func-
tions by any special condition (we note, that in
the fundamental monography [14] at considera-
tion of mass transfer problems such condition is
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the requirement of parabolic functions of initial
distribution).

The system of equations (2), (3) has a linear
character. It is specified by the fact that thermal
conductivity factors, generally being variable
and dependent on temperature values, are taken
outside the signs of mathematical operators of
differentiation. However, application of a zone
method [15] or a method of "microprocesses"
[16, 17] allows breaking this barrier, provided
that initial distribution of temperatures is deter-
mined by any function of coordinates.

The boundary condition (6) is a condition of the
second kind and shows that a thermal flow
brought to the right surface of plate II (Fig.10)
by means of radiation and convection is trans-
ferred inside the plate by means of heat conduc-
tivity.

The boundary conditions (7) and (8) are condi-
tions of the fourth kind and illustrate the fact,
that the plates have equal temperatures in the
place of their contact, and density of heat flow
is also the same.

The boundary condition (9) is a condition of the
second kind and can be referred to as the condi-
tion of «thermal insulationy.

For solution of systems (2) - (9) we use the
method of Laplace integrated transformations,
that proved to be good in analysis of heat trans-
fer problems.

Let's bring the system of equations (2) - (9) to
dimensionless form, using the following sym-
bols:

e TF Y (1)
8l 61 al Xl
T @,FQ)ZM ; T, (X,Fo)= tath (X,7) (11)
trad -to rad -0
FO:a;ZT ; KIZ qn61 . (12)
61 )\‘2 (trad _tO)

Taking into account (10)-(12) we have:

oT,(X,Fo) _ 9°T,(X,Fo) (Fo>0; 0<x<1) (13)
oFo G &
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0T, (x,Fo) —a 9°T,(X,Fo) (Fo>0; -K; <x <0) (14)

oFo > ox?
T,(X,0=T,,(x); T,(X,0)=T(X) (15)
OT,(-K;.Fo) _ (16)
ox

dT,(0,Fo) K dT,(0,Fo) (17)

oxX X
T,(0,Fo)=T, (0,Fo) (18)
aTl(l_,Fo):O (19)

O0X

Solution of equations (13) and (14) in view of
initial conditions (15) in the field of Laplace
representation on time variable Fo is as follows:

T, (X,S)=Ach(v/SX)+Bsh(+/SX)-

h 20

AT

T, (%,8)=Ceh(/S /K, X)+Dsh(/S {/K, %)- o
e e R e

Boundary conditions (16) - (19) in the field of
complex variables can be written down as fol-
lows:

OT,(K;.8) _ Ki (22)
ox S
0T, (0,S) K, 0T, (0,S) (23)
ox ox
T,0.8=T,(0.9) (24)
oT,(1,S) —0 (25)
oxX

Having carried out with the help of boundary
conditions the search of four constants in equa-
tions (20) and (21) we can receive after a num-
ber of transformations:

T )= OIS0 | Ky, (S)sh(S%)
RSN SN A

T[S0

- (26)
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% (S)h(S,%) | %,(S)sh(/S%)
SVSy, (S)shvS K, SVSy,(8)  (27)

1% -
R l T, (&sh[ 5, (5 e

T, (X,S)=

In the expressions received it is designated:

JSi=VsJK, (28)

1 (S)=sh/Sch(/S /K, K, )+ (29)
+K, /K, chv/Ssh(+/S /K, K,)

1> (S)=1SK, sh(+/S\K K, )+ (30)

+1,Sy/K, shy/S+Kish+/S
%5 (8)=1,8x,(8)-K; %, (S)ehv/S - (31)
L=[ T, (&)ch [ VS(1-€) Jdg (32)

1
L j T,y @eh[ V8K, (K5 g 33)

Carrying out transition from the area of repre-
sentations into the area of originals with the use
of the second theorem of expansion [18] and
applying the rule of Laplace linearity of con-
verse transformation, we have after complicated
transformations:

1
T %
MK
‘ i (1% .
Jl [ To@dK, [ T (KKK, {RﬁT —Ja%&)}}+

2 %{m&m@m@&mxm@m}*

exp(4¢For
-2:1%00%04%)]@@(-;@?0&

¥ 1 X
5 e

(34)
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1 %
B@FO)_IHQ—KKE,
1 Ks
{ [ To@EK, | To (@ HiRFOK K,
+K1K{ KK ,Kay“Ka" }}
25 l(m e il (45
><exp(—p‘nKaFo)-

;VI; [K; cosp,cos uh\/ix)+\/gsmunsm(ph\/>x)}<
xexp(K Fo)-

;,()

(35)

Besides it is also designated in the marked solu-
tions:

W, (1, )=cosp, cos(p, K, K (1+K, K, K)-

(36)

-sinp, sin(y, \/KiaKeS )\/Kia(KkH(é)
I'=[ T,y (©)cos[u, (1-6)]dE ; G7)
L= Ty @cosu, /K, (K,-0) Jeg  (38)
KKK, 14K, K, (3K} 43K, +K K, K3 ) (39)

6(1+K, K, K;)

The characteristic equation for the search of set
of roots u, is as follows:

thHZ-ﬂthg(un\/K_aKs) (40)

Thus, expressions (34) - (40) in the aggregate
allow to carry out all necessary calculations of
heat transfer processes, as well as of boundary-
value problem designated above (15) - (19);
hence, they enable to calculate dimensional
fields of temperatures in the layer of decorated
material and in concrete product.

Consider solutions for an important case in
practical use. According to existing technology

[K, cosp o, K. X X)*ésmmsm(unf X)}exp( 12K Fo) TS

the decorated material is, as a rule, rendered on

a product before the high-temperature process-
ing. The temperature of the product and of the

rendered material is the same. Under conditions

of the given problem it means that the initial

terms (15) are as follows:

T, (X,0)=T, (x,0)=1 (41)

And then expressions (34) and (35) become es-

sentially simpler. Dropping some simple and
awkward transformations, we have:

F 1 %
KKK

{1 KK Kle[Fcﬁ KK, Ks):|}

2
e lJn\Vl (l”lh)
#|sing, | cosoy Roeos(, K K 1 K Ksint Rsina KK |-
-%oos[m&)]}asp(-p@o)
(42)
1 *
HETRRRK,

N . . 1+K,X°
{1-K, K +Ki(X-FoK K, J+ KiK, | j(K, K, ,K;)-——— > +

+2HZ‘ MoV, (un) fsingcos K, (%) |-

—\/% sin(pn\/EKé)X

x[K, cosuncos(u“\/Kiai%\/IlT sinpnsin(p“\/l(ij):l+
+Ki[K,, cosuncos<un JKiﬁ)+ \/11(7 Sil’llJ,nSil’l<},Ln JKij):l*

*exp(-u. K, Fo)

(43)

One of the purposes of analysis of high-
temperature heat treatment process is the calcu-
lation of thermal kinetics of decorated material
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up to fusion-point and the definition of dynam-
ics of temperature fields in a coating and a
product at cooling stage. As an example figures
2 and 3 give the results of calculations in accor-
dance with the stages of heating and cooling.

)
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i} 5 ali] 15 a0 25 30 35 40 45 50
o

Fig.2. Change in temperature decorates the
material in time
(1-1=40s;2-1t=625;3—-1=80s;
4—-1t=100s;5-1t=1205)
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Fig. 3. Schedule field distributions of tem-
perature in concrete during cooling
(1-1=0s;2—-1=10s;3-1=205;

4—-1=305)
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KOPPEKTHBIE METObI TOYHOI'O AHAJIUTUYECKOI'O
PEIHEHUA MHOI'OTOYEYHbIX KPAEBBIX 3AJTIAY
CTPOUTEJbHON MEXAHWKM JJ151 OGBIKHOBEHHBIX
JINOPEPEHIIMAJIBHBIX YPABHEHUM
C KYCOYHO-ITOCTOAHHBIMHU KOY®PUIIUEHTAMHA
YACTbD 1: CUCTEMBI ITIEPBOTI'O ITOPAIKA

IILA. Axumoe, B.H. Cuoopoes

I'OY BIIO MockoBckuii TocyaapcTBeHHBIN CTPOUTENBHBIN YHIBEpCHUTET, T. Mocksa, POCCUA

AHHOTAIIUS: Hacrosimasi cTaThsl MOCBSIICHA OMKMCAHHUIO Pa3pa00TaHHOTO aBTOpPaMH 3(P(PEeKTHBHOrO U KOp-
PEKTHOTO MeTO/la TOYHOT'O aHAJIMTHYECKOrO PEIICHUsI MHOTOTOUEUHBIX KPaeBbIX 33/1ad CTPOUTENBHOH MEXaHUKU
JUISL CHCTEM OOBIKHOBEHHBIX JU(QepeHIMabHBIX YPaBHEHUH TIEPBOTO MOPSIKA ¢ KyCOUHO-ITOCTOSIHHBIMH KO3(]-
(durnpreHTamu.

KuroueBbie cjioBa: TOUHOE aHATUTUYECKOE PEILIEHHE, KOPPEKTHBIA METO/, MHOTOTOUYEYHAs KpaeBas 3ajaua,
pacdeTsl CTPOUTENIFHBIX KOHCTPYKIHH, cucreMa i pepeHInaabHbIX YpaBHEHUH,
KYCOYHO-TIOCTOSIHHBIE KO3()(DUIIMEHTHI, INCKPETHO-KOHTUHYaJIbHBIE METOIbI

CORRECT ANALYTICAL SOLUTIONS
OF MULTIPOINT BOUNDARY PROBLEMS
OF STRUCTURAL MECHANICS
FOR DIFFERENTIAL EQUATIONS
WITH PIECEWISE-CONSTANT COEFFICIENTS
PART 1: SETS OF FIRST-ORDER DIFFERENTIAL EQUATIONS

Pavel A. Akimov, Viadimir N. Sidorov
Moscow State University of Civil Engineering, Moscow, RUSSIA

ABSTRACT: Correct analytical solution of multipoint boundary problems of structural mechanics for set of first-
order differential equations with piecewise-constant coefficients is under consideration in the distinctive paper.

Key words: correct analytical solution, multipoint boundary problems, structural mechanics, structural analysis,
set of first-order differential equations, piecewise-constant coefficients, discrete-continual methods

BBEJIEHHUE

B Hacrosimeit ctarbe npeacraBieH pazpaboTaH-
HBIA aBTOpamMu d(P(EKTUBHBINA KOPPEKTHBIA Me-
TOJl TOYHOT'O AHAJIIUTHYECKOTO PELICHUs MHOIO-
TOYEUHBIX KPAeBBIX 33/1a4 CTPOUTEILHON MeXa-
HUKHU Ui CUCTeM OOBIKHOBEHHBIX nuddepen-
UAIBHBIX YPAaBHEHUH MEPBOTO TMOpsAKa C Ky-
COYHO-TIOCTOSIHHBIMH K03 durueHTamu. HeoO-

XOJUMOCTh pEIIeHUs MOAOOHOr0 poja 3aaad
BO3HUKAET, KaK U3BECTHO, IIPU pacyeTax CaMbIX
pa3HOOOpa3HBIX KOHCTPYKIUHM, 3JaHUA U CO-
OpY’KCHUH Ha pa3IM4HbIC BUIbI BO3JACHCTBUH, B
YaCTHOCTH C HCIOJIb30BAaHUEM JUCKPETHO-
KOHTHHYaJIbHBIX MeTol0B [1, 7-9] (muckperHo-
KOHTHHYaJIbHBIN KOHEUHBIX 3JIEMEHTOB
(AKMKD), nuckpeTHO-KOHTHHYaJIbHBIA BapHa-
[IUOHHO-pa3HOCTHBIN MeTo (JJKBPM)).
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1. TOCTAHOBKA MHOI'OTOYEYHOM
KPAEBOU 3AJTAYH 1J151 CACTEMBI
OBbIKHOBEHHDbIX
JNODPEPEHIIUAJIBHBIX
YPABHEHUW ITEPBOI'O MMOPSIJIKA
C KYCOYHO-ITIOCTOAHHBIMH
KO2®PUIUEHTAMU

[Ipexne Bcero, cieayeT OTMETHTD, YTO, B YacT-
HOCTH, C MAaTEMaTHYECKOW TOYKH 3PCHHS BBbIHE-
CEHHas B 3aroJIOBOK CTaThbH MpoOieMa sBIseTCs
JOCTaTOYHO OOIIeH — KaK M3BECTHO, CHCTEMaA
JUHEHHBIX  Au(QepeHInanbHbIX — ypaBHEHUH
MIPOU3BOJILHOTO TOPSAKA BBEACHUEM COOTBET-
CTBYIOLIMX HOBBIX II€PEMEHHBIX CBOJUTCA K
cucTeMe JIMHEHHBIX au((epeHInaIbHBIX ypaB-
HEHUi nepBoro nopsiaxa [13].

Wtak, mycTb MMeeM CHCTEMY 7 OOBIKHOBEHHBIX
JUHEHHBIX A (epeHIraNbHbIX  YpaBHEHUH
MIEPBOTO TIOPSAKA C KyCOYHO-TIOCTOSTHHBIMU KO-

>(duIMEHTaMU U 7, JTUHEWHBIX IPAHMYHBIX yC-

HOBI/II\/’I, 3aaHHbIX B TpaHUYHBIX TOYKax

b
X,, k=1,...,n, (amxe, oueBHIHO, ONATACT-

Cs, 4YTO B YMCJIO 'PAHUYHBIX TOYCK BXOJAT TAKKC
TOYKH, B KOTOPBIX UMEIOT MECTO Pa3phIBbI Mep-
BOTO pO/ia KOA(PPHUIIMEHTOB CUCTEMBI), T.€.:

y(l)_Ak.)_}:f_}ﬂ (1)
xe(x,x), k=1,2,...n, —1;
Bk_y(Xi—0)+B;y()€£+0):§k_+§;’ (2)

k=2,..,n, -1
B’ y(x{ +0)+ B, y(x, —0)=g +g, . (3)

rae y=y(x)=[y(x) »,(x) .. y,(x)]" — nc-
n-MepHasi ~ BekTop-pyHkums; A4, ,

k=1,2,..,n, —1 — 3a1aHHBIE MaTPUIBl 1OCTO-

KomMas

SHHBIX KOA(()HUIIMEHTOB, KBaJpaTHBIE 71-TO T0-
pAnKa; j‘k = j‘k(x) =[ fk,l (%) fk,Z(x) fk,n (x) ]T )
k=1,2,...n, —1 — 3aaHHbIE N-MEPHBIE BEKTOP-
B B .8, 8>
k=2,..,n, -1, a tacxe gﬁ,g—;k u Bf,Bn‘A —

(GyHKIMM TOpaBbIX 4acTeil;

3aIaHHbIC MaTpUllbl U BCKTOPHI IIPABBIX yacTeun

IT.A. Axumos, B.H. Cunopos

71-TO MOPAZKA TPAHMYHBIX yCJIOBUH B TOUKE X, ;
V=3V (x)=dy/dx.

2. 0 KOPPEKTHOM AHAJIUTUYECKOM
METO/IE HIOCTPOEHUA
®YHJIAMEHTAJBHOM
MATPUIIbI-®YHKIIUU CUCTEMBI
A DODEPEHIIMAJIBHBIX
YPABHEHMM ITEPBOT'O MOPSIJIKA

PaccmoTpuM npousBosnbHOE ypaBHeHue u3 (1).
Hwmeem:

J_/(l)_Ak)_/:J;k’ xe(xfax;};l)- 4)

Marpuny A, 34€Ch MOKHO IIPEACTABUTh B BUJEC
(4, 6,12, 13, 14]:

4, = TkaTk_l ) (5)
(J, 0 . 0]
0o J,, ... 0
rie J, = 2 ; (6)
0 0 .y |
e, 10 0]
0 4,1 ..0
Jk’pz ....................... . (7)
0 0 0 ..1
0 0 0 .. 4,

3necy 7, — HEBBIPOXKJEHHAs MaTpULA 1-TO IIO-

psiKa, CTOJIOLBI KOTOPOM MPENCTaBIISIOT CO00i
cOOCTBEHHBIE M KOpHEBbIE (MIPUCOCTUHEHHBIC)
BEKTOPbI MaTpullsl 4, ; J, —kopaaHoBa ¢opma

marpuusl 4,5 J, , — *KOpAaHOBa KIETKa, COOT-

BETCTBYIOIAss ~ COOCTBEHHOMY  3HA4EHHUIO
A4, €C  wmarpuusl  4,;  dimJ,  =m,,
p=L..,u,.
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KoppeKTHBIe METOIbI TOYHOTO AHATTMTHYECKOTO PEILICHHsT MHOTOTOYEYHBIX KPaeBbIX 33124 CTPOUTENIHON MEXaHHUKH ISt
OOBIKHOBEHHBIX TU(D(EpeHIMAIBHBIX ypaBHEHHI C KYCOUHO-TIOCTOSHHBIMH Kod(drmmerTami. Yacts 1: CrcTeMsI TIepBOro mopsiaka

JKopnaHoBo# kietke J, , COOTBETCTBYET OJMH
COOCTBEHHBIA BEeKTOp Marpuubl 4, u (m; , —1)

KOPHCBBIX BCKTOPOB YAOBJICTBOPAOIINUX

tk,s >

ypaBHeHusM [4, 6, 12, 13, 14]:
(Ak—/lk’pl)-’ ty, =0,

p-l 8
j=2539“"mk,p; s:‘j+2mk’[, (8)
i=1

rae [ — eIMHUYHAs MAaTpuua 1-ro MOpsaKa; f,

5
— HEHYJIEBOM BEKTOP.

Baxxnoe 3HaueHue U1 pELICHUs ITOCTaBIECHHON
3ajayl  umeeT (yHIaMEHTalbHas MaTpula-
(GyHKIMS, O ONPEACNEHUI0 I CUCTEMBI (4)
yaoBjIeTBOpsonias yciosusam [3, 11, 15, 16]

£ ()~ 4,8, (x) = 501 ©)
NnJin

e (x)-4,6,(x)=0, x#0 (10)
£,(+0) &, (~0) = I,

rae o(x) — nenpra-pynkuus Jupaka; I — enu-
HUYHAsi MAaTPHILIA COOTBETCTBYIOIIETO MOPSAKA.
Kax wm3Bectno [7-10, 16], moctpoenue ¢yHma-
MEHTAIbHOW MaTpHULBI-QyHKUMU THHA &, (X)

NpEeANoaraeT BeYMCICHUE (PyHKIMU OT MaTpu-
bl KO (UIIMEHTOB, KOTOPOE MOXET MPOU3BO-
JIMTBCSI C UCIIOJIb30BAHUEM KOPJIAHOBOW (hOPMBI
(5). OnHako MomOOHBINM CTaHIAPTHBIA AITOPUTM
HE MOXeET OBbITh PEKOMEHJIOBaH AJIsl YMCIEHHOMN
peanu3anuM, Tak Kak B JIEHCTBUTENBHOCTU HE
CYIIECTBYET YHCJIECHHO YCTOWYMBOIO crocoda
MIOCTPOCHMSI KOPAAHOBBIX (opm [14], mpuyem
po0sIeMbl BOSHUKAIOT JUIsi MaTpPULl, B KOP/IaHO-
BOIl (popMe KOTOpPBIX MMEIOTCS KJIETKH Heelu-
HU4YHOro nopsiaka. Kpome toro, B 3agavax pac-
yera KOHCTPYKIMH WMEIOTCS —crienuduieckue
OCOOCHHOCTH: YHUCIIO COOCTBEHHBIX 3HAUCHMUH,
KOTOPBIM COOTBETCTBYIOT >KOPJAHOBBI KIIETKU
HEEeTMHUYHOTO MOpPs/IKa, HEOOJBILOE, U OHU, KaK
IIpaBWJIO, HyJIEBbIC. B 3TOM CBA3HM, I OCTpOE-
HUSL (yHAaMEHTAIBHOM MaTpHLbI-QYHKIUH HC-
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MOJIb3YETCsl ONMKChIBaeMasi HI)KE KOPPEKTHAs aB-
TOpCKasi METO/IHKA.

Kax usBecTHo [13], HeHyieBoii BekTop  TaKoii,
ut0 Af = Af Ha3BIBAIOT MPABBIM COOCTBEHHBIM
BEKTOPOM MaTpullbl A, COOTBETCTBYIOIINM
coOCTBEHHOMY 3HAYEHHIO A, a HEHYJIeBOI BEk-
Top f, ans xotoporo A'f = Af MMEHYyIOT Jle-
BbIM COOCTBEHHBIM BEKTOpOM A, COOTBETCT-
BYIOIIIUM COOCTBEHHOMY 3HAYEHUIO A .

CoOCTBeHHbIE 3HAYEHUs MaTpull A, u A cOB-
IaJal0T, U MOYKEM 3aIIUCaTh:

T -1

T =1, (11)
rae 71, « — HEBBIPDOXICHHAA MaTpula n-ro nopdaa-
Ka, CTOJIOIIBI t_k » KOTOPOW MPEACTaBISIOT COOO0M

COOCTBEHHbIE U KOpPHEBbIE BEKTOPBI MaTPHIIbI
A, , mpuuem

Tk :[t_k,l t_k,z (12)

(13)

.
tk,n] s

p-1
Aty = ik’pt,m, s=1+ ka,l. ;

i=1

~

T, — HEBBIPOXKIEHHAs MaTpuua n-ro NOpsAIKa,
CTOJIOIBI tNk , KOTOPOH SIBJISIIOTCSI COOCTBEHHBI-

MH 1 KOPHCBBIMH BCKTOPAMU MATPHUILILI AkT ,

~ ~ ~ ~ T
T, =1 by 4o ben I'; (14)
T7 i -T -T
4, bes = ﬂ’k,p Ly < LA = /lk,p liss
(15)

p-1
s=1+ ka,i'
i=1

Takum o00pa3oM, BMeCTO OOpalieHus KOM-
IUIEKCHOW MaTpuLbl I, IpHU MOCTPOCHHUH XKOp-
JTAHOBA PAa3JIOKEHHUS, Ha MPAKTUKE MOXKET Ipo-
U3BOJIUTHCS ONpe/ieTieHne COOCTBEHHBIX 3Haue-
HUI ¥ BEKTOPOB MaTpUIbl A, , OTKy 1a

~

A, =TJ,T,. (16)
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[IpousBeneM Takyr0 COPTUPOBKY COOCTBEHHBIX
3HAYCHUH (M COOTBETCTBEHHO IpeoOpa3oBaHMs

matpuy 1, J, un YN’,{) matpuil 4, u A, 4ro
OyJleT BBITIOJIHEHO YCIIOBUE:

v&k’p’ p =1,..., lk,l :
dip 20, my, =1, iy, =1
' ' ' MIPOCTHIC
Vip P=l+L. 0,
/’{k'P # O’ mk,p = 13 n’\/ik,p > 1
Vllk,p: P:lk’2+1,...,uk : /lk,p :0’
(17)

rae i, ,, M, — COOTBETCTBEHHO KPaTHOCT

P
COOCTBEHHOI'O 3HAYEHUS ﬂ’kp U pa3MCPHOCTb

YKOPAAHOBOM KJIETKH, KOTOpas €My COOTBETCT-
BYET.

JlanHasi cOpPTMpOBKa Tak)Ke BaKHA I IIO-
CTPOEHHUSI TPABUIIBHOTO COOTBETCTBUS MEXITY

COOCTBEHHBIMU BEKTOpaMu MaTpuil A, u A, ,

OMPCACIICHHBIMHA C HCIIOJIb30BAHUCM CTAaHOApPT-
HOTO TIPOTPAMMHOTO 00eCTICUeHUSI.

Iycre 1,1, 15,1} ,,> T, — Matpuisl pasme-
poM nx lk,l 5 nx (lk,z =L, lk,l xn,

(l,, =1,,)xXn COOTBETCTBEHHO, JJIEMEHTHI KO-

TOPBIX 3aJat0TCsl (popMysiamMu:
(Ten)y =T, 1<i<ng 1<j< 5 (18)
(Ton)y =@y 120l 12j<n; (19)

(Tk,IZ)pq :(Tk)ij; (Tk,IZ)qp :(T)ji’

. . ; . (20)
p=i, q=j—1; 1<i<n; [, <j<n
OueBUAHBI COOTHOLICHHS
Tk:[Tk,] Tk,z]; iz[iTl ]N;c,Tz]Ta (21)

tne T, =[T,,, Topyls fk,l :[T/c,Tu ﬁ(,le 1.
(22)

Kak wu3BecTHO, Marpuileil mpoekTupoBanus P
(mpoekTopoM) Has3bIBaeTCsl MaTpulia, o0ianaro-

wast ceoiictBom P’ =P [12]. Iycts B\, P,

IT.A. Axumos, B.H. Cunopos

P, , — Matpuibl NPOEKTUPOBAHKS HA MOJINPO-

CTPAHCTBA, HATSIHYThIe HA COOCTBEHHBIC U KOP-
HEBBIE BEKTOPBI, COOTBETCTBYIOIIHE COOCTBEH-
HBIM 3HAYEHUSIM ﬂk’p, p=L..0;

/1,{’1,, p=l,+1..0,u lk,p,p =l +1...,u,,

Bnw=1T,DT,.5 B,=T, (];c,127;c,12)_17;c,12;
(23)

B,=b+Fyn:, B,=1-F,, (24)

rae D — nuaroHajibHasi MaTpuia / 4.1 -TO mops-

Ka, 3HAYHUMBIC 3JICMCHTHI KOTOpOfI

(Dk)ii = (t_k,iatzk,;)a 1<i< lk,l > (25)
T.C.
-1 — ~ X -1 _
(D) :1/(tk,i’tk,i)7 (D, )1] =0, (26)

i% i =1,

[Tocne onpeneneHuss COOCTBEHHBIX 3HAYCHHUNA U
BEKTOPOB MaTpull A, U A] C HCTIONb30BAHKEM
CTaHJapTHOTO MPOrPaMMHOTO OOecTeueHus: |
BBITIOJTHEHHSI COPTUPOBOK, KaK MPaBHIIO, BO3HU-
KaeT HeoOXOIMMOCTh B MIPOBEACHUH OUOPTOTO-
HaJIM3aI[Mi COOCTBEHHBIX BEKTOPOB M UX Tepe-
CTaHOBKaX. JTO CBSI3aHO C TEM, YTO HOPMHPOB-
Ka IOCIEOHUX A MaTpun A4, Hu A,f MOJKET
OBITH B 001IeM Citydae paznudHoil. Kpome Toro,
MpeJIoKEHHAasT paHee COPTUPOBKA, MOXKET CO-
XpaHUTh HECOOTBETCTBUS MEXKIY COOCTBEHHBI-
MH BEKTOpaMM Matpull 4, ¥ A THpH KpaTHBIX
HEHYJIEBBIX COOCTBEHHBIX 3HadueHHsSX. Dopmy-
JIbI HEOOXOUMBIX TTPEOoOpPa30BaHU UMEIOT BT
(3HaK = HIDKE YCIOBHO 0003HAYaeT OMepaInio
IIpUCBaUBaHMS):

Ton= Dllek,ll s L= (Tk,12Tk,12)71 T (27)

Paznoxxum Martpuily Ha JBE€ COCTaBISIOLIME
MATPHIIbI 71-TO MOPsJIKA
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KoppeKTHBIe METOIbI TOYHOTO AHATTMTHYECKOTO PEILICHHsT MHOTOTOYEYHBIX KPaeBbIX 33124 CTPOUTENIHON MEXaHHUKH ISt
OOBIKHOBEHHBIX TU(D(EpeHIMAIBHBIX ypaBHEHHI C KYCOUHO-TIOCTOSHHBIMH Kod(drmmerTami. Yacts 1: CrcTeMsI TIepBOro mopsiaka

Ak = Ak,l + Ak,z > (28)

tne A, =T, J. 105 A, =4,— 4,5
o =diag{d s Aoy /1,(’,2 .o (29)

WueivMu cnoBamu, 3uech A, U A, , — 4actu

MaTpulbI Ak’ OTBCHAKOIIUEC COOTBCTCTBCHHO

HEHYJIEBBIM U HYJIEBBIM (KPAaTHBIM M HPOCTHIM)
COOCTBEHHBIM 3HAYCHUSIM.

Paznoxenune (29) nmpemmaraercss Ha3bIBaTh MPHU
pELICHUU 3a]]ad CTPOUTEIILHOW MEXaHUKH 4Yac-
TUYHBIM JKOPJAHOBBIM Pa3JIOKCHUEM. 37eCh
MOJKHO TPOBECTH CIICAYIOIIYI AaHAJIOTHIO: Ha-
psly CO CTaHAApPTHBIM TEPMUHOM «IpoliemMa
COOCTBEHHBIX 3HAYCHHUI», CYIIECTBYET M «4Yac-
THUYHAs TPOOJIeMa COOCTBEHHBIX 3HAUCHUIN.
BecbMa BaKHBIMU TIPENICTABIISIOTCS CIIEAYIO-
1€ COOTHOIICHUS:

A, =F,A4; A,=F,4;
Ak,lAk,Z = Ak,zAk,l =0. (30)

Ilycrs £ | — marpuna [, -ro nopsizka, 1eMeHTbI
KOTOpO#1 3a1at0Tcst (popmyIioit

(Fk,l)ij:(Fk)ijy 1<i<l,; 1<j<1,,
F (x)=exp(J,x).

€2))

re (32)

C y4eToM HUIIBIIOTEHTHOCTH MaTpuubl A, , He-

CJIOJKHO IIOKa3aTh, 4TO

exp(4,x) = B, exp(4,x)+ B, exp(4,x), (33)

rne B, exp(4,x) = T..F, (x)fk,l 5 (34)
My max—1 Ak k
’ 2%
Boexp(4x)=F, + Z T ;o (35)
=1 :
mk,max =max mk,i . (36)

I<i<uy,

BooO6iue, ¢pynnamenranbHas MaTpuna-(QyHKIUsL
cucteMbl (4) ompezelieHa HE OJHO3HAYHO, a C
TOYHOCTBIO JI0 PELICHUs] COOTBETCTBYIOLIECH O]
HOPOJHOM cucTeMbl ypaBHeHuil. [IpousBenem
OJTHO3HAYHOE ONpezesieHHe, BBOJS JIOMOJIHU-

Volume 7, Issue 1, 2011

TeJbHOE TpeOoBaHME 00 MCKIIOYEHUU BO3MOXK-
HOCTH 3KCIIOHEHIIMAIBHOTO BO3pacTaHust (yH-
JAMEHTAIbHOW MAaTpHULbI-QYHKIUH, YTO SIBIIS-
eTcsi OYCHb BAKHBIM (DaKTOPOM ISl BBIYHCIIC-
HUS TTapaMEeTPOB PELICHHUs, CBA3aHHBIX C Kpae-
BBIMH YCIIOBUSIMH:

& (x) = Tk,lgk,() ()T, , +

My max =1k (37)
X
+ Z(X,O)[f)k’z + _A/f,z 1,
o k!
rae
sign(x)0(—Re(4, ,)x), 4,,#0
254,021 ssi W 2o
Ssign(x), 4, =
(38)
— XapakTepucTuieckas QyHKIIHS;
Ek,o (x) = diag{x(x, 4 ) exp(4; ;X), ..., (39)
x(x, /1k,12 ) eXP(/lk,lz x)};
I, x>0 . L x>0
o(x) = { 0, x<0; &M= { _1, x<0, YO

Boipaxkenue (37) mO3BONSIET MCKIIOUUTH Psifi
HE)KEJIATeNIbHBIX B MPAKTUKE PacueTOB CIy4acB
(HE0OXO0AMMOCTh ONIEPUPOBATH B pacyeTax c
OueHb OOJIBIIMMM YUCIIAMH, KOTOpas, KaKk Ipa-
BUJIO, JINOO NPENATCTBYET IMOJyYEHUIO PE3YJIb-
TaTOB C JKEJIaeMOM TOYHOCTHIO, JTUOO BEIET K
MEPENOJIHEHUIO pa3psaHoi ceTku DBM; mioxas
00YyCIIOBJIEHHOCTh ~ CHUCTEMbI  pa3pellaroIiux
YpaBHEHHH Ui ONpEICNCHUS COOTBETCTBYIO-
IIUX MOCTOSIHHBIX KO3()(UIIMEHTOB U3 I'paHHUY-
HBIX YCJIOBHUH U T.1.).

3. IIOCTPOEHUE OBIIETO PEHIEHUSI
MHOT'OTOYEYHOM KPAEBOU
3AJAYA

[ycts Y(x) — o6obmeHHas BeKTOp-(PyHKIHs
HEHU3BECTHBIX, T.€.

n—1

7-5 velJuhal. @
k=1
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Bekrop-QyHkuus pemieHHe MHOTOTOYEYHOM
kpaeBoit 3agaun (1)-(3) Ha MPOU3BOJIBLHOM HWH-

Tepsaie (x,,x;,, ), obosnauaercs ¥, (x),

V(=Y xe(xx.) (42
U omnpeaensercs: GopMyJIo:
Y, (x) = (g, (x = x)) =&, (x=x,))C, + (43)

te * [, xe€ (xifoxlfﬂ)a

rae C, — BEKTOP UCKOMBIX IOCTOSIHHBIX KO3(-

(UIMEHTOB 71 -TO TIOPSJIKA; * — CHMBOJI 0003Ha-
YAIOIIUI OIIePALINI0 CBEPTKH;

jk (X) = f(x)@(x, x]f axll:+1) 3 (44)
1, xe xb,xb+
O(x ! x!.)) = Cioxia) 45
0, x&(x0,x.,)
Moskem niepenucats (43) B BUC
Z(x)zEk(x)6k+§k, xe(x,f,x,fﬂ), (46)
rae Ek(x)=5k(x—x2)—5k(x—x,f+l); (47)
S, (x)=¢,* f,. (48)

[loncraBnsem (46) B (2)-(3), yuuTsiBasi, 4yTO
CIpaBeAJIUBbI COOTHOILICHUS:

Y(x,-0)=Y,_ (x,-0), k=2,...n,; (49)
Y(x, +0)=Y,(x, +0), k=1,..,n, —1. (50)

B pesynpraTte nomydyaem paspelnaronyro CUCTe-
My JIMHEHHBIX aireOpanyecKux YypaBHEHUI
(CJIAY) OTHOCUTETLHO K03 (UIIMEHTOB
C.,k=1,.,n —1:

B, Ey,(x; =0)C,, +B{E,(x; +0)C, =
=g, +8 —B.S,,(x{ —0)=BS,(x; +0),
k=2,..,n, -1

B’ E\(x{ +0)C, +B, E, (x) -0)C, , =

=g, +g, - B/S,(x! +0)— B, §nk_1 (x, —0).
(51)

IT.A. Axumos, B.H. Cunopos

Ha ocHoBaHMM CBOWCTB (hyHIAMEHTAIbHOM
MaTpULbI-PYHKINHU 3aIHChIBAEM:

E, (xlf -0)=¢, (hlf—l -0)—¢,,(-0)=

e () =y (0, K =2,mys D)

E (x; +0)=5,(+0)— 5, (0— 1) = (53)
=g, (+0)—¢,(=h}), k=1,..,n, -1,

e hl=x),-x;, k=1,..,n,-1. (54

Cnaraembie &(—0) u &(+0) Oymem Ha3bIBaTh
TJIaBHBIMHA 4HaCTsIMU.

Cucremy (51) MOXHO mepenucaTh B MATPUIHOM
BHUJIE

__ KC=G; (55)
rae G=[G' G/ an_l 1" (56)
c=[C C/ C, 1. (57)
G =g +2, -B'S,(x{ +0)-B, S, ,(x, —0);
(58)
G, =2, +8; —B. S, (x] —0)= B/ S, (x; +0),
k=2,..,n, -1,
(59)
K =
'K, 0 0 0 K, |
K, K,, 0 0 0
=l 0 K,, K, 0 0 ’
L 0 0 0 ne—1,n, =2 n=Lm -1 |
(60)
Ky =B Ek.l(xllcJ -0); K, = BJE, (x/lc7 +0);
(61)
K, =B E(x/+0); K,, =B, E,_(x, -0).
(62)

B marpune (60) Beinennm rinaBHylo K° u 1o-
nonHuTeNbHYI0 K' yacTu:
K=K’+K', (63)

rac uMeECM:
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KoppeKTHBIe METOIbI TOYHOTO AHATTMTHYECKOTO PEILICHHsT MHOTOTOYEYHBIX KPaeBbIX 33124 CTPOUTENIHON MEXaHHUKH ISt
OOBIKHOBEHHBIX TU(D(EpeHIMAIBHBIX ypaBHEHHI C KYCOUHO-TIOCTOSHHBIMH Kod(drmmerTami. Yacts 1: CrcTeMsI TIepBOro mopsiaka

K’ =

K, 0 0 .. 0 K]
K KY 0 0 0 _

=l 0 K K!) .. 0 0 ’
0 0 O Kr(z)k—l,nk—z Kr(l)k—l,nk—l

(64)
K.\ =-B; &_(-0); K/ =B/&,(+0); (65)
Kfl =B ¢(+0); K = -B, &, (-0); (66)

L1 —

K'=
(K0 0 .. 0 K, .
Ky, K,, 0 .. 0 0 :
=l 0 Ki, K, .. 0 0 ’
0 0 0 . K. ., K |

(67)

Kli,k—l =B &,,(h); Kli,k =—B/&,(-I/); (68)

Kll,l =B &(-h'); Kll,nk—l = B;;,(‘("n,(—l(hnbk—l)'
(69)

3meck cuMBoa & 0603HAYAET ONEPALMIO PS-
MOTO MPOU3BEICHUS MaTPULI.
BaxHo ormMeTuTs, 4yTo MaTpulel Tuna &, (+0) u

&,(=0) He 3aBHCAT OT X .

Henocratkom cuctemsl (55) siBIsieTcst TO, 4YTO
IJIaBHas 4acTh Matpuiibl koddduimenton (60)
UMEET CTPYKTYpy, B KOTOpPOW JHUAroHaJIbHBIC
OJIOKHU SIBIISIFOTCSI, 110 CYTH, BBIPOKICHHBIMU. B
3TOM CBs3M, HECMOTpPsS Ha TO, 4To CJIIAY sBns-
€TCsl JICHTOYHOMW, IJisi €€ pEelIeHUs HE MOTyT
MIPUMEHATHCS MHOTHE COOTBETCTBYIOIIUE HTe-
paiuoHHble METOAHI [5, 6], a TpeOyercs, Hanpu-
Mep, HcIosib30BaHue Metoa ["aycca ¢ Beibopom
raBHoro 3eMenta [2]. C 3Tux mo3uuui moses-
HO yKa3aTh MyTH YCTPAHEHUS 3TOT0 HEJJOCTaTKa.
[IpeoOpazyem CJIAY (55) cnenmyrommm oOpa-
30M: Ka)/I0€ YpaBHEHHE CHCTEMBbI, HauWHas C
nepBoro (M 3aKaH4MBasi MPEANOCICAHNM), Oy-
JIEM 3aMEHATh CYMMOM 3TOrO YpaBHEHHS C IO-
CJIeIyIOIUM (BMECTO MCXOIHOTO TIEPBOTO ypaB-
HeHUsl OepeM CyMMy HCXOJHOTO TMEepBOro C HUC-
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XOJTHBIM BTOPBIM, BMECTO UCXOIHOTO BTOPOTO —
CYMMY HCXOJHOTO BTOPOTO C MCXOJIHBIM TPETh-
UM, ¥ Tak jgaiee). HakoHel, BMECTO MCXOIHOTO
HOCJICJTHETO YPaBHEHHSI OepeM CyMMY HCXOJHO-
IO MOCJIEHEr0 C MCXOJHBIM IepBbIM. PaccMoT-
pHUM Tereph TOMYYEeHHYI0 Tocie Mpeodpa3oBa-
HUt MaTpuiy (60):

K =
K, K, 0 0 0 L1
2 Kyn Koy 0 0 0
= 0 K, Ki; K5, 0 0 ’
Iznk—l,l O 0 0 Olznk—l,nk—Z N/ft,{—l,n,(—l

(70)

MoxHO TmoKa3aTh, YTO OJOYHBIE 3JIEMEHTBHI,
CTOSIIIME HA TJIABHOM AuaroHanu matpuibl (70)
HE SBJISIIOTCS BBIPOXKAEHHBIMH, @ 3TO JA€T psj
OYEBHIHBIX NPEUMYIIECTB HA 3TAIle YUCICHHOTO
peleHust mpeoOpa3oBaHHOI cuctemsl (55).
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KOPPEKTHBIE METObI TOYHOI'O AHAJIUTUYECKOI'O
PEIHEHUA MHOI'OTOYEYHbIX KPAEBBIX 3AJTIAY
CTPOUTEJbHON MEXAHWKM JJ151 OGBIKHOBEHHBIX
JINOPEPEHIIMAJIBHBIX YPABHEHUM
C KYCOYHO-ITOCTOAHHBIMHU KOY®PUIIUEHTAMHA
YACTbD 2: CUCTEMBI BTOPOI'O ITOPAIKA

IILA. Axumoe, B.H. Cuoopoes

I'OY BIIO MockoBckuii TocyaapcTBeHHBIN CTPOUTENBHBIN YHIBEpCHUTET, T. Mocksa, POCCUA

AHHOTAIIUS: Hacrosimasi cTaThsl MOCBSIICHA OMKMCAHHUIO Pa3pa00TaHHOTO aBTOpPaMH 3(P(PEeKTHBHOrO U KOp-
PEKTHOTO MeTO/la TOYHOT'O aHAJIMTHYECKOrO PEIICHUsI MHOTOTOUEUHBIX KPaeBbIX 33/1ad CTPOUTENBHOH MEXaHUKU
JUISL CUCTEM OOBIKHOBEHHBIX AU (PEepeHIMAIBHBIX YPaBHEHUH BTOPOTO MOPSIIKA C KyCOYHO-TIOCTOSIHHBIMH KOA(]-
(durnpreHTamu.

KurodeBnie cjioBa: TOUHOE aHATTUTUYECKOE PEILIEHHE, KOPPEKTHBIA METO/, MHOIOTOUYEYHAs KpaeBas 3ajaua,
pacdeTsl CTPOUTENIFHBIX KOHCTPYKIHH, cucreMa i hepeHInaIbHbIX YpaBHEHUH,
KYCOYHO-TIOCTOSIHHBIE KO3()(DUIIMEHTHI, INCKPETHO-KOHTUHYaJIbHBIE METO/IbI

CORRECT ANALYTICAL SOLUTIONS
OF MULTIPOINT BOUNDARY PROBLEMS
OF STRUCTURAL MECHANICS
FOR DIFFERENTIAL EQUATIONS
WITH PIECEWISE-CONSTANT COEFFICIENTS
PART 2: SETS OF SECOND-ORDER DIFFERENTIAL EQUATIONS

Pavel A. Akimov, Viadimir N. Sidorov
Moscow State University of Civil Engineering, Moscow, RUSSIA

ABSTRACT: Correct analytical solution of multipoint boundary problems of structural mechanics for set of sec-
ond-order differential equations with piecewise-constant coefficients is under consideration in the distinctive paper.

Key words: correct analytical solution, multipoint boundary problems, structural mechanics, structural analysis,
set of second-order differential equations, piecewise-constant coefficients, discrete-continual methods

BBEJIEHHUE

Hacrosmias Bropast 4yacTh CTaThd MPOJOJDKACT
UK paboT, TMOCBAIICHHBIX pa3pabOTKe W WC-
CIICZIOBAHUIO KOPPEKTHBIX METO/IO0B TOYHOTO
AQHAJTITHYECKOTO  PEIICHHsT MHOTOTOYEYHBIX
KpaeBbIX 3a7a4 CTPOMTENbHOW MEXaHWKH IS
CHCTEM OOBIKHOBEHHBIX TU(PEepeHIHATHHBIX
YPaBHEHUH C KyCOYHO-TIOCTOSIHHBIMH KO3 (H-

LUMeHTaMH. B mepBoii yacTu cTaTbu paccMmaTpu-
BaJIMCh CUCTEMBI TU(EpeHIINATbHBIX YpaBHe-
HUI TIEPBOrO MOPAJKA, K KOTOPBIM, Kak cCIpa-
BE/UIMBO OTMEYAETCs, MOTYT OBITh CBEJIECHBI
CHUCTEMBbI B OOIIEM ciy4dae M NPOU3BOJIBHOTO
nopsaka. [IpenMyiiecTBamMu MogoOHOro CcBee-
HUS SBJISIOTCA OOJbIAs YHHUBEPCAJIBHOCTb U
QJITOPUTMHUYHOCTB, OJHOBPEMEHHOE OIpenee-
HUE HEM3BECTHBIX (PyHKIMI cOo BceMH HE0OXo-
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JUMBIMA TIPOU3BOAHBIMHU, YAOOCTBO U 3dek-
TUBHOCThH MTPOTPAMMHON peanu3anuu. Bmecte ¢
TEM, CyIIECTBYET PsA 3ajad, AJsi KOTOPHIX Iie-
pexoa K MHOTOTOYEYHOW KpaeBOM 3ajgayu s
cucteMbl TudepeHaIbHbIX YpaBHEHUH Tep-
BOT'O MOpsIJIKa y>Ke He CToJb onpasnaH. K yuciy
TaKUX, HAIPUMEP, MOXKET OBITh OTHECEHA MpO-
Onema m3rundOa ToHKUX MT [6-7]. Kak o6ocHoO-
BBIBAJIOCH B [6-7], 37€Ch, C ONpPEIECICHHBIX IO-
3HIHNA, TPEANOYTHTEIbHEE, YTOOBI pa3periaro-
el sBIsIach CUCTEMA YK€ HE MEepBOro, a BTO-
poro mopsinka. FiIMeHHO 3Ta MOCTaHOBKAa U Oy-
JIET pacCMaTpUBATHCS B JAHHOU CTaThe.

1. HIOCTAHOBKA MHOI'OTOYEYHOM
KPAEBOM 3AJJAYH OJIS1 CACTEMBI
OBBIKHOBEHHBIX
JTU®OEPEHIIUAJIBHBIX
YPABHEHUI BTOPOI'O MOPSIIKA
C KYCOYHO-TIOCTOSIHHBIMHA
KO ®PUIITUEHTAMU

[lyctb uMeeM cuctemy n OOBIKHOBEHHBIX JIU-
HelHbIX AuddepeHnnanbHbIX yYpaBHEHUH BTO-
poro mopsiika ¢ KyCOYHO-IIOCTOSSHHBIMH KO3(-

buuueHTaMu U n, JIMHEHHBIX I'DAaHUYHBIX YC-
JOBUM, 3aJaHHBIX B

b
x,, k=1,...,n, (HIXKe, OY4EBUIHO, IIOTArAETCS,

I'pPaHUYHBIX  TOYKaAX

YTO B YMCJIO TPAHUYHBIX TOUYEK BXOIST TaKXKe
TOYKH, B KOTOPBIX UMEIOT MECTO Pa3phIBHI MEp-
BOTO pojia KO3(pPUIIMEHTOB CUCTEMBI), T.€.:

y(Z)_Ak.)_/zf‘k’ xe(xl[c)’xllzﬂ)’ (1)
k=1,2,...n, —1;

BYG -0+ BV +0)=8 +&
k=2,.,n -1

BY(x\+0)+B,Y(x, -0)=g +g,, (3

rae y=y(x)=[»(x) y,(x) .. y,(x)] - ne-
KoMast n-MepHas BEKTOP-(pyHKIIHS;
A, k=1,2,...,n, —1 — 3a1aHHBIC MAaTPHULIBI 11O-

CTOSIHHBIX KO3()(pULIMEHTOB, KBaJIpaTHbIE n-TO

nopanka; fi = f,(x)=[£,, (%) fr2()... fi, T,

IT.A. Axumos, B.H. Cunopos
k=1,2,...,n, —1 — 3agaHHBIE N-MEPHBIE BEKTOP-
- == =+
B, B, 88>

_ —+ —— + -
k=2,..,n, -1, a Tawxe g',g, u B,B, -

(YHKIMM TpaBbIX YacTew;

3aJJaHHbIe MATPUIbl U BEKTOPbI MPaBbIX YacTeil
21-TO MOPSIJIKA TPAHMYHBIX yCJIOBHIi B TOUKE X, ;

=y =dy/de; 37 =57 (x)=d’y/dx’;

4)

2. 0 KOPPEKTHOM AHAJIMTUYECKOM
METOJIE HOCTPOEHUSI
®YHJIAMEHTAJIBHON
MATPHUIBI-®YHKIIUU CUCTEMBI
JTUOPEPEHIUAJIBHBIX
YPABHEHUI BTOPOI'O IMOPSIJIKA

Paccmotpum mpousBosnbHOE ypaBHeHue u3 (1).
Nmeem:

y(Z)_Aky:J;IH xe(x;faxf+1)- (5)

Marpuuy A, 34€Ch MOXKHO IIPEACTABUTh B BUJIE
[4,5,8,9]:

4, = TkaTkil > (6)
(Joy 0 o 0]
0 J . 0
rne J, = 2 ; (7)
0 0 .. Jp,
(2, 10 0]
0 %, 1 .0
Jk’pZ ....................... . ()
0O 0 0 ..1
0 0 0 .. 4,

3necy 7, — HEBBIPOXKJEHHAs MaTpULA 1-TO IIO-

psiKa, CTOJIOUBI KOTOPOM MPENCTaBISIOT CO00i
cOOCTBEHHBIE M KOpHEBbIE (MIPUCOCTUHEHHBIE)
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KoppeKTHBIe METOIbI TOYHOTO AHATTMTHYECKOTO PEILICHHsT MHOTOTOYEYHBIX KPaeBbIX 33124 CTPOUTENIHON MEXaHHUKH ISt
OOBIKHOBEHHBIX T (h(epeHIMAIFHBIX ypaBHEHHIT ¢ KYCOUYHO-TIOCTOSTHHBIMA KodddrrmerTamt. Yacts 2: CrcTeMBI BTOPOTO TOPSIIKa

BEKTOPbI MaTpullbl 4, ; J, —xoppaHoBa Gpopma

MaTpulbl Ak ) Jk p JKOpJaHOBa KJICTKa, COOT-

BETCTBYIOLIAs COOCTBEHHOMY  3HAQUEHHIO
A4, €C  warpuusl  4,;  dimJ,  =m,
p=L..,u,.

JKopnaHoBoit kietke J; , COOTBETCTBYET OJUH

COOCTBEHHBIN BeKTOp Matpuubl A, u (m; , —1)

KOPHEBBIX BEKTOPOB [ rso> YAOBICTBOPSIOMINX

ypaBHeHusiM [4, 5, 8, 9]:

(Ak_ﬂ’k,p])j fk,s =0,

p-l 9
j=2,3,...,mk’p; S:j+2mk’i, ©)

i=1

rae / — eAMHUYHAs MATPULA n-TO HOPAJKA; 7,

5
— HEHYJIEBOU BEKTOP.

BaxxHoe 3HaueHMe 1 pelIeHUs TOCTAaBIEHHON
3amayn  uMeeT (QyHIaMEHTalbHAas MaTpuIla-
GyHKIMSA, O OMPENeNeHUI0 Il CUCTEMBI (5)
yZIoBJeTBOpstoLas yciaosusm [3, 10]

£ (x)~ A6, (x) = ()] (10)
WIN

e (x)-4,6,(x)=0, x#0

& (+0)—&,(-0) =0, (11)

& (+0)— & (-0) =1,

rae o(x) — nenvra-gpyukaus lupaka; [ — enu-
HUYHAsi MaTpHUIa COOTBETCTBYIOLIETO MOPSIIKA.

Kak wusBectHo [6-7, 10], moctpoenue ¢yHaa-
MEHTAJIBHOM MAaTpULb-PyHKIUK TUnA &, (X)

MpeIoyiaracT BBIYUCIICHUE (YHKIUU OT Mar-
puibl K03(h(HUITMEHTOB, KOTOPOE MOXET MPOU3-
BOJHUTHCS C HCIIOJIb30BAHUEM  JKOPJIAHOBOM
¢dopmbl (6). OnHako MOAOOHBIM CTaHIAPTHBIM
QITOPUTM HE MOXKET OBITh PEKOMCHJIOBAH IS
YHCJICHHON peanu3aluu, TaKk Kak B JCHCTBU-
TEJPHOCTH HE CYIIECTBYET YHCICHHO YCTOWYH-
BOTO CII0CO0a TOCTPOCHHUS KOPIAHOBBIX (OpPM
[9], mprueM ipoOIIeMbI BOSHUKAIOT JJIS MATPHII,
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B JKOPJAHOBOW (popMe KOTOPHIX UMEIOTCS KIIET-
KM HeelMHUYHOro nopsjaka. Kpome toro, B 3a-
Jlayax pacuera KOHCTPYKLUN HMMEITCS CIELu-
¢uueckre OCOOCHHOCTU: YHUCIO COOCTBEHHBIX
3HAYE€HUI, KOTOPbIM COOTBETCTBYIOT KOPAAHO-
Bbl KJIETKHM HEeIMHUYHOrO TMOpsiiKa, HEOOIb-
ioe, U OHH, Kak IpaBWIO, HyJeBble. B 3TOM
CBSA3M, [UISI TOCTPOCHHS (PyHIAMEHTAIbHOU
MaTpUIIbI-PYHKIUU HCIIONB3yeTCsS OIUChIBae-
Masi HU)KE€ KOPPEKTHasl aBTOPCKasi METOAMKA.

Kax u3BecTHO [8], HeHyneBoil BekTOp [ TaKoii,
uTt0 Af = Af Ha3BIBAIOT MPaBBIM COOCTBEHHBIM
BEKTOPOM MaTpHllbl A, COOTBETCTBYIOLIUM
COOCTBEHHOMY 3HAU€HHIO A, a HEHYJIEBOW BeK-
Top f, ans xotoporo A'f = Af MMEHYyIOT jle-
BbIM COOCTBEHHBIM BEKTOpPOM A, COOTBETCT-
BYIOIIIUM COOCTBEHHOMY 3HAYEHUIO A .

CoOCTBeHHbIE 3HAYEHUs MaTpull A, U A coB-

nmagaroT, U MOXXEM 3alluCaTh:

T -1

T =1, (12)
rae 71, « — HEBBIPDOXICHHAA MaTpuLa n-ro nopdaa-
Ka, CTOJIOLI 7, , KOTOPOH MPEeCTABISIOT coboii

COOCTBEHHbIE U KOpPHEBbIE BEKTOPBI MaTPHIIbI
A, , mpuuem

[tk,l Zk,z

Aktk,x = /1/{ t

p ks

3
I

.1 (13)

p-1
S=1+ka7i : (14)
i=l

T, — HEBBIPOXKJAEHHAs MaTpULa 1-ro Mopsixa,
CTOJIOUBI #, , KOTOPOii ABJIAOTCS COOCTBCHHbI-

MH 1 KOPHECBBIMH BCKTOPaAMHU MATPHUILILI A/{T ,

~ ~ ~ ~ T.
T, =[t, t, « t,1; (15)
At =4 6. <t A =1 1"
k “k,s k,p “k,s k,s“ 7k k,p “k,s>
v (16)
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Takum oOpa3om, BMeCTO OOpalleHUs KOM-
IUICKCHOW MaTpuubl 7, MpH IOCTPOCHUH KOp-

JTAaHOBA PA3JIOKEHHUS, Ha MPAKTUKE MOXKET Mpo-
W3BOJUTHCS OMpEEICHUEe COOCTBEHHBIX 3Haue-

HUIl M BEKTOPOB MaTpHIbl A, , OTKyna

4, :Tk‘]kfk' (17)

[IpousBeneM Takyr0 COPTHPOBKY COOCTBEHHBIX
3HAYCHUH (M COOTBETCTBEHHO IMpeoOpa3oBaHMs

marpuy 1, J, un YN’,{) matpunl 4, u A, 4ro
OyJleT BBITIOJIHEHO YCIIOBUE:

V/lk,pa pP= 1,..., lk,l .
diy 20, my, =1, ’77k,,=1
' ' ' POCTHIE
vg’k,p’ p =lk71 +1,..., lk,2 :
dip 0, my, =1, i, >1
vik,pa p=lk,2 +1,...,Mk : j’k,p :O,
(18)

rae i, ,, M, — COOTBETCTBEHHO KPaTHOCT

P
COOCTBEHHOI'O 3HAYEHUS ﬂ’kp U pasMCPHOCTb

YKOPAAHOBOM KJIETKH, KOTOpas €My COOTBETCT-
BYET.

JlanHasi COpPTMpPOBKa TaK)K€ BaKHA i IO-
CTPOEHHUSI TPABUIIBHOTO COOTBETCTBUS MEXITY

COOCTBEHHBIMU BEKTOpaMu MaTpuil A, u A, ,

OMMPCACIICHHBIMHA C HCIIOJIb30BAHUCM CTAaHOApPT-
HOTO TIPOTPAMMHOTO 00eCTIICUeHHUSI.

Iycrs 1,71, 15,1} ,,>T,,, — Matpuisl pasme-
poM nx lk,l 5 nx (lk,z =L, lk,l xn,

(l,, =1,,)xXn COOTBETCTBEHHO, JJIEMEHTHI KO-

TOPBIX 3aJatl0TCsl (popMyiamu:

(Tk,ll)zjz(T;c);‘/" 1<i<m; ISjslk,l; (19)
(L), =@, 1Si<l 5 1<j<n; (20)

(Tk,IZ)pq :(Tk)ij; (Tk,IZ)qp :(T)ji’

. . ; (2D
p=i, q=j—1; 1<i<n; [, <j<n

O‘IGBI/II[HBI COOTHOIICHHUA

IT.A. Axumos, B.H. Cunopos

Tk:[Tk,l Tk,z]; ﬁz[iTl ]N;f,Tz]T’ (22)
tne T, =[T,,, Tipnls ﬁc,lz[ﬁ:u T;c,TIZ 1"
(23)

Kak wm3BectHO, Marpuiieil npoektupoBanus P
(mpoexkTopoM) Ha3bIBAaETCS MaTpHlla, 00yajaro-

> 2
mast cgoiicteom P~ =P [8]. Ilycts B\, b, ,,
P,, — Marpuipbl IPOEKTUPOBAHUS HA IOAIPO-

CTPaHCTBa, HATSHYTHIE HA COOCTBEHHBIC U KOP-
HEBBIC BEKTOPHI, COOTBETCTBYIOIINE COOCTBEH-
HBIM 3HAYCHUAM lk’p, p=L..0;

/’tk,p, p=L,+1L..0,n Zk’p,p =L +1,...,u,,

Py =TnDT, 5 Bn=T, (Tk,lsz,lz)_lTk,lz;
(24)

Pk,l = Pk,ll + Pk,lz 5 Pk,z =1- Pk,l > (25)

rae D — puaroHanbHas matpuna [ %.1-TO mopsa-

Ka, 3HAYUMBIC 3JICMCHTBI KOTOpOI\/JI

(Dk)ii = (Ek,ﬂ?k,i)’ 1<i< lk,l > (26)
T.C.
-1 — ~ . -1 _
(D) = 1/(tk,i’tk,i)’ (D, )y =0, 27)

i J, Lj=1,.,10,.

[Tocne ompeneneHuss COOCTBEHHBIX 3HAYCHHUMA H
BEKTOPOB Matpull 4, U A/ C HCTONb30BaHHEM
CTaHJAPTHOTO MPOTPAMMHOTO OOECICYCHHUS |
BBIITOJIHCHU A COpTI/IpOBOK, KakK HpaBI/IJIO, BO3HU-
KaeT He0OXOIMMOCTh B TIPOBEJACHUH OHOPTOTO-
HaJIn3alnun COGCTBGHHBIX BCKTOpOB n Uux Hepe-
CTaHOBKaX. JTO CBS3aHO C TEM, YTO HOPMHUPOB-

Ka TOCIEOHUX JUIsl MaTpul A, u A,f MOXKET
ObITH B 0011IeM Citydae paznudyHoil. Kpome Toro,

NpEAJIOKCHHAs paHCEC COPTHUPOBKA, MOXKET CO-
XpaHUTb HCCOOTBCTCTBUA MCKIY COOCTBEHHBI-

T
MH BEKTOpaMu marpuly A, U A, Tpu KpaTHBIX
HEHYJIEBBIX COOCTBEHHBIX 3HaueHMX. DPopmy-
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76l HEOOXOAMMBIX MPEOOPa30BAHUI UMEIOT BUJ
(3HaK => HIKE YCIOBHO 0003HAYAET OIepaInio
MIPUCBaUBaHUS):

Tk,11 = Dk_lTk,ll ; Tk,lz = (7—;{,12Tk,12)_l]—}c,12 .(28)

Pa3znoxxum MaTpuily Ha JBE COCTaBIISIONIUC
MAaTpPHIIBI 7-TO TIOPSAKA
Ak = Ak,l + Ak,z >
tne A, =T J 105 Ay =4,— 4,5
Sy =diagil Ay /1,{’,2 . (30)

(29)

WupiMu cnoBamu, 3necs A,, U A,, — 4actu

MaTpulbl Ak’ OTBCHAOIMMUE COOTBCTCTBCHHO

HEHYJIEBBIM M HYJIEBBIM (KPAaTHBIM M IPOCTHIM)
COOCTBEHHBIM 3HAYECHUSIM.

Paznoxenue (30) mpemiaraercs Ha3bIBaTh IMPH
pELICHUN 3a]a4 CTPOMTEIbHOM MEXAaHUKU dYac-
TUYHBIM JKOPJAHOBBIM Pa3IOKEHUEM. 3JECh
MOJKHO IPOBECTH CIIEAYIOIIYI0 aHAJIOTUIO: Ha-
pslLy CO CTaHAAPTHBIM TEPMUHOM «IpoliemMa
COOCTBEHHBIX 3HA4YEHUI», CYLIECTBYET M «dac-
THUYHAs! IpoOJieMa COOCTBEHHBIX 3HAUCHUID.
BecbMa BaKHBIMU TPENCTAaBIAIOTCS CIEAYIO-
1I1e COOTHOILCHUS:

A, =F,4; A4,=F,4;
Ak,lAk,Z = Ak,ZAk,l =0. (30)

@DyHAaMEHTAIbHYI0 MaTpULy-(YHKIHIO Ipes-
CTaBUM B BUJIE CYMMBI JIBYX COCTaBJISIOLIUX:

e (x)=¢,,(x)+&,(x), 31
rae & (x) — cocraBnusitomas GyHIaMEHTAIBHON

MaTpHIBI-QYHKIIMKM,  OTBEYAIOMIasl  TOJIPO-
CTPAHCTBY TPOCTBIX HEHYJEBBIX COOCTBEHHBIX
3HaUeHUH; &, ,(x) cocrapisitomas  QpyHnaa-

MEHTAJIBLHONH MaTpPHUIBI-PYHKINH, OTBEYAOIIAs
MOANIPOCTPAHCTBY IPOCTBIX M KpPaTHBIX HyJle-
BBIX COOCTBEHHBIX 3HAYCHUH.
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Bynem oraenbHO paccMarpuBaTh MOCTPOCHUE
KaXJ0M M3 yKa3aHHBIX COCTaBistOmuX. st
[IEPBOM COCTABJISAIOIIEN MOXKEM 3aIIACATH:

& () =T 18,0, (T, (32)
rIe
Eroll (x)=
di exp(—\/ ﬂ'k,l | x ) eXp(_\M“k,ll | x )
=diag — .
2.4, 2 /Ik,,l
(33)
ITocTpoenue & ,(X) BBIIIOJIHSAETCS 110
NMPUHIMNUAIBLHO HHOW cxeMme. [Ipexnae Bcero,
paccMOTpUM 8CHOMO2AMENILHYIO 3a0ayy

HOCTPOCHUs (DYHIAMEHTAIBHON MATPHIBI £ (X)
JUIsl CHCTEMBI ypaBHEHUI

gP(x)-He(x)=8(x)1, (34)
0 1 0 0 ... 0 O]
0O 0 1 0 ... 0 0

e H- 0O 0 0 1 ... 0 0 35)
0 0 0 0 0 1
0 0 0 0 0 0

Martpuny &, (X) MOXKHO IIPEICTAaBHUTh B BUJIC

EW=[5(x) & .. ™1, (6)
rae ?l.(x), i=1,2,..,n — cTOAOLBI MaTpPHUIIbI
£(x),
= I ~ ~ T
gi (X) - [ gl,i (X) 52,;‘ (X) 8n,i (X)] s (37)

i=1,2,...m
g ;(x), i, j=1,2,..,n — DIEMEHTB MAaTPHIIbI

£(x).

PaccMoTtpum, HampumMep, Mpoiece onpeIeIcHHs
KOMITOHEHT BEKTOpa ?i(x). Cormacuo (34)-(35)
uMeeM:
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& (x) |
&5, (%)
&5, (%)

g A”A.(‘ x) |=

ii
‘E;"J:l,i (x)

E’ﬂ (x)

n—1,i

| Er(x) |
0 1 0 ... 0 O ... 0 O
0O 0 1 .. 0 0 ... 0 O

o 0 0 ... 00 ... 0 O

g‘Jn—l,i (x) 0
L En,i (x) i 0

(38)

Ilocnennee ypaBHenue cucrteMsl (31) umeer
BUJI:

=

g (x)=0, orkyna

n,i

En,i (x) = Cn,i,lx + Cn,i,O >

rone C

wits Cpio — KOHCTaHTBI MHTETPUPOBAHUSL.
YcnoBuMes Janbliie BCE KOHCTAHTBI WHTETPH-
pOBaHMs MojaraTh paBHBIMU HYJIO. C 3THUX TO-
3WIIUH, OYEBHUIHO, YTO W3 TOCICIHUX N —I
ypaBHEHU cuctembl (38) mociie BBITOJTHEHUS
00paTHOTO XOJa aHAJIOTUYHOTO TOMY, YTO MPH-

HAT B MeToJie ['aycca momydnm:

IT.A. Axumos, B.H. Cunopos

5p’i(x)=0, p=i+l,i+2,..n. (39)

Jnst 1-ro ypaBHeHus cuctembl (38) B ckassip-
HOM BUJIE 3aIUIIEM

gl(x)=06(x),
OTKyJa
£,(x)=4&(x), (40)

rae &(x) — dynmamenrtanbHas GyHKIUS AUd-
(bepeHInaIbHOTO YPAaBHEHHS

&"(x)=0(x),
T.C. E(x)=x, = { :)C’ ji Z 8 (41)

[Tpomomxkast oOpaTHBIN XOJ C y4eTOM BBICKa-
3aHHBIX paHee COOOpaXEHUH W W3BECTHBIX
CBOICTB (¢yHIaMeHTanbHON GyHKIUU, Oyaem
UMETh:

g,;(x0)=&(x)*E(x)*...x&(x), p=1,2,...,i-1.

i—p onepauuii CBEPTKH

(42)
06061mmast popmyast (39), (40) u (42) morydanm:

g‘p,i (x) =

Ex)xE(x)*...x&(x), p=1,2,...,i—1

i—p onepanuii CRepTKH

=4 ¢&(x), p=i

0, p=i+1,i+2,...,n,

p=12,...,n
(43)

Boas ans KpaTKOCTH YCJIIOBHOC 0003HayeHHE

() =4 * () > x E(),

i—p onepauuii CBEpTKH

Ipu4emM
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¢'(x)=25(x), (44)
nepenuiieM (43) B BUae
EPN(x), p=1,2,.., i1
£, =16(), p=i 43)

0, p=i+1,i+2,...,n,
k=12,.. n

B maTpuunoMm Buze (45) BBITTISAIUT CAEAYIOIINM
obpazoM:

#0= :
§(x) &) &) & x) &)
0 & & &) &)
_| 0 0 ¢ &) &)
0 0 0 ... &x)
| 0 0 0 .. 0 S(x) |
(46)
OctaHoBumMcs moApoOHEee Ha BBIUMCICHHUU
CBEPTOK B BBIpAKEHUSX (45).
Kak u3BectHo [7],
O(x)*x" =Lx1+1 , 47)
n+l
B YaCTHOCTH
O(x)*x, zéxf. (48)

WuTterpupys (48) 1o nepeMeHHON X , MoIydnM:

[10G0) * x!1dx =[[ O(0)dx] * x] =

=x *xn 1 n+2

T D+ 2)
n 1 n+2 (49)

T.C. X, kX, =—————X,
(n+1)(n+2)

Ha ocnoBanuu (41) Haxogum:
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£ (0= 6@ 5@ =3, #x, =1l
£ (x) = £(x) * £(x) + E(x) =
— 50 *E () = w, o] = s
E4(x) = E(x) % £(x) + E(x) + E(x) =
.

— 5 *E () =, et =]

U T.JI.
O0600611as npuBeIeHHbIE POPMYIIBI, UMEEM:

) =S * () *.. ¥ &(x) =

i—p onepanuii CBepTKI

1 (50)
— 2(i-p)+l
Q(p-n+D!

[Toacrasnss (42) u (50) B (46), mosrydum:
;xz”ﬂﬂ“, p=1,2,....i—1
Q2@E-p)+D!

£,; =%, p=i
0, p=i+1,i+2,.., n,

p=12,...,n
(51)

[Tpuaumast Bo BHHMaHue (51), mepenuceiBaem
(47) B BUZE:

£(x)=

X, lxi lxi lxz L x!

3! 5! 7! 2n-1)
0 x, lxi lxi e ! X

_ 3! 5! (2n-3)!
0 O X, lxi ;xf”_s

3! (2n-5)!

100 0 0 X, ]
(52)

i ¢ yuetoM (35)
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g(x)= x+E+lxiH+ifo2 +
3! 5!

xin—lHn—l — (53)
(2n —1)!

2/1

geX —1>' "

1
+—x H +..+

' +

=X I+Z

9

rae | — eauHWYHAS MAaTPHI@ TOTO XKE TMOPAIKA,
yro u marpuna H .

ITo cytu, (53) MOXXHO MpenCTaBUTb W B BUJC
OECKOHEUHOW CyMMBbI, UMe€s B BUAY HMIIBIIO-
TEHTHOCTb MaTpuLpsl /1 :

211 J _
£(x) = xl+z Y X H =
e (54)
[+
;@j—l)l

Wtak, moctpouB (yHIaMEHTAIbHYIO MaTpHILY-
byHKIMIO £(X) IS BCIOMOTraTeIbHON 3a1aun

(34), mo aHaJOTMM MOKEM 3aIUCaTh:

n
1 2]1

E,(x)=x P ,+ - X
k2 k,2 ; (2] _1)/

- (59
Ecmu 0603HaunTh MakCUMaIbHBIA TOPAIOK KOP-
JTAHOBOM KJIETKH COOTBETCTBYIOILICH HYJICBOMY
COOCTBEHHOMY 3HA4YEHHIO MaTpuisl A, uepes

My » TIOTTY UMM
my ,max

2] lA]
k,2

= (2] =1 .

Ern (x)= x. B,+ (56)

IpUYeM TMPH PEIICHHH MPAKTUYSCKUX 33134
CTpoOUTeNbHON MexaHuku psan (56) Oyaer co-
JepKaTh HeOOJBIIIOE YUCIIO CIaraeMpIX.
O6benunss (32) u (56), nomyuum:

& (x)= Tk,lgk,o,l(x)Tk,l +

1, D)

+x. P+ X .
+7 k,2 = (2]_1)' + k,2

IT.A. Axumos, B.H. Cunopos

3. IOCTPOEHHME OBIIEI'O PEHIEHUSI
MHOTI'OTOYEYHOM KPAEBOU
3AJJAYA

ByneM o06o3HayaTh BekTop-pyHKIHIO Y (X),
onpenensieMyto ¢opmyioi (4), Ha TPOU3BOJIb-
HOM uHTepBasie (x,,x,, ) uepes Y, (x), T.c.

Y (x)=Y(x), xe(x;,x.,). (58)
Unmeem [6-7]:
R0 = (Bl =) =BG )G g
+&, % f, xe(x,x.,),
e E,(x)= [2‘;)(8) g;) (();)J ; (60)
_ MaTpuia-byHEmus Tana Tankens;
2 (x)=[ ;’;f(xj)} (61)

C, — BEKTOP HMCKOMBIX IOCTOSHHBIX K03(du-

IUEHTOB 271 -TO TOPAIKA; * — CUMBOJI 00O3Ha-
YaIoUUK OTIEPAINIO CBEPTKH;

[ ()= f()O(x,x7,x7,,) 5 (62)
1 b b
O(x,x!,x0,) = {  FeoNa) g
0, xe(x.,x.,)
Beens 0003HaueHUs
E(x)=E (x—x)—E (x=x",); (64)
Sk(x)zgk * fis (65)
Moskem nepencats (59) B Buje
Y, (x)=E,(x)C, +S,, xe(x},x},). (66)

[ToncraBnsiem (66) B rpaHuuHble yciaoBus (2)-
(3) ¢ yueTom COOTHOIIICHHIA
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Y(x,-0)=Y,_(x,-0), k=2,...,n,; (67)
Y(x, +0)=Y,(x,+0), k=1,..,n, —1. (68)

B pesynbrate momyuyaem pasperarouiyo cucre-
My JIMHEHHBIX anreOpanyecKuX YypaBHEHUH
(CJIAY)  orHOcuTENnbHO  KO3((UIMEHTOB

C,, k=1,.,n, —1:

By Ek-l (x,f _O)Ek—l +B;Ek (xf +O)6k =
=g, +§k+ _B;Sk—l(xllc’ _0)_B;Sk(x1}: +0),
k=2,..,n -1

B E/(x{ +0)C, +B, E, ,(x) —-0)C, , =

=g/ +§;, _Bl+§1(x1b +0)_Bn_/(§n,(—l(x;l1’k - 0).
(69)

Ha ocHoBaHMM CBOHCTB (hyHIaMEHTAIbHOM
MaTpUILbI-PYHKINH 3aIHChIBAECM:

E (xt-0)=E_ (h, ~-0)-E,_ (-0)=

b (70)
= Ek—l (hk—l) - Ek—l (_0)7 k=2,.., n,;
Ek(xlf+0)=Ek(+0)_Ek(0_h£)= (71)
=E, (+0)—E (-h)), k=1,...n, 1,
e kb =xi,-xi, k=1L.,n-1. (72)

Cnaraemsle E,(-0) u E,(+0) OyneM Ha3bIBaTh

TJIABHBIMU YaCTSAMHU.
Cucremy (59) MOXHO TIepenucaTh B MATPUIHOM
BUJIE

KC =G, (73)
rae
'K, 0 0 0 K, |
K, K, 0 .. 0 0
K=l 0 K, K, .. 0 0 |;
L 0 0 0 =1, =2 m=Lm 1 |
(74)

K =By Ek—l (x/]j -0); K= B;Ek (xl}; +0); (75)
K1,1 = Bl+ E, (xlb +0);

K, =B

k

E, (x —0); (76)

In,—1
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G=1G' G .. G'.T: (7
c=[c’ & .. Gy (8
61 :§1+ +§n_k _B1+§1(x1b +0)_Bl’l_1(§l’l](—l(xrblk _O);
(79)
Ek =g, +&/ _Bk_gk—l(xlf _0)_B;§k(x/€ +0),
k=2,..,n, —1.
(80)

B matpuiie koaddunmentoB (74) mone3Ho BbI-
nenuth raBHylo K° u jpomomuutenshHyio K'
YacTu:

K=K’+K', (81)
Tae
K° =
I Klol O O 0 l(?n,( -1 |
K), K}, 0 0 0
= 0 K, K, 0 0 :
0 0 0 Kr(l)k—l,nk—Z Kt(z)k—l,nk—l
) (82)
K'=
K, 0 0 . 0 K,
K, K, 0 . 0 0
=l 0 K, K, 0 0 .
0 0 0 117k—1,17k—2 ik—],nk—l
(83)

K{ =-B;E,_(-0); K!, =B/E,(+0); (84)
K =B'E(+0); K/, ,=-B, E, (-0);(85)
K =B, E_(h.); K, =—B E(-h}); (86)
K! =-B'E(-h"); K, =B, E, (h ).

(87)

Cucrema (73) HacuutbiBaeT 2nx(n, —1) ypas-

Henuii. [lo cBoeli cTpykrype takas CJIAY nHa-
3bIBAETCS] CUCTEMOM C OKaMJICHUEM W IS €€
pelIeHrsT MOTYT MPHUMEHSTHCS CIeUalbHbIE
Meronsl [2, 4, 5].
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KOPPEKTHBIE METObI TOYHOI'O AHAJIUTUYECKOI'O
PEIHEHUA MHOI'OTOYEYHbIX KPAEBBIX 3AJTIAY
CTPOUTEJbHON MEXAHWKM JJ151 OGBIKHOBEHHBIX
JINOPEPEHIIMAJIBHBIX YPABHEHUM
C KYCOYHO-ITOCTOAHHBIMHU KOY®PUIIUEHTAMHA
YACTD 3: YPABHEHUA ITPOU3BOJIBHOI'O ITOPAAKA

II.A. Axumoe, B.H. Cuoopoes

I'OY BIIO MockoBckuii TocyIapcTBeHHBIN CTPOUTENBHBIN YHIBEpCHUTET, T. Mocka, POCCUA

AHHOTAIIUS: Hacrosimas cTaThsi MOCBSIICHA OMKMCAHUIO Pa3pa00TaHHOTO aBTOpPaMH 3(P(PEeKTHBHOTO U KOp-
PEKTHOTO METOJIa TOYHOTO aHAJUTHYECKOTO PEIICHHS MHOTOTOYEYHBIX KPAEBBIX 3a7ayd CTPOUTEIHFHON MEXaHUKH
JUIsl OOBIKHOBEHHBIX MH((hepeHIaIbHbIX YPABHEHUH POU3BOJIBHOTO MOPSJIKA C KyCOYHO-TIOCTOSIHHBIMU KOA(]-
(durnpreHTamu.

KuroueBnie cjioBa: TOUHOE aHATUTUYECKOE PEILIEHHE, KOPPEKTHBIA METO/, MHOIOTOUYEYHAs KpaeBas 3ajaua,
pacyeThl CTPOUTENBHBIX KOHCTPYKLUM, Tu(PepeHraibHbIe YpaBHEHUS,
KYCOYHO-TIOCTOSIHHBIE KO3()(DUIIMEHTHI, INCKPETHO-KOHTUHYaJIbHBIE METO/IbI

CORRECT ANALYTICAL SOLUTIONS
OF MULTIPOINT BOUNDARY PROBLEMS
OF STRUCTURAL MECHANICS
FOR DIFFERENTIAL EQUATIONS
WITH PIECEWISE-CONSTANT COEFFICIENTS
PART 3: EQUATIONS OF ARBITRARY ORDER

Pavel A. Akimov, Viadimir N. Sidorov
Moscow State University of Civil Engineering, Moscow, RUSSIA

ABSTRACT: Correct analytical solution of multipoint boundary problems of structural mechanics for differen-
tial equations of arbitrary order with piecewise-constant coefficients is under consideration in the distinctive pa-
per.

Key words: correct analytical solution, multipoint boundary problems, structural mechanics, structural analysis,
differential equation of arbitrary order, piecewise-constant coefficients,
discrete-continual methods

BBEJIEHUE

B Hacrosieit TpeTbei 4acTh CTaThbU MPEICTaB-
neH 3¢ (HeKTUBHBIA KOPPEKTHBIH METOA TOYHOTO
AHAJIMTHUYECKOTO  PEIIEHUs MHOTOTOYEYHBIX
KpaeBbIX 3amau [l] CTpOMTENBbHON MEXaHMKH
JUIsT OOBIKHOBEHHBIX JIMHEHHBIX auddepeHin-
albHBIX ypaBHeHMM [18] mpou3BoIBHOrO MO-

psAIKa C KyCOYHO-TIOCTOSTHHBIMHU KO3 duiineH-
tamMu. HeoOXomuMoCTh pelieHuss MOoJ00HOTO
poJia 3a/1a4 BO3HMKAeT IMpPU pacyeTax pazHOoO-
pa3HBIX CTPOMTEIHHBIX KOHCTPYKIHH (Hampu-
Mep, 6anku, crepxkHu [3, 13-17]) Ha pasnuuHbie
BUBI BO3ACHCTBUH.
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1. MIOCTAHOBKA MHOI'OTOYEYHOM
KPAEBOM 3ATIAYHN
JIJI1 OGBIKHOBEHHOT' O
JINDDOPEPEHIIMAJIBHOI'O
YPABHEHMS TPOU3BOJILHOI'O
MOPSJIKA
C KYCOYHO-IIOCTOSITHHBIMHA
KO ®DOUIIUEHTAMUA

[Tycte mMeeM OOBIKHOBEHHOE JIMHEWHOE HU(-
¢depennmansHoe ypaBHenue (OJIAY) n-ro mo-
psiKa C KyCOYHO-IIOCTOSTHHBIMH KO3 UIHEH-

TaMU U 7, JTMHEHHBIX TPAHUYHBIX YCJIOBHI, 3a-

JAHHBIX B TPAHUYHBIX TOUKaX x,i’, k=1,..,n,

(HMKe, OYEBHIHO, IIOJNAraeTcs, YTO B YHUCIIO
IPAaHUYHBIX TOYEK BXOJAT TAaKKE TOYKH, B KO-
TOPBIX HMMEIOT MECTO Pa3pbIBBl IEPBOTO poja
K03 (HULIMEHTOB ypaBHEHHUS), T.€.:

>a, v (x) = f,(x), xe(x,x.,),
p=0

(1)

k=1,2,..,n, —1;
Bey(x —0)+ Biy(x; +0) =8, +&,
_ . @

k=2,..,n, -1

By(x{ +0)+ B, y(x, —0)=g +g,., (3

rjae y(x) — HCKOMast byHKIMS;

ak,p, p= 1, 2, ey 15 k= 1, 2, cees My -1 — 3a7aH-
HbIE MOCTOSIHHBIE K03 (HULIUEHTHI;
fi =1, (x), k=1,2,...,n, —1 — 3anannble QyHK-

- + == =+
B, ,B,,8;,8>
_ —+ == + -
k=2,..,n, -1, a Taxxke g,g, u B',B, -

A MPaBbIX JacTeu;
3aJJaHHbIE MATPHUILIBI U BEKTOPBI IPABBIX YACTEMN

. b
n-ro InopsAaKa rpaHAYHBIX YCIOBHUU B TOYKE X k>

7= 7(x) = "
=[yx) »'x) »?® .. y"P®T,
IPUYEM 3/IECh U Jajiee 0003HAYEHO
7O =59 (%) =d* v/ dx’,
)

s=12,..,n—1.

IT.A. Axumos, B.H. Cunopos

2. 0 KOPPEKTHOM AHAJTUTUYECKOM
METO/JIE NOCTPOEHUSI
®YHJIAMEHTAJILHOI
®YHKINU JUOPEPEHINAJILHOTO
YPABHEHUSI IPOU3BOJILHOT'O
MOPSIIKA

Paccmorpum mpousBonbHOE ypaBHeHue u3 (1).
Nmeem:

Sa,y @)= fi(), xe@al). (6

dynnamenTanbHas QyHKIMA &, (x) nuddepen-

LUAIbHOTO YypaBHEHUs (6) IO ONpPEIEICHUIO
YAOBJIETBOPSIET ypaBHEHUIO [4, 19]

D a, e =6(x), (7)
p=0

rae o(x) — nenbra-GyHkuus Jupaxa.
Kak wu3BectHO, &, (X) ompeneneHa He OJHO-

3HAYHO, a C TOYHOCTBIO JIO0 PEIICHHs COOTBETCT-
BYIOIIETO OJHOPOAHOTrO audepeHInaIbHOTO
ypaBHEeHUs. B Toke BpeMs ee MOXHO Ompeje-
JUTh OJJHO3HAYHO, BBHIOMpPAs B HEKOTOPOM CIie-
[IMAaJbHOM BHUZE. A WMEHHO, IUII KOPPEKTHOTO
UCTIONB30BaHus (pyHIaMEHTaIbHOM (DyHKUUHU B
NPaKTHYECKUX pacueTax IpPH PEIICHUH 3a/1a4
CTPOUTENLHOM MEXaHWKH, Leecoo0pa3Ho HcC-
KJIFOUUTh M3 €€ BBIPAKEHHS SKCIOHCHIIUABHBIC
(GYHKIMU C TIOJIOKUTETHHBIMU apryMeHTamu. B
NPOTHBHOM CIIydae MOXKET BO3HHUKHYTHh HE00-
XOAMMOCTb OIEPUPOBATH B pacyeTax C OYCHb
OOJBITUMHU YUCJIAMH, YTO, KaK MPaBWIO, JTUOO
IPEISATCTBYET MOJMYUYCHHIO PE3YJIbTaTOB C JKe-
JaeMO# TOYHOCTBIO, JINOO BENET K TEperoHe-
HUIO pa3psiiHOi ceTkn DBM.

B coorBerctBum ¢ [7-12] menecooOpa3Ho wuc-
M0JIb30BaTh CIICAYIOUIME OIpeesstonme ¢hop-
MYyJIBI JUTsE PyHIaMEHTATBbHON (DYHKIIUH:

£M=Coi)=3C 7). ®

r=l1
me  C,=[C., CS .. C,. 15 (9

kg,
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(_jk,r =[Cp.i Cirn Ck,r,m,”_ 1 (10)
v, =1 ‘/7/51 Wsz WkT,nM ]T 5 (1)
Vie =
x4, )exp(z,, ), A, #05 my, =0
Z(x’ﬂ“k,r)exp(zk,r)fk,r’ /’i’k,r #0;, m,, >0
B x4, ), A, =05 my, =0
XA )%, A, =05 my, >0;
(12)
z.=[1 2z 2z .. z" 1, (13)
S,=0 % & . T (4
Zyp = X5 (15)
Ays ¥ =1,..,0, — pasIMUHBIC KOPHH COOTBET-

cTBytomero (7) XapakTEpUCTHUYECKOTO ypaBHe-
HUs (OTPEEesIOTCS aHATUTHYCCKU (KaK TpaBu-
J10, 3TO BO3MO>KHO) WJIM YUCICHHO Ha DBM)

Zak,pzp =0; (16)
p=0

m,., r=1,..,n, . — COOTBETCTBYIOLINE KPATHO-

CTH YKa3aHHBIX KOpHEH;
Civj» J=lusm ., r=1,...n,  — TOCTOSH-
Hble KOd(Qduuuentsr; yx(x,4,,) — Xapakrepu-

cTHYecKast PyHKIMS,

1, ecnu x>0 u Re(4,,)<0

wim x<0 u Re(4,,)>0
0, ecim x>0 u Re(4,)>0

wm x <0 u Re(4,,)<0;
(17)
(18)

X('xﬂ ik,r) =

m, =m,, —1.
Bripaxenue (8) mis dpyHaameHTanbHOU (QyHK-
OUHU TIO3BOJICT HCKIIOYHUTL MNCPCUHHUCIICHHBIC
BBIILIE KpalHE HEXeIaTeIbHbIE B PacyeTHOMU
MPaKTUKE Ciay4yau (C 3TOH IEeNbI0 BBOAUTCS CO-
OTBETCTBYIOILIAsl XapakTepucrtudyeckas (QyHK-
UMs) U BCErJa COOTBETCTBYET ONTHUMAaJIbHOMN
OOyCIIOBJIEHHOCTH  CHUCTEMBI  pa3peraronux

Volume 7, Issue 1, 2011

YPaBHEHUN IIPU PELICHUU
KpaeBbIX 3a1a4.
BennuuHa z, . BBINOIHAET TAKKE POJb €IUHOIO

MHOI'OTOYCYHBIX

KPUTEPHSl, CBA3BIBAIOIIETO MMOHATHS TPOTSHKEHHO-
CTH CUCTEMBI U SIBJICHUS THUIIA KPaeBoro ¢ deKra.

ITocTtosiHHBIE K03 PHULIHEHTHI
Civj» J=lsm . r=1,..,n,  onpenenstor-

Csl M3 YCJIOBHMM HENpephIBHOCTU B Touke X =0
byHKIMU &£, (X) U ee NPOU3BOAHBIX 110 (n—2)-

ro MOpsIKa BKJIIOYUTEIHFHO M TOTO (hakTa, 4To
npou3BoaHas (7 —1)-ro mopsiaka B dTOM TOUYKE
UMEeT «CKadoK» paBHelid 1/a, , [4, 19]:

eé”(+0)—e;”(—0)=aias,,,_l, s=0,1,.n—1,
k.,n
(19)

rae o, ; — cumBon Kponekepa.

[Tpu ompeneneHnH NPOU3BOIHBIX BBICOKMX IO-
PAIKOB (yHAAMEHTAIBHONW (PYHKIUHM 3a4acTyrO
IOPUXOAUTCS  CTAJKMBATBhCA C  W3BECTHBIMU
TPYAHOCTSIMHU, CBSI3aHHBIMH, TPEXKIE BCEro, C
I'POMO3/KOCTBIO CONMYTCTBYIOIMX MaTeMaThye-
CKUX BBIKJIANOK. Emie Gombime CloKHOCTH CO-
OpPsDKEHBI ¢ BONPOCAMU HAaXOXJIEHHUs MepBO00-
pasubix (yHgamentanpHOU (QyHKIHH. Kitaccu-
YeCKHe IMyTH OTBICKAHHs MPOU3BOJIHBIX U Iep-
BOOOpA3HBIX 3alaHHOH (YHKIMH B JTaHHOM
cllydae He SIBJIIIOTCSI CAMbIMU PallMOHAJIbHBIMHU.
[Ipemnoxenusiii B [7-12] cnoco0 omnpeneneHus
npou3BOIHBIX (s > 0) 1 mepBooOpa3HbIX (5 <0)
dbyHnameHTanpHOW (QyHKUMHU J1000r0 Tpedye-
MOTO MOpsKa § MO3BOJSET KOOOUTH» YIOMSHY-
Thle TPYAHOCTH W 3HAYUTEIBHO YMEHBIIUTh
CJIO)KHOCTH, CBSI3aHHBIE C COOTBETCTBYIOIIUMHU
nporeccaMu AuddepeHIrpoBaHUs U UHTErpU-
poBanus. JlaHHBIM CcHOCOO OCHOBBIBAe€TCS Ha
yYKa3aHHbIX B [7-12] SBHBIX M pPEKypPpEHTHBIX
dbopMyJIax BBIYHCICHUS MOCTOSHHBIX KO3(du-
[IUEHTOB B COOTBETCTBYIOIINX BBIPAKCHUSAX.

M

&’ ()= (CL.7) =2 (b, s€Z, (20)

r=1
G =m,C, 21)
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rae W, — cOOTBETCTBYIOLIAs MaTpULA IEPEXO-
J1a, KBaJipaTHas n-ro MOPsIKa,

Wk,l
W,
Wk = k2 . N (22)
Wk’nkr
(4,1, m, =0, 5>0
(14,1, 4, #0, m_, =0, s<0
W [x], 4,=0, m_ =0, s<0
N Wy my, >0, 5>0
(1A )Ohs 4, 20, my, >0, s<0
Wivar 4,=0,m, >0 5<0
(23)

Wk,r,l’ Wk,r,2 u Qk,r

ﬁkr—FO nopsaakKa, OIpeAcsICMbIC COOTBETCT-

— KBaApPaTHBIC MaTpPHIIbI

BEHHO (hopMyIamMH

L, 1
L, 2
Wi = /lk,r i+1 . 5
j'k,r mk,r
L ik'r .
(24)
1
1/2
Wk,r,2 =X l/l 5 (25)
1/m,,
— 1 _
1 2
0., = 1 i+l .(26)
1 ml@r
— 1 -

IT.A. Axumos, B.H. Cunopos

3. IOCTPOEHHE OBILEI'O PEHIEHUSI
MHOI'OTOYEYHOM KPAEBOU
3AJJAUYA

bynem o0o3nauath BekTOp-QyHKIHIO V(X),
onpenensieMyto Gopmysoi (4), Ha MPOU3BOIb-
HOM HHTEpBane (x,,x.. ) depe3 y,(x), T..

() =3(x), xe(x),x;.,). (27)
Nmeem [7-12]:
J_}k (X) = (Ek (x - X]];) - Ek (x - xlfﬂ ))Ek + (28)
+E * fi, xe(x],x)),
te 8, =5, (0 =["() &) .. &1
(29)
— n-MepHas BEKTOP-(OYHKIMsS, COJEpIKaIast

¢ynnamentanbayo pynkuuo OJIIAY (6) u ee
MPOU3BOAHBIC 10 3aMaHHOTO (1 —1) -ro mopsia-
Ka BKJIFOUUTENBHO;

Ek (x)=
() () () e (x) |
() &P(x) &l (x) & (x)
=l &’ &’ &"x g (x)
) () e (x) e (x))
(30)

— Mmarpuna-pyHkims tuna ['aHkess, cocTaBlieH-
Hast u3 pyHaamentanbHor GyHkimu OJIJIY (6) u
€€ NPOM3BOAHBIX 10 (271 — 2 )-T0 mopsiika;

C, . — BEKTOp HMCKOMBIX MOCTOSIHHBIX K03(du-

[MEHTOB 71 -TO TOPsIKa; * — CUMBOJI 00O03Ha-
YaIOIIMI ONEPAIUIO CBEPTKH;

L) = f(0)0(x,x],x,,,) 5 (31)
b b
9(x7‘xf9xf+l) = Loxe (xrb,xrz:l) (32)
07 X €& (‘xr 7xr+l);

BBens 0003HaueHUA
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E,(X)=E (x—x)-E (x=x},,);
Sk(x) =& *fk’

(33)
(34)

Mosxkem nepenucats (28) B BUje
7 ()=E,x)C, +5,, xe(x.x[,). (35)

[ToacraBnsiem (35) B rpanuunbie ycnoBus (2)-
(3) ¢ yueTomM COOTHOIICHHI

y(x, =0)=y,_(x,-0), k=2,...n.; (36)
y(x, +0) =y, (x, +0), k=1,..,n -1. (37)

B pe3ynbrate nmomyyaem paspemaroniyto CHCTEMY
JMHEWHBIX anreOpanveckux ypaBHeHuit (CJIAY)
OTHOCUTENBHO Kod(duuuenros C,, k=1,...n, —1:

By Ek—l(xlf _0)61{71 +B;Ek ('xlch +O)5k =
=g, +8 —B. S, (x, —0)=B;S,(x; +0),
k=2,.,n -1

B E(x) +0)C, +B, E, ,(x. —-0)C, , =

=g+ g, - Bl+§l (xlb +0) -B, §nk—1 (xflk -0).
(38)

Ha ocHoBaHuMm CBOHCTB (yHIaMEHTAIBHOM
MaTpULbI-PYHKIIMH 3alHChIBAEM:

E (xt-0)=E_ (b, -0)-E,_ (-0)=

b 39)
=E (0 )—E ,(-0), k=2,..,n;

E (i +0=EG0-E0-h)= 0
=E,(+0)—E, (-h)), k=1,...,n, —1,

rie ho=x,—-x, k=1,.,n —1. (41)

Cnaraemsle E,(-0) u E,(+0) OyneM Ha3bIBaTh

TJIaBHBIMHU 4HaCTsAMMU.
Cucremy (38) MOXXHO TIepenucaTh B MATPUIHOM
BHUJIC

KC =G, (42)
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rae
'K, 0 0 0 K, |
K, K,, 0o ... 0 0
K=| 0 K, Ki; ... 0 0 ;
L O O O m=1,m =2 me=Ln—1 |
(43)
Ky =By Ek-1(x1]; -0); K, = B;Ek(xl}: +0);
(44)
K, = B E1(x1b +0); Kl,nk—l = Bn; Enﬂ(xsk -0);
(45)
G=|[ GIT GQT Gni_l ]T; (46)
c=[C¢" ¢ .. ¢ 1, (47)
G =g +8, ~B'S(x/ +0)-B,S, ,(x, ~0);
(48)
G, =8, +8; — B S, (x; —0)=B/S,(x; +0),
k=2,..,n —1.
(49)

B matpunie xo3¢dunueHToB (43) Moae3HO BHI-

JIeTUTh TaBHYIO K O n JONOJIHUTENbHY0 K !
YacTH:

K=K’+K', (50)
rae
K° =
K) 0 0 0 K ]
K}, K, 0 0 0 )
-l 0 K, K 0 o |
0 0 O Kl(q)k—l,nk—Z Kr(z]k—l,nk—l
(51)
K'=
K, 0 0 0 K]
K, K, 0 0 0
=l 0 K, K, 0 0 :
0 0 0 rltk—l,nk—Z lik—l,n,:—l
(52)
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K., =-B.E_(-0); K{ =B E,(+0); (53)
K} =B E(+0); K, ,=-B,E, (-0);(54)
Kir=B; Epy(h,)s Ky ==ByE (=h)); (55)
K =-B'E(-h"); K|, =B, E, (h

1,n,—1 [

(56)

Cucrtema (42) HacuuteiBaer 2nx(n, —1)ypas-

Henuil. [lo cBoeit ctpykrype takas CJIAY nHa-
3bIBACTCSI CHCTEMOM C OKAMMJIEHHEM M Ul €€
pelIeHuss MOTYT MPUMEHSTHCS ClelualbHbIE
MeTOJIbI 5, 6].

Henocrarkom cucrembr (42) siBasieTcss TO, YTO
TJIaBHAsT 4acTh MaTpUIlbl KOdPPUIHEHTOB (43)
UMeEeT CTPYKTYpYy, B KOTOpPOW JMaroHalbHbIE
OJIOKU SIBIISIIOTCS, 110 CYTH, BBIPOKICHHBIMU. B
3TOM CBS3M, HECMOTpPs Ha TO, uto CJIIAY sBus-
€TCsl JICHTOYHOM, Ui €€ pEeIIeHUs HE MOTYT
MPUMEHATHCS MHOTHE COOTBETCTBYIOLUE HTE-
palioHHBIE METOJIbI, a TpeOyeTcs, Hampumep,
ucnoib3oBaHue wmeroaa [aycca ¢ BbiOOpom
r1aBHOro 3yeMenTa [2]. C 3Tux mo3uuui nosues-
HO yKa3aTh MyTH YCTPAHEHUS 3TOr0 HEJJOCTaTKa.
[Ipeobpazyem CJIAY (42) cnenmyrommm oOpa-
30M: KaX/10€ YpaBHEHHE CHCTEMBbl, HauWHas C
nepBoro (M 3aKaH4yMBasi MPEANOCIEAHUM), Oy-
JIeM 3aMEHATh CYMMOM 3TOrO ypaBHEHHs C IO-
CJIEYIOIUM (BMECTO UCXOJHOTO MEPBOrO ypaB-
HeHUsl OepeM CyMMy HCXOJIHOTO TEepBOro C HUc-
XOJTHBIM BTOPBIM, BMECTO HCXOJTHOTO BTOPOTO —
CYMMY HCXOJHOTO BTOPOTO C UCXOAHBIM TPETh-
UM, U TaK janee). HakoHer, BMECTO MCXOIHOTO
MOCJIEIHETO ypaBHEHUsI OepeM CyMMY HCXOIHO-
TO MOCIEAHETO ¢ MCXOIHBIM MepBbIM. PaccmoT-
pUM Tenephb MOMyYEeHHYIO MOcie mnpeodpa3oBa-
HUil MaTpuity (43):

K=

K, K, 0 0 o 0 K,, |
K, K, K, 0 0 0 0
=0 K,K,K,..0 0 0

l
l
l

0o 0 o0 .0

=11 nm—ln =2 =1 ~1

(57)

IT.A. Axumos, B.H. Cunopos

MoXHO 10Ka3aTh, 4YTO OJIOYHBIC DJICMEHTEHIL,
CTOSIIIIME HA TJIABHOM AMaroHaiu maTpuibl (57)
HE SIBJISIFOTCSI BBIPOKIEHHBIMHU, & 3TO JACT P
OYCBHUIHBIX MPEUMYIICCTB HA dTAre YUCICHHOTO
perieHust mpeoOpa3oBaHHOMN cUCTEMBI (42).
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KOHIENIUA BHEAPEHUA CUCTEMbI NIOJAAEPKKHU
MPUHATUA PELIEHUN B IPAKTUKY IPOEKTUPOBAHUSA
CTPOUTEJBHBIX KOHCTPYKIIMM C YYETOM PUCKA
NX JIABUHOOBPA3HOI'O PAPYHIEHUA

B.H. Anéxun, A.b. Xanuna, A.I'. Ilasnenko

OI'AOY BIIO «Ypanbckuii ¢henepanbHblil yHUBepcUTET NMeHH nepBoro Ilpesnnenta Poccun b.H.Enxpunnay,
r. ExarepunOypr, POCCUA

AHHOTAIUA: UccnenoBana MeTOAMKA IPOEKTUPOBAHUS 31aHUI U COOPYXKEHUI C yU4eTOM PUCKA UX JIABUHO-
o0pazHoro paspylieHus. PazpaboTana KOHIENIUS SKCIEPTHON CHCTEMBI ONTUMAIBHOTO IPOSKTHPOBAHUSI CTPOH-

TENBHBIX KOHCTPYKLIUH

Ki1roueBble ¢JI0Ba: 3KCIEPTHBIE CHCTEMBI, ONITUMAIBHOE IIPOEKTUPOBAHKE, TABUHOOOpa3HOe 00pyIIeHNE,
CTPOUTEIbHBIE KOHCTPYKIMH, TeHETHIECKUH alNrOpuT™

THE CONCEPTION OF MAKING DECISION SUPPORT SYSTEM
INTRODUCTION INTO BUILDING STRUCTURES
DESIGN PRACTICE WITH AN ALLOWANCE
FOR DISPROPORTIONATE COLLAPSE RISK

Viadimir N. Alekhin, Anna B. Khanina, Alexander G. Pavlenko

Federal State Autonomous Educational Institution of Higher Professional Education
«Ural Federal University named after the first President of Russia B.N.Yeltsin»,
Ekaterinburg, RUSSIA

ABSTRACT: Design methods taking into account the disproportionate collapse risk of buildings and structures
is investigated. The concept of expert system supporting optimum design of building structures is developed.

Key words: expert systems, optimum design, disproportionate collapse, building structures, genetic algorithm

[MpoGnema 0e30maCHOCTH M IKOHOMUYHOCTH
3aHUN M COOPYKEHUH OTHOCUTCSI K YUCITY OC-
HOBHBIX MpOOJieM, BBIABHHYTHIX Ha MEPBBIH
IUIaH HENpPEephIBHO YBEIUYMBAIOMIMMCS OOBe-
MOM CTPOMTENBCTBA B Hallleld crpaHe. B mo-
cleiHee BpeMsl aKTUBHO 00CYKJIal0TCS METO/IbI
pacyeTra KOHCTPYKLMM 30aHUN U COOPYKEHUU C
y4eTOM pHCKa JaBUHOOOPA3HOIO pa3pylICHUs.
Kak ormeuaetcs B [1], HeoOxoqumbl pazpadboT-
KM II0 Pa3BUTHIO YCOBEPIIEHCTBOBAHHOM METO-
UKW OLICHKH YSI3BUMOCTH KOHCTPYKTHBHBIX
CHUCTEM M MX COBEPIICHCTBOBAHMS JUISl CMArYe-
HUS TIOCTIEICTBUI JIaBUHOOOpA3HOro OO0pyILe-
HUS TpPHU pa3IMYHBIX BapHAHTAX OMACHOCTH.
WHxeHepbl HYXJIAIOTCA B HPOCTBIX METOJax

64

IPOCKTHUPOBAHUS M PACUYETOB, CIIOCOOHBIX IIpe-
JOTBPATUTh MOTEHUUAJIbHYI0 OMACHOCTH JIaBU-
HOOOpa3Horo oOpymieHus 3naHuil. B cBete He-
00XOIMMOCTH CHUKEHHSI MaTepUalIOEMKOCTH
CTPOUTENICTBA U TOBBIIMICHUsT TPeOOBaHUN K
KauecTBY NPOEKTHUPOBAHUS OCOOCHHO aKTyallb-
HOM CTaHOBUTCS 3aJa4a BHEAPEHUS B MPAKTUKY
MIPOEKTUPOBAHUS AITOPUTMOB M MPOrpPaMM aB-
TOMATU3UPOBAHHOI'O MOMCKA ONTHUMAJbHBIX pe-
menuit [2]. B pabore paccMoTpeHa KOHIICTIIIHS
co3nanus dkcrneptHod cucrtembl (OC) on-
TUMAJIBHOTO  NPOEKTUPOBAHUSA KOHCTPYKLUI
3IaHUM U COOPYKEHHUM C Y4ETOM pHCKa JIaBU-
HOOOPA3HOI0 pa3pyLICHHs 3TUX KOHCTPYKIIHA.



KoHnenuus BHEAPEHUS CUCTEMBI ITOICPKKH MPUHSTHS PELICHUH B IPAKTUKY NPOESKTUPOBAHUS CTPOUTEIBHBIX
KOHCTPYKIIMH € YIETOM PHCKA MX JIABHHOOOPA3HOTO pa3pyIeHUs

B CHIA, I'epmanum, SAAnoHun m apyrux pas-
BHUTHIX CTpaHax pa3paboTaHbl W (yHKIIMOHHU-
PYIOT COTHU CHUCTEM MOAJEPKKH IPUHATUS pe-
MIEHUW  MHTEJUICKTyaibHOro  THma  (6a3u-
pytommuecs Ha DC) B pa3iIUYHBIX 00JACTIX
CTPOUTENLCTBA: B MPOECKTHUPOBAHUHM T'pakIaH-
CKMX M TPOMBIIIJICHHBIX OOBEKTOB; OpraHu3a-
LMOHHO-TEXHOJIOTUYECKOM  TMOJATOTOBKU U
yIPaBIEHUSI CTPOUTEILCTBOM; 3KOJOTUH, Ipe-
JNOTBpPAIlCHUH M JIMKBUJALMHM  IOCIIEIACTBUI
ype3BplUYaHBIX cuTyauuii. B Poccun akanemu-
YeCKHe M OTpaciieBbleé MHCTUTYTHI pa3pabaTsl-
BatoTr OC B  chepe  HMHBECTHIMOHHO-
CTPOMUTENILHOTO IpoLecca, Pl U3 HUX HaXOIUT-
cs B 3KcIutyaTauuu [3].

PaccmarpuBaemasi skcniepTHasi cUCTeEMa COAep-
KHUT CJEIYIONIHEe OCHOBHBIE KOMIIOHEHTHI: pe-
miatenb  (MHTEpHnpeTaTop), padouyro HamsTh
(PIT), umenyemyto Taxxe 6a3oii manusix (BJ),
6a3y 3HaHuil (b3), KOMIOHEHTHI IPUOOPETEHUS
3HaHUN, OOBSICHUTEIbHBIH KOMIIOHEHT, JHAJIO-
TOBBI KOMIIOHEHT.

OcnoBy OC cocraBnsger 0a3za 3HaHUMN, KOTOpas
3aKJIaJbIBaeTCs BO BpeMs €€ pa3paboTKu U Mo-
KET YTOUHATHCA U PACHIMPATHCS MPH UCIOJb-
30BaHUU MO MEpPE YTBEPXKAECHUS HOBBIX CTPOU-
TENbHBIX HOPM, MOSBICHHUS HOBBIX PEKOMEHIa-
UMHA 1O TMPOEKTHUPOBAHUIO KOHCTpyKUuH. B3
pa3pabaThiBaeTCs BO B3aMMOJCWUCTBUU C BeEIy-
UMMM CHEIUATIUCTaMU U IPEICTaBIsAeT co0oit
CBOJI KBaJIM()UIIMPOBAHHBIX MHEHUH (IIpaBWII) U
MIOCTOSIHHO OOHOBJISIIOLIMICS CIIPaBOYHUK Hau-
JYYIIMX METOJOB M CTPATErHil, UCTIOIb3yEMBbIX
JUISL pelIeHUs] KOHKPETHBIX 3a7ay. DKCIEPTHYIO
CUCTEMY MPEAYCMOTPEHO MOCTPOUTH HAa OCHO-
BaHWU YETKUX MPaBWI M PEKOMEHJalMi 3apy-
OEKHBIX U OTEUECTBEHHBIX CTPOUTEIBHBIX HOPM
C YYETOM TaKuX IOKyMEHTOB, Kak [4], [5], a
Tak)Ke €BPOINEHUCKUX CTaHAapTOB K MHPOBOTO
ombiTa aBapuil 3MaHUN U coopyxenuid. C mo-
Motpio OC cobupaercs U CUCTEMATU3UPYETCS
TpeOyemast uCXoaHasi HHPOpMAIHs M0 00BEKTY:
TUI, pa3Mepbl, TAXKHOCTh, YPOBEHb OTBETCT-
BEHHOCTH, (DYHKIIMOHAJIbHOE Ha3HAa4YeHHE, CIie-
nu(prKa TPOUCXOISAIIUX B HEM IPOLIECCOB MPHU
9KCIUTyaTallid, MECTONOJIOXKEHUE, T'PyHTOBbIE
ycloBusi, pamenienue u T.4. b/l npu Heobxo-
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aumoctu yrouHsercs. IlocpeactBoM nuanora c
MOJIb30BaTE]eM Ha OCHOBAaHUU CIIEHAPHOTO
noaxona u 6asel 3HaHui DC 3amauva opmanu-
3yercs. Kak cnpaBenmBo OoTMEUYEHO B [6], He-
OoublIMe CTPOCHUs, rabapuThl KOTOPBIX COTOC-
TaBUMBI C pa3MepaMU «JIOKAJIbHBIX» MTOBPEX/Ie-
HUH, HE UMEET CMbICIIA MPOBEPATH HA BO3MOXK-
HOCTh Mporpeccupymomero paspyuenus. Ocy-
IIECTBIISIETCS 0TOOP OOBEKTOB aHAM3a COrJac-
HO KJjaccH()MKalUM 3aHUN U COOPYKEHHUH 110
CIIEIyIOIINM MPU3HAKAM:

1) OOvexkThl Kiacca |, mpu HPOEKTUPOBAHHUU
KOTOPBIX BO3MOXHOCTh BO3HHKHOBEHHS aBa-
PUMHBIX CUTyaluil HE INPUHUMAETCS BO BHU-
MaHHUe;

2) OOwbekThl Kiacca 2, B KOTOPbIX BCE KOHCT-
PYKIIMH MOTYT OBITh 3aIIMIIEHBI OT aBapUIHHBIX
MOBPEKJICHUM 3a CYET YBEJIMYECHUS HECYIEH
CIIOCOOHOCTH WJIM MPUMEHEHHUS 3alUTHBIX YCT-
POICTB;

3) OOBekThl Kiacca 3, HEKOTOpPbIE KOHCTPYK-
TUBHBIE 3JIEMEHTHI KOTOPBIX HEBO3MOXHO 3alllH-
TUTh OT aBapUMHBIX MOBPEXKIECHUH, UTO MOTpe-
OyeT MpOBEpKH Ha MPOTPECCUPYIOIIEE paspy-
meHue [6].

Ha cnemyromem srame 6ok pemrarens 9C, co-
IJIACHO BBEACHHBIM TIOJH30BATENIEM JIaHHBIM,
OTHOCHUT 37jaHH€ K TOMY WJIM HHOMY KJIacCy B
3aBHCHUMOCTH OT rabapuTOB paccMaTpUBaEMOi
KOHCTPYKLIMHU U CIIMCKA BO3MOKHBIX aBapUIHBIX
cutyanuid. OC MO COrIacoBaHUIO C MOJIb30BaTe-
JIeM BBIOMpAET OJIMH U3 TPEX BO3MOXKHBIX BapH-
aHTOB: pacueT KOHCTPYKIUU Oe3 ydeTa JIaBUHO-
00pa3HOro paspylieHus; pacyeT KOHCTPYKIMH
0e3 ydera JaBHHOOOPA3HOTO pas3pylIEHUs C
YKa3aHUEM BO3MOJKHBIX IPEBEHTHUBHBIX MEp
3alUTBl COOPY’KEHUs, OO0 pacyeT KOHCTPYK-
MM C y4E€TOM aBApUMHOM CHUTyallMW, HO IIPHU
YCIIOBUU COXPAHEHHUS IEIOCTHOCTU KOHCTPYK-
LIMY; TPETUN BapHaHT - pacueT ¢ yYeTOM JIaBH-
HOOOpPa3HOTO OOpyIIeHHsS KOHCTPYKIHH, TO
€CTh C YJQJIECHHUEM M3 PacueTHON CXEMbl HEKO-
TOPBIX 3JIEMEHTOB. YAalisieMble 3JIEMEHTHI BbI-
OuparoTcs B 3aBUCUMOCTH OT MCXOJHOH WH-
dbopmaruu 06 00bekTe. DTO O3HAYAET, YTO, Ha-
IpUMep, NMPU pa3MELIEHUH B 3/1aHUU B3pbIBYa-
TOTO BEIIECTBA OMACHOCTU MOJBEPTHYTHI MPEXK-
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JI€ BCETO AJIEMEHTHI, HaXOASINECS B HETIOCPEI-
CTBEHHOHW OJIM30CTH OT Hero. Pacuer KOHCTPYK-
LUK BEIETCS C y4ETOM BO3MOYKHOTO paspylie-
HUS 3TUX DJIEMEHTOB.

[Tonyuennbie oT IC COBETHI 10 KOPPEKTUPOBKE
HCXOJTHOW PacueTHON CXEMbl KOHCTPYKIMH (Ha-
IPY3KH OT aBapUMHBIX BO3ICHCTBUN, UCKIIIOYE-
HUE W3 PAaCYETHOM CXEMBI HEKOTOPBIX JJIEMEH-
TOB KOHCTPYKIMH) MOJB30BATE]Ib MOXKET IMpHU-
MEHUTh JJI pacuera oObeKTa B OJHOM U3 JI0C-
TYHOHBIX PACUETHBIX IMPOTPAMMHBIX KOMILIEK-
coB. Ha ocHOBE MoTy4eHHBIX YCHINN B 3JIEMEH-
Tax KOHCTPYKUMU MPEAyCMOTPEHAa BO3MOXK-
HOCTh ONTHUMH3ALIMU ITUX AJIEMEHTOB Ha OCHOBE
reHeruyeckoro anroputma (I'A), xoporo 3ape-
KOMEH/IOBABILIErO ce0sl 3BPUCTUUYECKOTO METOA
MOUCKA pEIICHUH.

[locraHoBka 3amaum omTuMU3anUH (GopmyIu-
pyeTcs Kak OmIpelesieHue NPOEKTHBIX Iapa-
METPOB {X...Xn} FJIEMEHTOB CTAJIbHOTO KapKaca
3/1aHusl TI0 KPUTEPUI0O MUHHUMYMa o0bemMa KOH-
CTPYKIIMU TIPH BBHITIOJIHEHUH OTPAHUYCHHUHN TIO
MPOYHOCTH, KECTKOCTHU, MECTHOM U 00mIeH yc-
TOMYUBOCTH.

I'A HaumHaet paboOTy ¢ HEKOTOPOTO CIy4aiHOTO
HaboOpa MCXOMHBIX pEIIeHUH, KOTOPBIA Ha3bIBa-
ercs nomyJisiuuen. Kaxnaplii snemMeHT nomyss-
MU MUMEHYETCS XPOMOCOMOM M IpEACTaBIsET
pelieHre npoOieMbl B MEPBOM HPUOTMKEHUU:

X = Xl--.xn}. Takum oOpa3om, T€HBI XPO-

MOCOMBI - 3TO MPOEKTHBIE MapaMeTphbl CEUEHUI
ONTUMU3HPYEMBIX SJIEMEHTOB KOHCTPYKITUH.

XPpOMOCOMBI 3BOJIOIUOHUPYIOT HA MPOTSKEHUH
MHOKECTBA WTEpalUi, HOCAIIUX Ha3BaHHE IO-
KoJieHnd (Wwiu TeHepauui). B xome kaxmoit
UTEpAlUA XPOMOCOMa OIICHHBACTCSI C UCIOJb-
30BaHHEM HEKOTOPOW MEpPHI COOTBETCTBHUSI, KO-
TOopasi UMEHYyeTcsl QyHKIUEH TPHUCIIOCOOICHHO-
cTi. Jns co3gaHMs CIIEQYIOIIErO IOKOJIEHUS
HOBBIE XPOMOCOMBI, Ha3bIBa€MbI€ OTIPHICKAMH,
dhopMupyroTcs MO0 MyTeM CKPEIIMBAHUS TBYX
XpPOMOCOM - POAMTENIEH M3 TEKyLIEH IOIyJIs-
U, TU00 MyTeM CIIy4yalHOTO W3MEHEHUs (My-
TalMd) OJAHOM XpoMocoMmbl. Jlyist peanmuzanuu
MpOLEAYp CKPEUIMBAaHUS M MYyTallMd HCIOJb-
3YIOTCS JIBOMYHBIE CTPOKH (PUKCUPOBAHHOM
uHbL. HoBast oy sisitust (popMUPYETCS Iy TeM

B.H. Anéxun, A.b. Xanuna, A.I'. IlaBmenko

BbIOOpa COIIaCHO (PYHKIMM ILETH HEKOTOPBIX
poauTeneld M OTHIPBICKOB U yAaJIEHUS OCTaB-
IIUXCSL JUIL TOTO, 4YTOOBI COXPaHATH IOCTO-
SHHBIM pa3Mep MOMyJsALUUU. XPOMOCOMBI C
Oonpimeld  (GYHKIUEH COOTBETCTBUS HMEIOT
OOJIBITIE MIAHCOB OBITh BHIOPAHHBIMU (BBIKHTH).
Ilocne HECKONBKMX HUTEpalUil alrOpuTM CXO-
JTUTCS K JIy4dlIeil XpoMocoMe, KOTopast SIBIsieTCs
1100 ONTHMAaJIbHBIM, JIMOO OJIM3KUM K OITHU-
MaJbHOMY pelieHueM [7].

KonnenryanpHoe pelieHre mpeaiaraeMoi dKc-
IIEPTHOM CUCTEMBI JUI pacdyeTa KOHCTPYKIMM C
Y4EeTOM PHCKa MPOTPECCUPYIOLIETO OOpYIIECHUS
pPaccMOTPEHO Ha MPUMEpPE MPOSKTUPOBAHHS BbI-
COTHOTO 3[]aHUSI B COCTaBE€ TOPTOBO-AEIOBOTO
nentpa (puc. 1).

Puc.1. PacueTHas cxema 31aHHS TOPrOBO-ZEII0-
BOTO IIeHTpa B I. EkarepunOypr

Hecymas cxema kapkaca 38 sTaxHOW 4yacTtu —
CBsI3eBasi, C BHEIIHUM CTBOJIOM B BHUje (hepMmbl.
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OO01myr0 ycTOMYMBOCTh 37aHUS OOECTICUHBAIOT
KOJIOHHBI, HEpa3pe3Hble TUCKU MEPEKPBITHA M
BEepTHUKAIbHASI TPOCTPAHCTBEHHAs epMa, KOTO-
pasi IpencTaBiIsieT coO0W CHCTEMY BEpPTHKAJIb-
HBIX KPECTOBBIX CBSI3€H W3 CTEP>KHEBBIX 3Jie-
MEHTOB, PAaCIOJIO0KEHHBIX MO KOHTYPY 3IaHUS.
BeprukanbHasi Harpy3ka BOCHPUHHMMAETCS KO-
JIOHHAMH, TOPU3OHTAJIbHAsA Harpy3ka nepeaaet-
Csl Uepe3 MEPEeKphITHs Ha hepmy.

[To nmoruke sKCHEPTHON CHUCTEMBI HHM3KAasl CTH-
jo0aTHas 4acTh OTHECEHa K 00beKTaM Kiacca 1,
TO €CTh MPHU pacueTe aBapUilHbIC CUTyaIllUUd HE
yuuThiBasiich. OHa 3ampoeKkTUpoBaHa 0e3 Me-
POTIPUSITHH, TPENATCTBYIOMIUX MPOTPECCUPYIO-
meMy paspyuieHuro. Tak Kak BBICOTHAs 4acTh
SIBJISIETCS 0OBEKTOM | ypOBHSI OTBETCTBEHHOCTH
BBICOTOI OoJiee 75 METpoB, OHa ObliIa OTHECEHA
K oOwvexkTtaM kiacca 3. K Hell mpenbsBisiuch
crenfanbHble TPeOOBaHUS MO YCTOWYMBOCTU K
JAaBUHOOOpA3HOMY pa3pyIICHUIO, U TIPU pacyeTe
paccMaTpUBaJICsl BEPOSITHBIM BBIXOJ M3 CTPOS
KaKUX-JIM00 HECYIIUX DJIEMEHTOB 3/1aHHUS.
CornacHo xonuemniuu JC ObUTH BBHIOpaHBI CXe-
MBI THUMIOTETHYECKUX JIOKATBHBIX pa3pyIICHUH.
JlaHHO€ 371aHUE HE COJEP>KUT B3PBIBOOIMACHBIX
MIPOU3BOJICTB, CKOIUICHUS TOPIOYMX Marepua-
JIOB, a TaKXe JPYIHMX OOBEKTOB IMOBBIIIEHHOTO
pucka. I103TOMy THIIBI JIOKaJIBHBIX pa3pyLICHUN
ONpeJIeTIEHbl CTAHAAPTHO, B COOTBETCTBUU C [8].
B kauecTBe caMBIX OIACHEIX THIIOB JIOKAJIbHBIX
pa3pylLIeHH pacCMOTPEHBI pa3pylIeHUs 1000t
OTJIENIbHO CTOSIIEH KOJIOHHBI U OOpyIICHHE
BBIIIEJIEKALIETO NEPEKPhITUS TUIomaaso 80 M.
Paspymnienns ydacTkoB CTeH JHU(TOBOW MIAXTHI
U JIECTHUYHON KJIETKM HE pPacCcMaTpUBAJIUCh B
Ka4yeCcTBE OINACHOTO JIOKAJIHHOTO pa3pylICHUS,
TaK KaK JIECTHUYHO-TU(TOBON y3el OTIEICH OT
OCHOBHOTO 00BeMa 3/1aHusl Je(OopMaHOHHBIMH
IIBAaMHU M HE YYacCTBYET B 00ECHEUYEeHUU €ro 00-
e yCTOHYMBOCTH. ABapusi KaKOTO-TMOO dJie-
MEHTa CBsI3eBOU (DepMBbI Tak k€ HE paccMmaTpu-
BaJlach, TaKk Kak (pepmMa BOCIPUHHMAET TOPH-
30HTaJIbHBIE HArpy3Ku U MepefaeT uX Ha Kap-
kac. [Ipu pacuere Ha mporpeccupyroiee pas-
pPYILICHHE YYUTHIBAIOTCS TOJBKO MOCTOSHHBIE U
JUTUTEIIbHBIE BPEMEHHbBIE HArpy3Ku (BEpTHUKAIb-
HbI€) HArpy3Kd. YCUJIHUS B dJIEMEHTax (epMbl

Volume 7, Issue 1, 2011

Ipu JIEHCTBUU BEPTUKAIBHBIX HArpy30K HHU-
YTOXKHO MaJjbl, U UX pa3pylLIeHHE He MPUBEET K
JTaBUHOOOPA3HOMY pa3pyIICHHIO.

BriOpansl TUTIBI Ta)xel, Ha KOTOPBIX MOJICITH-
poBaKCh pazpyleHusa. PaccMoTpeHbl Bce OT-
JUYAIOIIUecs: IpYyr OT JApyra 3Ta¥H C y4eTOM
pa3yMHOHM TUIU3aLMU. TaKUMU TUIIAMU JTa)XeH
B JJAHHOM 3JIJaHUM SIBJISIFOTCSL:

1) 1...7 aTaxu, B ypoBHE KOTOPBHIX HAa KOJIOHHBI
Kapkaca 38 OJTaXHOM dYacTH MO MEPUMETPY
[IAPHUPHO OMUPAIOTCS OalKM Kapkaca CTHIIO-
0aTHOH YacTH, YeM CO3Jal0T OOJbIINE JIOIOJI-
HUTENIbHbIE HATPY3KU;

2) tunossle §...20, 22...35 sTaxu

3) 21-ii TEXHUYECKHUH ATaXK, OTIWYAIOIINNUCS OT
TUIIOBOrO OOJIBIIMMU Harpy3kamu oT o0opyao-
BaHUS;

4) 36...38 nsTaxu,
dbopMy B miaHe.
CoryiacHO KOHIICTIIIMH 3KCIIEPTHOM CHUCTEMBI
ompezieNnieHbl Hanboliee OMacHble MeCcTa pacro-
JIO’)KEHHS JIOKAIBHBIX pa3pylICHUN Ha 3TaxKax.
CMopenupoBaHbl pa3pylIeHUsT BCEX UEThIPEX
YIJIOBBIX KOJIOHH 3/IaHMsI, TaK KaK Ha Pa3HBIX
yriax MEPeKpPBHITHS 3alMpOeKTUPOBAHBI Pa3IHy-
HbIE KOHCOJIM, U Pa3pyIICHUE YTIOBOW KOJIOHHBI
HaubOosee omacHo. Takke paccMOTpeHBI He-
CKOJIBKO pa3pylIEHUN CpeaHEell KOJIOHHBI 3]1a-
HUS U KpaWHUX KOJIOHH 110 IEPUMETPY 3/1aHUS B
MeCTax HauOOJIBIINX KOHCOJIbHBIX BBICTYTIOB
nepekpbiThii. OOpyllleHne yd4acTka BbIIIeNe-
JKaIIEro MEePeKpPhITUS MOJECIUPOBAIIOCH B Kpai-
HEM TpoJIeTe M B MeCTaX HauOOJBIIUX KOHCO-
JIed IEPEKPBITHS.

OmnpenesneHpl HArpy3Ky IpU pacueTe 3JaHUs Ha
aBapuiiHoO#l ctanuu. B coorBercTBuM C 8], pac-
YeT C YYETOM JIOKAJIbHBIX pa3pylIeHUN MpOu3-
BeJIEH Ha 0co00€ coueTaHHe Harpy3ok, KOTOpoe
BKJIIOUAET TOCTOSIHHBIE HArpy3Kd C MX HOpMa-
TUBHBIM 3HAUYCHHEM, JJIUTEIIbHbIE BPEMEHHBIE
Harpy3ku (BpEeMEHHBbIE HArpy3Kd C MOHMKEH-
HBIMH HOPMATHUBHBIMH 3HAYCHUSMHU) W OJIHO
aBapuiiHoe BozzelcTBue. KosdduuueHnt couge-
TaHUSI BCEX HArpy30K paBeH CAMHUIIE.

Pacuersl kapkaca 34aHUS Ha YCTOWYUBOCTH
MPOTHUB TMPOTPECCUPYIONIETO PA3PYIIEHUS BHI-
MOJIHEHBI C TIOMOIIbIO MTPOTPAMMHOTO KOMILJICK-

HUMEIOIIUE TPEYTOJIbHYIO
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ca “Jlupa 9.4”. Jlns npoBepKH BEpPTUKAJIbHBIX
9JIEMEHTOB Kapkaca (KOJIOHH) IOCTPOEHa pac-
YEeTHasl CXe€Ma Kapkaca 3JaHMs, NpPOU3BEICH
CTaTUYECKHUH pacueT 3JaHHs Ha pacueTHbIE IKC-
IUTyaTallMOHHbIE HAarpy3KH U OIpPENEIEHbl YCH-
JMs B 2JIEMEHTAaX Ha CTaJuM HKCIUTyaTaluu. 3a-
TEM BBITNIOJHEHBI PACUETHI, MOAEIUPYIOLIHUE JIO-
KaJbHBIE Pa3pyLIEHUs HECYHIMX KOHCTPYKLUH
Kapkaca.

ITo noruKe 3KCHepTHOM CUCTEMBI JIJISl BCEX BBbI-
OpaHHBIX CXEM JIOKAJIbHOIO pa3pylIeHUs Io-
CJIEIOBATENIbHO BBIMIOJIHEHBl CTaTUYECKHE pac-
YeThl 3/1aHUsI Ha 0c000e CoueTaHue Harpy3okK U
ONpezeNieHbl YCWIIMS B 3JeMEHTaX. YCWINs B
OTJENbHBIX KOHCTPYKTHBHBIX 3JIEMEHTAaX, IIO-
Jy4YeHHbIE Ha OCHOBAaHUHU CTATUYECKUX pacye-
TOB C YYETOM JIOKaJbHBIX pa3pylleHHui, cpas-
HUBAJUCh C YCHUJIMSMH, MOTYYEHHBIMU U3 CTa-
THUYECKOro pacyera 0e3 yyeTa JIOKAIbHBIX pa3-
pyuwenuii. Ecan B kakoMm-1nbo 31eMeHTe mpo-
UCXOJUT YyBEJIMYEHUE YCUIMH, TO Tpebyercs
BBIIIOJITHUTH IPOBEPKY €ro MPOYHOCTU MU MpPH
HE00XOAUMOCTH YCHIIUTh KOHCTPYKIHIO.

Jlji IpoBEpKU TOPU3OHTAIBHBIX HECYLIUX KOH-
CTpyKUUN (TepeKphITUii) ObUIM CO3JaHBI OT-
JICJIbHbIE PAcyETHbIE MOJEIU YEThIPEX THUIIOB
STakel B (hU3MUECKH HEIMHEHHON MOCTaHOBKE.
B pacuerHyro mMojnenb 3Taxka BXOAAT KOJOHHBI
IIPOBEPSEMOr0 3Taka U MEPEKPBITUE HAJl HUMU
(nepekpeiTe Han dTaxkoMm). Ilpu ynanenun ka-
KOTo-TM00 HEeCYIIero sjieMeHTa (pa3pylIeHUuu
KOJIOHHBI) MOJTy4aeM CXeMy, M0 KOTOpoi pabo-
TaeT KaXJbId 3TaXX BO BpeMs JIOKAJIBHOTO pas-
pyILIEHUS.

Ha nnuty mepekpbITus AeWCTBYET MOCTOSHHAs
U JAJIuTelbHas BpPEMEHHasl Harpy3ka ¢ HopMa-
TUBHBIMU 3HaueHUsAMH. [l Kaxaoil u3 BbI-
OpaHHBIX CXEM JIOKaJbHBIX pa3pyLICHUN KOp-
pPEeKTHpOBajach pacueTHas CXeMa IMEPEeKpBITHUS.
MonennpoBanock WK pa3pylleHUEe BEpTUKAIIb-
HOTO HECYILEro JJIEMEHTa, WM OOpylleHue
ydacTKa BbILIeNexallero nepekpoitusi. Harpys-
Ka MpUKJIapIBajach MOLIAroBo, oliiee Koauye-
cTBO maroB — 10 (Ha KaX10M IIare NpUKIaabl-
Bajock 10% mOnHONW HAarpysku, IOCIE YEro
MIPOUCXOJWIIO TEPEOIpeieICHUEe MOy Jie-
(dbopmManuu MaTepuana).

B.H. Anéxun, A.b. Xaauna, A.I'. [laBnenko

Ecnu marpy3ka Oblia MPUIIOKEHA MOTHOCTHIO U
B CHUCTEME HE IPOU30IIIO0 Pa3pyIIEHH, TO ITax
(a 3HAUUT, U BCE 3JaHUE) 3AIUILEHO OT MpPO-
IPECCUPYIOLIEr0 pa3pylIeHUs] MPU JAHHOM JIO-
KaJIbHOM pa3pylieHud. Eciin Ha KakoM-TO 1are
MIPUJIOKEHUSI HArpy3Kd CHCTEMa pa3pyliaeTcs
(CTaHOBUTCSI MEXaHU3MOM), MEPEKPHITHE HE 3a-
HIMIIEHO OT JAHHOT'O aBapUHHOIO BO3ACHCTBHS,
YTO MOKET MPUBECTH K MPOTPECCUPYIOLIEMY
pa3pylLIEHHIO.

[lo pe3ynbraramM pacyeToOB BBISABICHO, YTO BbI-
OpaHHBIE JIOKAJIbHBIC PA3PYILICHUS HE TIPUBOIST
K OOpYIIEHUIO COCETHUX BEPTHUKAIbHBIX KOHCT-
PYKIHH H JJABUHOOOpA3HOMY pa3pyIIEeHHUIO 3/1a-
Husi. Haubonee HeOIarompusTHBIMH CXEMaMH
JIOKaJbHBIX Pa3pyLIEHUW IS BEPTUKAIBHBIX
HECYIIMX OJJIEMEHTOB SIBISIIOTCA pa3pylICHUs
KOJIOHH T10 NEPUMETPY 3/1aHusl, 0COOEHHO YTJIO-
BBIX KOJIOHH. Y MEHBILIEHUE YCWINM B KOJIOHHAX,
PAcCIIONIOKEHHBIX OJHM3KO K JIOKAJHbHOMY paspy-
LIEHUIO, TI0 CPABHEHHUIO C YCWIHUSIMH OT pacyer-
HOM 3KCIUTyaTallMOHHOW HAarpy3KH COCTaBJISET:
IIPU pa3pylICHUU YIIOBBIX KOJNOHH 1%...3%,
MpU pa3pylIeHUH KpaWHUX KOJOHH MO TepH-
Metpy 3maHus  2%...5%, 0pu paspyLICHUH
CpeIHHUX KOJIOHH BHYTpH 31anust 9%...16%. To
€CTh YCWJIMSl B BEPTUKAJIBHBIX AJIEMEHTaX MpH
aBAPUITHOM BO3JECHCTBUU OKA3bIBAKOTCS MEHbIIIE
JKCIUTyaTallMOHHBIX ycuiaui. B koiloHHax, Ha-
XOJSIIMXCS JTAIeKO OT JIOKAJIbHOIO paspyliie-
HUsl, aBapUIHbIE YCUJIMS MEHbIIIE IKCILTyaTalu-
oHHBIX Ha 27%...33%.

[Ipu pazpymieHnn KakoW-muOO KOJOHHBI Ha-
rpy3Ka, KOTOPYIO OHa paHee BOCIPHUHHMMAA,
pacrpezensercss Ha COCeJHUE C HEH KOJOHHBI,
KOTOpBIE€ NPUHUMAIOT JIONOJHUTEIBHOE YCUIIUE.
Ho npu pacuere Ha cTaguu 3KCILTyaTallu 3/a-
HUE MPOBEPSETCS Ha BO3JEHCTBHE BCEX MOCTO-
SIHHBIX, BPEMEHHBIX JUIUTENIbHBIX U KPAaTKOBpE-
MEHHBIX HArpy30K ¢ KO3(pPUIIMCHTaMHA HaIekK-
HocTU Oonblie enuHuIbl. Ha cragum aBapuu
3IaHUE PACCUUTHIBACTCS TMPU BO3IECUCTBUHU
TOJIBKO MOCTOSIHHBIX U JIUTEIbHBIX BPEMEHHBIX
HArpy3ok ¢ Kod(pduumeHTaMn HaJIeKHOCTH,
paBHbIMU eauHuue. llpu aBapum y KOJOHH,
OJIM3KO PACIOJIOKEHHBIX K JIOKAJIBHOMY paspy-
LICHUIO, YBEJIUYMBAETCS IPy30Basl IUIOUIaab, Ha
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HUX [epeAaeTcsi Harpys3ka, paHee BOCIPHUHU-
MaBIIasiCsl pa3pylIeHHBIMU djemMeHTamu. Ho
3HAUEHUE HATrpPy3Kd 3HAUYUTEIHHO MEHBIIE
(1275 kr/mM’ Ha CTauu JKCIUTyaTaruu U 865
Kr/M pyu aBapuiiHOM Bo3zelcTBun). Iloaromy
yCUIMS B KOJOHHAX 3a4acTyl0 OKa3bIBAIOTCS
MEHBIIIE.

Taxkum 00pa3om, BepTUKAIbHBIC DJIEMEHTHI Kap-
Kaca 3alUIleHbl OT MPOTPECCUPYIOLIETO 00py-
IICHHS.

PacueTsl mokaszanu, 4TO OOpYyIIEHHE BBIIIEINE-
JKAIIET0 y9acTKa MePEKPBITHS IUIOMAbio 80 M
HE SIBJISIETCS OMACHOM CXeMOW JIOKalIbHBIX pa3-
pYLICHUN. Y CWINS B 3JIEMEHTAX NEPEKPBITHSI HE
MIPEBBILIAIOT JOMYyCTUMBIX. BBISIBIEHO, 4TO KOH-
CTPYKIIUU TIEPEKPHITUN HE 3aLTUIICHBI OT IMPO-
TPECCUPYIOLIETO Pa3pyIICHUs MPH pa3pylICHUN
OTJECIBHO CTOSIIUX KOJIOHH. JTO OOBACHSCTC,
B TIEPBYIO O4Yepelb, IIAPHUPHBIM OINHUPAHHEM
0aJIOK TIEPEKPHITUNA HAa KOJIOHHBI, MPEIyCMOT-
peHHbIM B mpoekTe. [Ipu BeIxoae u3 paboThl Ka-
KOT0-JTM0O BEPTUKAIHLHOTO 3JIEMEHTA IIAPHUPHO
omepThie OalKu MPEBPAIAIOTCS B MEXaHU3M,
YTO MPHUBOAUT K MPOTPECCUPYIONIEMY pa3pyIiie-
Huto. JKecTKo conmpspKeHHBIE C KOJIOHHAMHU pH-
relId MOTYT MPOAOIDKATh 3(pPEeKTUBHO paboTaTh
mpu 00pa3oBaHUU B cHCTEME OONBIIUX MpoJie-
TOB U TIOSIBJICHUH KOHCOJIEH.

[Ipu BbIXOHE M3 CTPOST KAKOW-TMOO KOJOHHBI
M3MEHSIETCS cXeMa paboThl MEPEKPHITHS, MPO-
JeThl YBEIMYMBAIOTCS B JBa pasza, JTuOO obOpa-
3YIOTCSl OOJIbIIIME KOHCOJU (MPU pa3pylIeHUH
YIJIOBBIX KOJIOHH). B MecTtax HanOonplInx Ha-
MPSOKEHUN 00pa3yroTcs TJIACTUYECKUE IIapHU-
pel. Kak u mpeamonaranock, pacueTsl mokas3a-
JIM, YTO CaMbIMH OIACHBIMH CXEMaMH JIOKaJlb-
HBIX pa3pylIeHUH SBISIOTCS pa3pylIeHUs yrio-
BBIX KOJIOHH 3JaHHS. DTO OOBIACHACTCS TEM, YTO
MpU TaKOM CXeMe pa3pylIeHUs B MEPEKPHITHH
oOpasyercs HeOoubIasg 00JIaCTh Pa3BUTHS TUTA-
CTHUYeCKHuX mapHupoB. [Ipu paspyuienuu kpaii-
HeW KOJIOHHBI TI0 TIEPUMETPY 3/1aHusl, a TeM 00-
Jee cpelHed KOJIOHHBI, 00mas o01acTh pa3Bu-
TUSl TUTACTUYCCKUX MIAPHUPOB B TEPEKPHITHH
BEJIMKA, YTO MO3BoJIsLeT Oonee 3(h(eKTUBHO co-
MPOTUBJISATECS PA3pPYyHICHHIO W TMPUBOIUT K
MEHBIINM HAIPSHKCHUSIM.

Volume 7, Issue 1, 2011

CornacHO KOHLENIMH 3KCHEPTHOM CHUCTEMBI
ObLT pa3paboTaH MPOEKT YCWJICHHS KOHCTPYK-
UMAA I 3alIUThl IEPEKPBITUH OT MPOrPECCHU-
pytomero paspymenusi. CornacHo [8] ObuIo
IIPEyCMOTPEHO KECTKOE CONPSKEHUE PUresen
¢ komoHnHamu. Kpome Toro, morpebGoBanoch
YBEIUYUTh apMUPOBAHUE IJIOCKOM YacTu mepe-
KpeiTua. B mpoekte Obula mpemycMoOTpeHa
BepXHsst (JOHOBasi apMaTypa, HEMPEphIBHAS 10
Bcell momaau miutel @5 B500 (Bp-I) ¢ marom
400 MM B 00oux HampaBlieHUsX. Ee 3ameHuan
Ha D10 A400 (A-III) ¢ marom 200 MM B 060omx
HanpasneHusix. llar vwkHel ¢poHOBOI apmary-
pHI - 110 TIepBOHAYAIbHOMY TipoekTy D10 A400
(A-IIT) ¢ marom 400 MM - Tak)Ke YMEHBUIWIN J0
200 MM, Tak Kak IpU OTKa3e Kakoi- j1ubo Ko-
JIOHHBI WM TP HEPaBHOMEPHOM OcajiKke KOHCT-
pPYKIHH B 00JAacTH KOJOHHBI MOXET MOTpedo-
BaThCsl YCWICHHOE HIDKHEe apMmupoBaHue. Ha
YTJIOBBIX yYacTKaX MEPeKPBITHI MOTpeOOBaIOCh
TaK)Ke YCUIIUTh MECTHOE apMUPOBAHUE.

Takxke ObUT MPESyCMOTPEH psJl KOHCTPYKTHUB-
HBIX MEPOTPUATUH, MPETSITCTBYIOIIUX pOrpec-
cupyrolemMy paspyumenuto. Tak, aHKepoBKa
HUOKHEH apMaTyphl B pailoHe 00€TOHUPOBAHHBIX
0aJIOK OCYILECTBISETCS Ha CBapKe (puc.2).

y3en no nepboHayansHoMy npoekmy
[OCT 14095-91 H1-Pu

[0CT 5264-80*-18

0MKoppekMUPOBaHHHT y3en

Puc.2. KoHCTpyKTHBHbBIE MEPOIIPUSATHS, ITPE-
MSTCTBYIOIINE JIABUHOOOPA3HOMY pa3pyIICHUIO
paccMaTpUBaeMOro 371aHus
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[IpoexT maHHOTO TOPTrOBO-AEIIOBOIO IEHTpa
ObUT OTKOPPEKTHUPOBAH C Y4YETOM 3aMeyaHUil,
BBISIBJICHHBIX B XOJ€ pacuera. B Hacrosmiee
BpeMsl 3[JaHUE€ HAXOJIUTCA B CTAAUU CTPOUTEIb-
CTBa.

Takum oOpaszoM, 3anoxeHHble B DOC 3HaHUA
SKCMEPTOB IO pacyeTy 3/aHUi C Yy4eToM Ipo-
IPECCUPYIOLIEr0 Pa3pyLICHUs], TO3BOJIAT MOBbI-
CUTh Ka4eCTBO MPOECKTUPOBAHMUS, U, KaK CIIEICT-
BHME, HAJIC)KHOCTh KOHCTpyKUMi. B mpomecce
paboTsl monw3oBatens ¢ DC, mocneaHsss 00600-
1IaeT HAKOIUICHHBIC 3HAHUA B CBOEW 0aze u
MpeJIaraeT MoJIb30BaTENI0 PALIMOHAIBHBIE Ty TH
pelieHus TOCTABJICHHOW 3a/iaud, MPUBOJS I1e-
MOYKY PacCyICHUW U CCBhUIKM Ha maparpadbl
HOPMAaTUBHOM JIOKyMeHTanuu. Ilytem ucmois-
30BaHUsl MOAYJI ONITUMU3ALMU Ha OCHOBE I'€He-
TUYECKOTO aJITrOpPUTMa, MOXKET OBITh pelieHa
3a/laya HaXOXJACHUS ONTHUMAJbHBIX, 100 OnH3-
KHX K ONTHUMAJbHBIM MapaMeTPOB CEUEHUHU OIl-
TUMU3UPYEMBIX 3JIEMEHTOB KOHCTPYKIHUU.
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MOIEJIUPOBAHUE PABHOHAIIPA’KEHHOI'O HUJIMH/IPA,
IHOABEP XEHHOI'O CHJIOBBIM U TEMIIEPATYPHbBIM
HAI'PY3KAM

B.U. Anopees, A.C. Munaesa

I'OY BIIO MockoBckuii TocyIapcTBeHHBIN CTPONTENBHBIN YHIBEpCHUTET, T. MockBa, POCCUA

AHHOTAIIUSA: B cratbe paccMaTpuBaeTCss OCECHMMETPUYHAS IUIOCKAs 3a/1ada TEOPUH YNPYTOCTH HEOIHO-
POIHBIX TN U TOJICTOCTEHHOTO IWJIMHAPA, HAXOAIIIErOCs 1O AISHCTBIEM BHEITHETO AAaBJICHHUS U CTallHOHAp-
HOro TeMneparypHoro nosisi. CyTs 00paTHOMH 3a[auil 3aK/II0YaeTCs B ONPE/ICICHUN TaKOW 3aBUCUMOCTH MOJTYJIsI
YIIPYrOCTH OT paauyca, [Py KOTOPOH HANPSHKEHHOE COCTOSIHUE LUIMHAPA OyAeT 3aJaHHBIM.

KaioueBsie cioBa: oOparHas 3a/1a4a TEOPUU YIPYTOCTH, IUIOCKOE Je(pOpMUPOBAHHOE COCTOSIHUE,
PaBHOHAIPSKEHHBIH UIMHAP, MOYJb YIPYTOCTH

CREATION ON THE BASIS OF THE FIRST THEORY
OF STRENGTH MODEL EQUAL STRESSED CYLINDER
EXPOSED TO POWER AND TEMPERATURE LOADS

Viadimir I. Andreev, Anna S. Minaeva
Moscow State University of Civil Engineering, Moscow, RUSSIA

ABSTRACT: The paper considers the axisymmetric plane problem of elasticity of inhomogeneous bodies for
thick-walled cylinder under the action of external pressure and a stationary temperature field. The essence of the
inverse problem is to determine such a dependence of the elastic modulus of the radius at which the stress state of
the cylinder will be for-given.

Key words: inverse problem of the theory of elasticity, plane strain state, equal stress cylinder,
elastic modulus

IHOCTAHOBKA 3ATAYA

B [1] npuBeneHo pazperiaroliee ypaBHEHUE OT-
HOCHUTEJIBHO HANpsDKEHHUs O, I OCECHUMMET-

puuHOM 3a1a4n (TI0cKoe AehopMUpOBaHHOE CO-
CTOSIHUE) JUTSI PaIMaIbHO HEOAHOPOIHOTO Tea:

o) +p(r)o, +y(r)=f(r) (1

rae Ajis ciaydast v = const

3 E _1=2y E
o)== s W)=
__E(l—i—v)g;
===t @)

3necs E=E(r), a & — BbIHYXJCHHbIE (B JaH-

HOM CITyyae TeMIIepaTypHbie) nedopMamnu, Ko-
TOpbIE BBIYUCISAIOTCS 110 (popmyIie:

&, = o T(r) 3)

rne o, =const — KOXPQPUIMEHT JTUHEHHOTO
TEMIIepaTypPHOTO pacIIupEHusl.
IToncrasnss (2) u (3) B (1), mpuxoaum K ypas-

HCHHIO

3 E

y , 1=-2v F'
ol +(———)o] - —
r E

4 2
r(l-v) E '
__Ed+v)a,T “)
o 1-vY
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CrauuroHapHOe TeMIlepaTypHOE I0Jie B IIUJIHH-
Jpe, Ha BHYTPEHHEW IpaHHLe KOTOPOro MOJI-
JepKuBaeTcst Temneparypa 1,, a Ha BHEIIHEH

noBepxHoctu 7=0, onuckiBaeTcst Hopmyioi

In(b/r)

In(b/a)’ )

(=T,

rae b 1 a — COOTBETCTBEHHO BHELIHMH U BHYT-
PEHHMI paanyChbl LWIMHIPA.

Jis onpeneneHus: KOHCTAHT WHTErPUPOBAHUS
ypaBHeHHs (4) HMCHONB3YIOTCA T'paHUYHBIE YC-
JOBUS

O, =—Pp- (6)

MPSIMAS 3AJTAYA
JUISI OTHOPOTHOT O WJIMHIPA

C y4eToM OJHOPOTHOCTH MaTepuaja ypaBHCHHE
(4) mpeoOpa3oBBIBACTCA K BUAY

EQ T'
G;'JFEO-I( =_%_ (7)
r r(l-v?)

Pemenne ypaBuenus (7) ¢ yuetom (5) u (6)
HUMEET BU]I

199,95
" 272

~99,975+36,05In(r/a)  (8)

U3 ypaBHeHMs paBHOBECHS

do

. 0,+0,

dr r

=0 )

MOXHO OIIPCACINT HAIIPSDKCHUS O :

(10)

_ !
c,=ro, +0,.

N3  tperbero  coorHomeHusa  [roramens-

Heiimana, nonaras &, =0, MOXHO MOJIY4YHTh

BBIpA)KEHUE JUISl HAPSKEHUN O, :

B.U. Argpees, A.C. MunaeBa

(1)

o, = v(ar +05)—aTET.

Ha puc.l npuBenens! pe3ynbTaThl pacyeTa, Mo-
JIYUYCHHBIC IIPH CICAYIOMHNX HUCXOAHBIX NAHHBIX!

v=0,2; a=1wm; b=2wm; Ty=100°C;
Ey=2-10*"MI1a; a, =1-1071/°C; p,=0;
p, =50MIla.
1 1,2 14 1,6 r™ 2,0
0 (0)
o,Mlla g —
-50 |
N Gr //
-75 /'
1O AT,
-125 a —
-150
-175
Puc.1. HanpsxeHus B oqHOpOAHOM

HWIHHAPE

OTtmeTuM, 4YTO pelieHHe 33Jayd TOJY4YeHO B
MPEINOJNIOKEHUH, YTO UWIMHIP JOCTATOYHO
JUIMHHBIA, 1 B HEM OCYIIECTBIIIETCS IIOCKOE
nedopMupoBaHHoe cocTtosiHue. OpHako Ha
NPAaKTUKE KOHCTPYKIMH UMEIOT KOHEUHYIO JUIU-
HY U NPU HAJIMYUU CBOOOJHBIX TOPLIOB HAIps-
XKEHMs O, Ha Topuax OyayT paBHbI Hymto. Kak

MOKa3aHo B [2], U3 yclIoBuUA

[o.d1=0
F

MOKHO BBIYHUCINTD CPECAHEC HAIIPSIAKCHUC

o, I—J.O'ZdA/A,
F

KOTOpO€ clieAyeT I00aBUTh K BBIYUCICHHBIM
HanpspkeHusaM. Torjaa B cpeHeld 4acTH IUJIUH-
Ipa OyIeT OCYIIECTBISATHCS HAIMPSKEHHOE CO-
CTOSTHUE, COOTBETCTBYIOIICE KOHEYHOMY ITH-
JIAHAPY.
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PABHOHAINPSI)KEHHBIN TUJIAH/IP.
OBPATHAA 3AJIAYA

Wnes wmeroma co3naHus MOJAEIM paBHOHAINps-
JKCHHBIX KOHCTPYKLUI OCHOBaHa Ha MHOTIOYHC-
JIEHHBIX pe3yJIbTaTax pacueTOB HEOJHOPOJHBIX
TeJl, B KOTOPBIX IIOKA3aHO, YTO €CJIK B HEKOTO-
poii 00acTu Texa MOAYJb YIPYTOCTH MEHBIIE,
4eM B OJHOPOJHOM MaTepualle, TO HaIpsKEHHs
B 9TOH 00JaCTU TaKkKe YMEHBILAIOTCS, 1 HA000-
pot. Huxe mpuBoautcs pemieHue oopaTHoOi 3a-
Jlaud, B KOTOPOU pasbickuBaeTcst pyHKuus £(r),
YMEHBUIAIOWAsACs BOJIM3KM BHYTPEHHEH MOBepX-
HOCTU LWJIUHIPA, YTO IPUBOIUT K CHHKCHHIO
HaNpsKEHUH O, B 9TOM 00J1acTH.

B nanHom ciyuae, ucxoas U3 T€OpUM MPOYHO-
CTH MAaKCHUMAJIbHBIX HOPMAaJbHBIX HAMPSHKEHUH,
oTpezeNsieTcs Haups>KEHHOE COCTOSIHUE, YJIOB-
JETBOPSAIOLIEE YCIOBUIO O, = O, = CONSt, 4TO

max
COOTBETCTBYET MOJCIH PABHOHAMPSIKEHHOTO
uunuHapa [3]. 3aMeTuM, 4TO MOCKOJBKY B JaH-
HOM 3a7a4e BCe HAMPSDKCHHS OTPHUIIATEIIBHBI, TO
MaKCHMAaJIbHBIM CUHMTAETCS HaumOoJblIee Mo ao-
COJIFOTHOM BEJIMYMHE HAIPSKEHUE.

IloncraBnsass o, =0, =const B YypaBHEHHUE

paBHOBecHs (8), MOTydInM
ol ==L _—r, (11)

Pemennem storo muddepeHnuansHoro ypas-
HeHus Oyaet QpyHKuus

(12)

o, =—+0,
r

N3 rpaHnuHbIX ycioBui (6) MOKHO ONPEETUTh
KOHCTaHTel K U 0,:

K=100MlIla'm, o, =-100MIIa.

[oncrasnss pynkiuio Hanpsbxenuit (12) B pas-
pemaroiee ypaBHeHue (4), mociie HEKOTOPBIX
npeoOpa3oBanuii mony4daeMm udepeHuanb-
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HOE ypaBHEHHE TEPBOTO MOpPsSAKA IS Ompene-
nenus Gynkuu E(r):

E'- K E- d E*=
HA(l-k)-kro,|”  4(1-k)-kro,
(13)
rae B(r)z—ﬂ; k:1—2v‘
1-v I-v

VYpasuenue (13) mpencraBiser coOoit ypaBHe-
Hue bepHymu [4], pemas KoTopoe, Mojydaem
HMCKOMYIO 3aBUCUMOCTH E(r):

e 1

ﬁm(artb) G+(artb) D

a r r

2

G(r) = In(ar+ by+ "0 " —+
ar+b 2(ar+>b)

nb’ b"
+ 3_ n;
3(ar+b) n(ar +b)
n=1/(1-k);
b=K(-k).

(14)

rIe

a=-ko,; m=n+l1;

YIOMSHYTO€E BBIIIE «yMEHBIIEHUE MOIYJS YII-
PYrOCTH BOJIN3M BHYTPEHHETO KOHTYpa» CIIEdy-
€T IIOHMMAaTh HE 10 OTHOLICHUIO K OJHOPOIHO-
My MaTepHally, a OTHOCUTEIIbHO 3HadeHus FE
BOJIM3M BHEIIHETO KOHTypa IuiuHapa. [lostomy
KOHCTaHTY [ MOXHO ONpEAEIUTh U3 ABYX pa3-
JIMYHBIX TPAHUYHBIX YCIOBUM IS £

1 — r=a, E=E;=20000 MllIa;

2 —r=b, E= Ey=20000 MI]a.

Ha puc.2. mnpencraBieHbl COOTBETCTBYIOLIHE
JIBYM YKa3aHHBIM BapuaHTaM IrpauKu 3aBUCHU-
MocTH E(7).

JU1s mpoBepKU MOJTyYEHHBIX PE3Yb-TaTOB ObLIO
IIPOBEACHO  pelIeHue  HpsA-MOM  3ajauy,
olpenenseMoil ypaBHeHUEM (4), MyTeM HpsIMOii
MOJICTAaHOBKH B Hero 3aBucumoctu (14). Ha puc.
3 mpHBeIEHBI JIIOPHI HANPSHKEHUH O, U O, .
Kak u cnenoBano oxunarh, pe3ysibTaThbl BEIUUC-
JIEHUs HANpsHKEeHUH OKa3aluch Uil 000MX Ba-
pUaHTOB OAMHAKOBbIMHU. ClleqyeT OTMETHUTD,
YTO B PABHOHAIPSDKEHHOM HEOAHOPOJHOM LH-
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0
NMUHIpPE HampsDKeHue o, =o,= —100 Mlla, B
TO BpeMs,

o) =-160 MIIa. Takum 06pa3oM, BBE/IS KO-

3(1)(1)I/IHI/IeHT ﬂ:O-U()H /O_HEO()H

Kak B OJHOPOJHOM IIMJIMHIpE

MOJKHO OIpejie-

& max fmax
JIUTH BO CKOJIBKO Pa3 HanOOJIbIINE HANPSHKCHUS
B OJHOPOJHOM LWJIMHApE OOJblle, YeM B aHa-
JIOTUYHOM HEOJHOpOTHOM. B nanHOM ciywae
3TOT K03 duiueHT pasex [ =1,6.

28
EJE,

24 = ///
2,0 y

1.6 -
"

1,0 A
0.8 —
O// K&

10 12 14 16 18720

Puc. 2. 3aBucumocTtu Moyns
YIPYrOCTHU B HEOJHOPOAHOM (£, E5)
U OJHOPOIHOM (E; ) HMAMHApPAX

1 1,2 1,4 1,6 rm2,0

0
o,MIla N\(&
-50 ——
Gy 177
-100 ﬁ;jﬁ/
Vv
4
/
-150p%
-200

Puc. 3. HanpsikeHust B HEOJHO-
POHOM (——) ¥ OJHOPOTHOM (——=)
IUTHHIPaX

Oco00 crenyeT OCTaHOBUTHCS Ha HAMPSIKEHUSIX
O, DIIOPBI KOTOPBIX MOKa3aHbl Ha puc. 4. Ha
HepBI)If/'I B3I, BBI3BIBACT

pas3siinuuc B HANPSIKCHUAX O 2

yUBIICHHUE
s ABYX
3aBucuMocTedl pyHkuuu E(r), MOKa3aHHBIX Ha
puc.2, TOCKOJIbKY HANpsDKEHUs O, U O, I

74

B.U. Argpees, A.C. MunaeBa

OTUX I[BYX BapI/IaHTOB pacqua HpaKTI/I‘-ICCKI/I
COBIIAAIOT. 9T10T bakT 00BsACHSIETCI

caeyromum obpasom. Hanpsoxenus G, npu
IUIOCKOM  Ae(pOpMHUPOBaHHOM

BBIYUCIIAIOTCA W3  TPETHErO
Jlroramensa-Helimana:

COCTOSAHHNH
COOTHOIICHHUA

o.=v(c, +0,)-a,ET, (15)
KOTOpO€E COJICPHKUT «TeMIepaTypHOE»
ciaraemoe, 3aBucsinee ot £. Eciu paccMOTpeTh
HampsDKEHHWs Ha Kpasx oTpe3ka [a, b], To B

paccmarpuBaemom mpumepe T(a) = 100°, a
T(b) = 0. IlosTomy B Touke F =b wu3z-3a
OTCYTCTBHSI  «TEMIIEPATypPHOTO»  CJIAaracMoro

HAaIIPS?KCHU A GZ COBIIAAAKOT, @ B TOUKE 7V = d
OTJIMYAKOTCA HAa BCIIMIUHY

Ao, =a,[E(a)-E,(a)) T(a).  (16)

1 12 14 1,6 rm2,0

20
o,MIla ,
230 )

40 £

-50 |-

-60

Puc. 4. HanipsikeHuss G, B TOJICTO-
CTEHHOM ITWJIHHJPE.
1,2 - HEOTHOPOAHBIN LIMIIUHID;
3 - OTHOPOJHBIN WIHHAP

Vuurtesas, uto E,(a)=E,=2-10"MIla, a

E,(a)=0,45-E,=0,9-10" MIIa, MOJTy4YUM
Ao, (a)=10Mlla, 4TO COBMAJIACT c
pe3yabTaTOM, MOKa3aHHBIM Ha puc. 4.

B 3aKJIII0YCHUE OTMETHM, 4TO

PABHOHANPAICEHHbII TWIMHIP HE COBNAAAET C
PABHONPOYHBLIM TTUTUHIAPOM [3], MOCKONBKY MpH
W3MEHEHUU MOJyJisl yIOPYrocTd Marepuana
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nmyTeM Moau(UKAMM €ro  COCTaBa, Kak
MPaBUJIO, HM3MEHSIOTCS W €ro IMPOYHOCTHBIE

CBOICTBA. [Toctpoenuro MOJENeN
paseHonpounbix OETOHHBIX U KeJIe300€TOHHBIX
TOJICTOCTCHHBIX MUIMHAPHUYICCKUX u

chepuyeckux 000JOYEK, HAXOMAIIUXCSA O]
JICUCTBUEM  TOJIBKO  CWJIOBBIX  Harpysok,
MOCBsIEHa auccepTamus [S].
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CYBMOJAEJIMPOBAHUSA U JTMHAMHNYECKOI'O CHUHTE3A
NOJKOHCTPYKIIMH B YHUBEPCAJIBHBIX U
CHELHUAJIN3UPOBAHHBIX IPOI'PAMMHBIX KOMIIVIEKCAX

AM. Beﬂocmoukuﬁl, A.JI. Tomanenko®
'3A0 HHULL «Cta/{uO», t. Mocksa, POCCHSI;
I'OY BIIO MockoBckuit rocy1apcTBEHHBIN CTPOUTENbHBIN yHUBEpCHUTET, I'. Mocksa, POCCUA
23A0 HUII «CtaJluO», r. Mocksa, POCCUSA

AHHOTAIIMS: Hacrosmas craThst OCBSIIEHa PACCMOTPEHHUIO aKTyaIbHBIX BOIIPOCOB peallu3alnui U BepuQu-
Kal[id METO/I0B CyOMOJIEIMPOBaHMS M AMHAMUYECKOTO CHHTE3a MOAKOHCTPYKIMH B YHHUBEPCAIBHBIX U CIIEIHa-

JIM3UPOBAHHBIX MMPOTPAMMHBIX KOMIUIEKCaX.

KiaroueBble ciioBa: MCTOJ KOHCYHBIX 3JICMCHTOB, BepI/ICI)I/IKaL[I/IH, METOObI Cy6MO,I[eJII/Ip0BaHI/IH,
MCTOABI JUHAMHUYCCKOIro CHHTE3a HOHKOHCprKHHﬁ, YHUBEPCAJIbHBIE U CIIEINATTU3UPOBAHHBIC IIPOTrPAMMHBIC
KOMIIJICKCBI

SUBMODELING AND DYNAMIC SYNTHESIS
OF SUBSTRUCTURES METHODS REALIZATIONS
IN MULTIPURPOSES AND OBJECT-ORIENTED
PROGRAM PACKAGES

Alexander M. Belostotsky', Alexey L. Potapenko®
' JSC Scientific & Research Center “StaDyO”, Moscow, RUSSIA;
Moscow State University of Civil Engineering, Moscow, RUSSIA
2 JSC Scientific & Research Center “StaDyO”, Moscow, RUSSIA

ABSTRACT: Dynamic synthesis of substructures and submodeling methods are realized in actual versions of FE
program packages STADYO and ASTRA-NOVA. Main algorithmic features and practical problems are pre-

sented.

Key words: finite element method, dynamic synthesis of substructures, submodeling methods,
program packages, algorithmic features, practical problems

1. CoBpeMeHHBIE YHUBEPCAJIbHBIE KOHEYHOAIIE-
MEHTHbIE Mporpammubie Komiiekchl (ANSYS,
NASTRAN, ABAQUS) conepxaT omiuu Tmo-
CTPOEHHUSI M HMMIIOPTA-3KCIIOpTa pPeryLUpOBaH-
HBIX MaTpHI] BIMSHUA JUIs oOecredeHus, B ya-
CTHOCTH, COBMECTHBIX pa3pabOTOK M TOYHOTO
aHaAJIN3a CJIOKHBIX MHOTOCBSI3HBIX CTATUYECKH U
JUHAMHYECKHU HArpyKEHHBIX WH)XEHEPHBIX KOH-
CTPYKLIMH M COOpY)KeHUH. JIpyrom cCTOpoHOI
TOrO K€ Ipoliecca sBIseTcs cyOMonearpoBa-
HUE — HANpUMEpP, YTOUYHEHHBIM TPEXMEPHBIH
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HEJTMHEHHBI aHaNn3 CJIO0XHBIX /MM OpUTHU-
HAJIbHO PEIICHHBIX KOHCTPYKTUBHBIX Y3JIOB
CTEP)KHEBBIX CHCTEM (ONMUpPaHUs KOJIOHH, CO-
eIMHEHHUS TOSCOB-PACKOCOB (epMm, nerasnei
TpyOONIPOBOIHBIX cUCTeM). B cratbe mpuBOIAT-
Csl OCHOBHBIE TIOJOXKEHUS U MATPUYHBIE COOT-
HOIICHUsS] METOZOB JWHAMHUYECKOTO CHHTE3a
noakoHcTpykuuit (MIC) u cybOmoaenupoBa-
HHS, peaji30BaHHbIE B oTedyecTBeHHBIX [IK:
yauBepcaibHoM  CTA/[HMO u  0OBEKTHO-
opueHtpoBaHHOM ACTPA-HOBA (puc 1).
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Teomempuueckue, husuxo-

Pacyer TpyOonpoBozia Kak cTep )KHEBOH
CHCTEMBI

K ACTPA-HOBA

IIK ANSYS, NASTRAN...

N

MexaHuuecKue ceolicmad,
cunogvle haxmopul

/\\

/X// VYmounennvie snauenus

HANPANCEHUU, MAMP UYL
L enuanusi K-b
NPE  Cyémodenuposanue \ / NOCT
HopmaruBHas onieHKa
I'enepanus I'enepanus TP OUHOCTH,
TpexmepHO KOM | | o6omoueunoit KOM BU3YAII3ALIS
Mampuyvl enusnus
P E3YJIBTaToOB K
Kpeiiea-bemnmona
/\ (orcecmrocmu, macc,
Temnepamyproe ] . HA2py30K)
S noxe MK ACTPA-CTAJTHO
\ /
CraTudecKkuii pacuer, pacuer
Pemenne 3anaun COOCTBEHHBIX YACTOT U hOPM, .
YHuBepcaJabHbIN
TEIUIOTP OBOIXHOCTH cmamuyuecKkas KOHOeHCayus u
OUHAMUYECKUT CUHINE3 K CTAIHO

IIK ANSYS, NASTRAN...

Puc.1. B3aumMocBsI3p paziuyHbIX MOJENEN, YHUBEPCAIBHBIX U criennanu3upoBaHHbix [1K.

2. OgauM U3 Hanboliee NENCTBEHHBIX CIIOCO0O0B
YBEJIUYEHUS! BBIYUCIUTENBHONH 3(P(PEKTUBHOCTH
KOHEYHOARJIEMEHTHBIX  allTOPUTMOB  SIBJISIETCS
Meton cynepaniemeHntoB (MCD), u3BecTHBIM
TaKXke Kak METOJ MNOAKOHCTpYKumil. KiroueBoit
npoueaypoit MCD sBnsieTcss cTaTUdeckas KOH-
neHcarus [1] — ucKiItOYeHHe BHYTPEHHUX CTe-
neHell cBOOOABI MOJKOHCTPYKUMU {u,},— NpH-

BOJALIAST UCXOAHYIO OJOYHYIO CHCTEMY ypaB-
HEHUH paBHOBECHUSA

Kii Kib ui E

K, K, |\u, _Fb

K PeITyLPOBAHHON CHCTEME OTHOCHTEIIBHO KOM-
MOHEHT BEKTOpa I'PaHUYHBIX HEM3BECTHBIX {u, } :

[K 4w, }={F ),

rae [E]: [Kbb]_[Kbi][Kii]_l[Kib] >
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{FIF K, IIK, T HE) -

VYyer BO3MOXXHOM MOBTOPSIEMOCTH TMOJCUCTEM
MPUBOAUT K CYLIECTBEHHON KOHOMHMH Kak 3a
CYET YMCHBIICHUS 4YHUCIa apuPMETHIECKUX
JIEUCTBUN, TaK U K CYILIECTBEHHOMY COKpalle-
HUIO 00BEMOB XPaHUMOW W TiepepadaThIBaeMOi
uHpopmanmu. CTpyKTypa JaHHBIX OpraHU30Ba-
Ha HEPapXUYECKH, TaK YTO BHECECHHE JIOKaJIh-
HBbIX U3MEHEHHUM B PacuyeTHYIO CXeMy, T.e. KOp-
PEKTHPOBKA YaCTH YHUCJICHHOM MOJEIU COOpPY-
JKEHUS MOKET MPOU3BOAUTHCS HE3aBUCHUMO JIsS
KKJIONH TOAKOHCTPYKIIMH C MHHUMaJIbHBIMHU
BBIYMCIIUTENbHBIMU 3aTpaTaMu. [IpeacraBienue
r100aIbHOM pacuyeTHON MOJIETTH CUCTEMBI B BHU-
JIe COBOKYIHOCTH TOIKOHCTPYKIUH SBIISIETCS
TaKKe OYCHb yAOOHBIM JIJISl €€ OTHCAHUS M CO3-
JaeT TPEANOChUIKY il co3laHus (TpuUMeHe-
HUsA) 3()PEKTUBHBIX TIPE- U MOCTIPOIECCOPHBIX
IIPOrpaMMHBIX cpeacTs [11].
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Puc.3. ACTPA-CTAAHO. Kanpsl Buneoponuka nuHnamuku HIC TpoitHuka
OT CEHCMHYECKOT0 BO3JICUCTBHUSA, 3aJJaHHOTO aKCEJIEPOrPaMMOH.

3. CymepasieMeHTHBIA alTOPUTM pacipocTpa-
HEH TakK)X€ Ha PELICHHWE CUCTEMBbI JIMHEWHBIX
YPaBHCHUM Ha KaXJOM IlIare HESIBHOW CXEMBbI
NPsIMOTO MHTETPUPOBAHUS YPABHEHUUN JBUMKE-
HUS M Ha KOKIOW WTEpaIyl IpHU pacdyeTe coo-
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CTBEHHBIX KoyieOaHuii [11]. AnbTepHAaTUBHBIN U
6onee 3(hdekTUBHBIA MOIXOJ COCTOUT B IIO-
CTPOSHUH CHEIHAIBHBIX CYNEPIJICMEHTHBIX all-
TOPUTMOB, OCHOBaHHBIX Ha HEMOCPEICTBEHHOMN
KOHJICHCAIIMY YPABHCHUN JBMKCHHS U WJICOJIO-
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TUYECKH OJIM3KUX METOJy TUHAMUYECKOTO CHH-
T€3a MOAKOHCTPYKIIUH.

Meroabsl AMHAMUYECKOTO CHUHTE3a IOJKOHCT-
PYKIIMA MOKHO KJIACCHU(PHUITUPOBATH IO CIIOCO0Y
BbIOOpa 0a3HMCHBIX BEKTOpPOB Merona Penes-
Putma st mOAKOHCTPYKITUME M 1O CIIOCO0Y WX
CTBIKOBKH. Yalie Bcero B kauecTBe Oazuca s
MOJKOHCTPYKIMNA UCHONB3YIOTCS €€ POpMBbI KO-
neGaHuil IpU OMPEEIICHHBIX TPAHUYHBIX YCIIO-
Busix: R.R.Craig, M.C.C.Bampton [2] u [3] —
JUISL 3aKpeTUJICHHON TrpaHulibl, [4] — 171 cBOOOI-
HOM TrpaHuupl, [5] — AJM YaCTUYHO 3aKperuieH-
HOM rpaHuIbl MOAKOHCTpyKuuu. W3 Tpex pac-
CMOTPEHHBIX BapUAHTOB MeETOJa HaumboJjee
MIPENOYTUTENBHBIM, C BEIUUCIUTEIHHON U pea-
JIM3alIMOHHOM TOYEK 3PEHMS, SBISETCS NEPBBIN,
WCIONB3YIOMMI (OopMBI KOJeOaHUNH OCHOBHOM
cuctemsl Meroza nepemenieHui. [lpu atom, aist
YIOPOIIEHUS CTHIKOBKH MOJKOHCTPYKIMHA U ISt
MPaBUJILHOTO yYeTa WX KECTKUX CMEIICHUU U
MepeMeIleHul TpaHWYHBIX TOUYeK Oa3uc u3
dbopM KoIeOaHMI 11eJIeCO00Pa3HO TOTIOTHUTH
HabopoM cTtatudeckux GyHKIHI HOpMEI cymep-
3JIEMEHTOB, KaXAas U3 KOTOPBIX MPEACTaBISET
co00il BEKTOp YMNpPYyTrux MepeMenieHuid y3JI0B
MOJKOHCTPYKIIMH,  BBI3BAHHBIX  CAMHUYHBIM
CMEIIEHUEM [0 HaIpaBJICHUIO COOTBETCTBYIO-
e (GUKTUBHOW CBSI3U JJII OCHOBHOUM CHCTEMBI
MeToAa nepemenieHuil. Takol moaxon, B 4acT-
HOCTH, OIMCaH B paborax [6,7,10].

B o0miem cryyae npu AMHAMHUYECKOM CHUHTE3E B
KadecTBe Oas3mca i MOAKOHCTPYKIIMKA MOXET
OBITh MCIIOJIb30BaHa JIt00asi MOAXOAAIIAs CUCTE-
Ma JIMHEHHO HE3aBUCUMBIX BEKTOPOB, HE 00s13a-
TEJNBHO BKJIIOYaromas popmsel konebanuii. Tak, B
cratbe [8] MCIoNMB3yeTcsi HEeKOTOPBIN crenudu-
Yeckuil 0asuc, Mg TMOCTPOCHHS] KOTOPOro He
TpeOyeTcss perieHre YacTHON TpobieMbl coOCT-
BEHHBIX 3HAUCHUH JIJIs TOJAKOHCTPYKIIUH.
HucneHHOe pelleHue pe3yabTUPYIOLEH pemy-
LUPOBAHHON CHCTEMBbl HETUHEHHBIX HHTErpPO-
Qg QepeHIranbHbIX YPaBHEHHH HAXOIUTCS T10
MOJIU(UIIMPOBAHHBIM  HESIBHBIM ~ Pa3HOCTHBIM
cxemaM Ttuna HpromMapka c HCMIOIB30BAHHEM
3HAYUMOM  YacTH  COOCTBEHHBIX  YacTOT
[Q]: diag(w,, ®,,...,»,) 1 Gopm [(D] napIm-
AIBHBIX MOJICUCTEM-TIOJKOHCTPYKIUH [9]:

Volume 7, Issue 1, 2011

[M 14, } +[C 14, } +
+[E]{ub}+

Z[G][Q]I SIN[Q(t — D)I[G]" {u, (7)}d7 =

=2 (FO} - [GIQT {g(1)}),

{u, (0)} = {uag, 3411, (0) ) = {vy, §
[M]=[M,]+ > [M], [C]=[C,],
[K]=[K,]+ ) [K].
[M]=[M,,]-[M,][M,]"[M,],

[E] = [Kbb]_[Kbi][Kﬁ]_l[Kib] >
{F(0)} = {F,(0} ~[M,,]IM, ] {F,(t)},
[G]=[K,][®][Q]” —[M,][®]

{q} = {q()} = COS[Q][@]"[M ] {u,; } +
+[Q]7 SIN[QA[P]'[M 17, } +
+[Q SIN[Qe]*[@]" {F, (1)},

{0} = Ao} + K 1K 1ty )
ot = v} +[Kii]_1[Kib] Vot
SIN[Q¢] = diag[sin(w,t), sin(w,t),...,sin(w,t)].

3nech NoapazyMeBaeTcsi CyMMHUPOBAHHE 110 BCEM
MOJIKOHCTPYKIIMSM B CMBICIIE TIPOTICTYPBI CyTIep-
aneMeHTHOH cOopku. O6o3nauenus (M, ], [C,]

u [K,] wncnons3yrorcsa I JONOJIHUTENBHBIX

MaTpuIll Macc, AeMI(UpPOBaHUS M KECTKOCTH,
KOTOPBIE MOTYT OBITH JOOABIICHBI K COOTBETCT-
BYIOIIUM MaTpulam mocie coopku. C moMOIIbo
ATUX MaTpPUIl MOKHO YUUTHIBATh JTOTIOTHHUTEIh-
HbI€ YIPYIH€ U BA3KHE CBSA3M, & TaKXKE MaccChl,
COCPEIOTOYCHHBIE B TPAHUYHBIX y3JIaX.

4. Haubonee momynspeH peaJiM30BaHHBIN B
YHUBEPCATBHBIX «KOMMEPYECKIX)» IIK
(NASTRAN, ANSYS, ADAMS,...) ynomsHy-
Th1i oaxon Kpeiira-bemntona [2], cBoadmuii-
Cd K TIOCTPOCHHUIO PEAYLUPOBAHHBIX MAaTPHIL
JKECTKOCTH M MaccC:

SRR SLA
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g ~T| M ii M i 51 M M
prl=to] |y ol e e
- 1 0
o [(D]: q)iC cDiN ’
®,. — mnepeMelleHUs BHYTPEHHHMX CTEIICHEH

cBoOonbl CD Il 3aIaHHBIX €IMHUYHBIX TIepe-
MEUICHUM TPaHUYHBIX (CTBIKOBOYHBIX) Y3JIOB,
@, — mnepeMelleHUs BHYTPCHHHMX CTEIICHEH
CcBOOO/BI, COOTBETCTBYIOLIUE YACPKUBAECMBIM
COOCTBEHHBIM (pOopMaM KoJeOaHH MpU OrpaHu-
YEHUW CTeneHed CBOOOIbI (3a/eNKe) TpaHud-
HBEIX Y3JIOB, lK NNJ u lM NNJ — JHaroHajbHbIE

MOJAJIBHBIC MaTpUIbI

[KCCJE [K]’ lMcc JE [M]’ lMNC J: [MCN ]l* 3a-
MOJIHEHHBIE MaTPUIIBI.

JtoT )€ anroput™ ¢ 1999r. peanuszosan u B uc-
cnenoBarenbckom [IK CTAHUO [11]. Ipo-
TpaMMHas peanu3alys MaTPUYHBIX OINepanuit

KECTKOCTH M Macc,

npu GOpMHUPOBAHUH l]& J u [M J (u pemyumpo-
BaHHBIX BEKTOPOB HArpy30K {I:" }), a TaKKe BO3-

MOXHbIEe a(UHHbIE IPe0Opa30BaHUsl B OCHOBHOM
IIOCTPOEHBI HA CTaHAAPTHBIX IpOLEAypax, CO-
nepxkammxcst B moayisix 11K, He Bcrpedaer ka-
KUX-TM00 TpyAHOCTEH, cieays KaHOHWYECKON

KOHEYHO(CYIep)3JIEMEHTHOM COOpKE, U yUeT [K ],

lM J u {F } B O0IIIEH CynepaieMEHTHON MOJICIIH.
NMmopT-3KCnopT MaTpull OpraHU30BaH Kak ye-
pe3 TekcToBbIie (hailyibl, opMaT KOTOPHIX YUH-

ThIBA€T OJIOYHO-IMArOHAJBHYIO CTPYKTYpY (K

U 3ar0JHEHHYIO CTPYKTYPY lM J (B wacTHOCTH,

nonaepxxkuBaercs  ¢opmar  IIK  ANSYS,
NASTRAN), Tak 1 yepe3 KOMIAKTHbIE OUHAp-
ueie daiiner [TIK CTA/JHO (puc.1).

5. [lepBOHaYaJIbHOE PAa3BUTHE U UCMOJIb30BAHUE
MeTOo/la JMHAMHYECKOTO CHHTE3a MOIKOHCTPYK-
UM B a’pOKOCMHUYECKOM OTpaciu — 00 3TOM
CBUJCTENHCTBYIOT YIOMSIHYThIE OCHOBOIOJA-
raroiue Teoperuyeckue padotsl [1-6] — mpen-
CTaBJISIETCS UCTOPUUECKU M TIPEIMETHO 00OCHO-
BaHHBIM. JleficTBUTENBHO, Pa3pabOTKy U pac-

A .M. benocronxmii, A.JI. ITloTamenko

YETHYIO ONTHMHU3ALMIO TUHAMUYECKH CBSI3aH-
HBIX OCHOBHBIX MOACHUCTEM (OJIOKOB U y3JIOB)
BEIYT HE3aBUCHUMO JAECITKHM KOHCTPYKTOPCKUX
bupm, a «11eHa BOIpoca» KpaitHe BbICOKA.

Panee omyOnMKOBaH BaXKHBIH MPAKTUYECKHUMA
npuMep MOAOOHOTO0 MOJEIUPOBAHUS, BBHIIOJ-
HeHHoro c¢ wucnoiub3zoBanueM IIK CTA/HHO
[11,12]: nmHAMUKA ¥ TPOYHOCTH pa3pabOTaHHO-
ro HIIIT BHUMOM bnoka nmpuBoja COJHEYHBIX
6arapeii (BII Cb) B cocraBe poccuiickoro cer-
MEHTa MEXIYHAapOJHOW KOCMUYECKOM CTAHIIMHU
(PC MKC) «Anbday. biok coaepxut miacTuH-
4aT0-000JI0U€YHO-CTEPKHEBYIO HECYIIYIO0 KOH-
CTPYKLIMIO C TpeMsl PEAyKTOPHBIMH MEXaHH3-
MaMH, B4 U3 KOTOPBIX MPUBOIAT B JIBH)KCHHE
Cb, a Tpetuit coenuHseT ykazaHHblil biok ¢ oc-
HOBHOM yacTbio PC. BkitoueHune peayKTOpHBIX
MEXaHU3MOB B pacueTHyr mognens bIl m Bceit
MKC sBnsieTrcs HETpUBHAIbHOW 3aJayeil, Tak
KaK BCJIEJICTBHE OOJBIIOTO MEPeaaTOYHOrO OT-
HOIIICHUS JABUTATeNlb PEIyKTOpa MOXKET COBEp-
11aTh COTHU 0OOPOTOB MPHU NMOBOPOTE BHIXOAHO-
ro BaJla Ha HECKOJIbKO IpajyCoB, a IPHUBEICH-
Helil kK Bary Cb MOMEHT mHepiuu peaykropa
OOKOBOTO MPHBOJIAa COMOCTABUM C WHEPILHOH-
HbIMH XapakTtepuctukamu camoit Cb. Kpowme
TOT0, B COCTaB MEXaHW3Ma BXOAUT My(dTa c cy-
LICCTBEHHO HEJIMHEWHOW XapaKTEPUCTUKON U
MPUBOAHON 3JIEKTPOABUTATENb, OJHUM W3 pe-
JKUMOB YIIPABJIEHUSI KOTOPBIM SIBJISIETCSI OTCYT-
CTBHE 3JIEKTPUYECKOIO MOMEHTA Ha Baiy.

Pazpaborana u BepuuMpoBaHa MOAPOOHAS
MapaMeTpU30BaHHasl JIMHEHHO-yNpyras JIUHAMU-
YyecKas MPOCTPAHCTBEHHAs MOJEIb OPOUTAIBHOM
cucreMbl “MKC — biiok npuBonoB — kpbuio |
Cb — kpeuio 2 CB”, rubko nepectpauBaemast
JUIsl pACCMOTPEHUS BAPUAHTOB B3aUMHON OpHUEH-
taiuu PC u 2-x xppuibeB Cb, MITaTHBIX 3TanoB
coopku MKC u Cb, pa3nuuHbIx pexuMoB pado-
ThI ABUraTeNsl MPU TUHAMUYECKUX Harpy3kax Ha
MIPEIONPEACIICHHBIE Y3/l CUCTEMBIL, JUIS pele-
HUA 33/1a4 NPOYHOCTHOW M JTMHAMHYECKON OI-
TUMHU3ALMU cucTeMbl. Moniens cogepxut 12 ko-
HEYHOAJIEMEHTHBIX U 3 “MaTpUYHBIX  TIOJICHC-
TEM-CyTepAIEMEHTOB (peaylMpOBaHHbIE MaTpU-
bl xecTkoctu U Macce Kpeiira-bemnrona PC u
2-x coopok Cb, chopmupoBaHHBIE «CMEKHUKA-
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MI» Ha OanouHo-00o0moueuHslx KD-Monmensx B
«popmate» IIK NASTRAN), coenuHeHHBIX B
€AMHYIO CYIEPIJIEMEHTHYI0 Mojenb. [Ipu stom
PBIYAXKHO-CTEPKHEBAST MOJENb KaXKJIOTO PEeayK-
Topa oOecreunBaeT TpeOyeMble IMepenaTOYHbIe
OTHOIIEHHUSI W WHEPLUUOHHBIE XapPaKTEPUCTUKHU
MIEPBOM U BTOPOW CTYIIEHEW, COAECPIKUT DJIEMEHT
MarHuTHOH My(Tbl ¢ JIMHEAPU30BAaHHOU KpPYy-
TUIBHOM JKECTKOCTHIO U MMEIOT PEaIUCTUUYHbBIE
CBSI3M € KOpiycoM biioka mpuBo10B.

PazpabotanHas cynepaieMeHTHas: JMHAMUYECKas
MOJIETIb Pa3BUBACTCS MO MEpE AIKCIUTyaTallMd U
ctpoutrensctBa MKC, a wncnonb30BaHHBIA TOJ-
X0l K aHAIM3Y YNPYTUX CHUCTEM, BKIFOYAFOIIMX
PEIYKTOPBI U IPYTHUE MEXaHU3MBbI, MOXKET OBITH C
YCIEXOM HCIIOJIb30BaH ISl PEIICHUS aHaJOrh4-
HBIX 33/a4 B IPYTUX OTPACIIsIX MAIITMHOCTPOCHHUS.

6. [lpyras oOmupHas TexHu4eckas 001acTh, rae
BOCTpeOOBaH W BechbMa A(P(EKTHBEH Ipeja-
raeMblif MoaXoa — TPyOONpPOBOAHBIE CUCTEMBI
pasznuuHbIX oTpacieil. Hanpumep, Heobxoaumo
B PaMKax OJHOI pacueTHOM MOJeNu OnepaTHB-
HO 33/aTh M KOMIUIEKCHO MpOaHaJIn3UpOBaTh
(cratuka, IUKJIMKA, CEWCMHUKa, BUOpaluw,...)
CBSI3aHHYIO SJIEPHBIM PEAKTOPOM CHCTEMY BCEX
nerenab 1-ro KOHTypa «peakTtop — TpyOompoBo-
JIbl — TIaporeHepaTropsl — Hacockl — ['33 — kom-
neHcaTtop oobema —...» ¢ aJleKBaTHbIM Y4YETOM
FE€OMETPUKO-KECTKOCTHBIX, WHEPLHUOHHBIX MU
JMCCUNIATUBHBIX XapaKTEPUCTUK M  CIIOKHBIX
yCIIOBUHM KperieHus: 000pyA0BaHuUsl.

Pean3oBaHHBI B OOBEKTHO-OPUEHTUPOBAHHOM
nporpaMMHoM komiuiekce ACTPA-HOBA [14] n
yke 34 roza MCHoib3yeMblii B PaKTUKE Macco-
BOTO TMPOEKTUPOBAHMS CYNEpPAIEMEHTHBINA IOJI-
X0/ (KaxIbIil «OanouHblil» cynepaaeMeHT — He-
Pa3BETBICHHBIA IPOCTPAHCTBEHHBIM  Y4acTOK
TpyOOIpOBO/Ia, OMTOPHOM KOHCTPYKLUH MK 000-
PYJOBaHUs — UMEET TOJIBKO IO 2 y3J1a CTHIKOBKH)
JIONOJIHAETCS. (POPMUPOBAHUEM/YUETOM pPEAyLIHU-
poBaHHbIX Martpul BiavsHMA Kpeira-bammnrona
HE TOJIBKO JieTajield (TPOMHHMKU — 3 y371a CTHIKOB-
K{, OTBOJIbI, KOCBIE€ CTBIKH, CEKTOPHBIE KOJIEHA,
HEPEXOAHUKHU U JIMH30BbIE KOMIIEHCATOPBI — IO 2
y371a), HO U 0oyiee CIIOKHOTO O00OPYIOBaHUS M
OIOPHBIX KOHCTPYKLMHA B €IMHON MOIenu Tpy-
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6onpoBoHOI cuctemsl (puc.4). I1pu sTom, mocne
ONpeAeNCHUs] YCWIMM BO BCEX Y3JIaX-CEUEHUSX
JUHAMUYECKOM CYIEPIJIEMEHTHOM MOJEIN MO-
KET OBITh BBHITIOJHEH YTOUYHEHHBIH pacuer MKD
HANPSHKEHHOTO COCTOSIHUSI M TPOYHOCTU CaMOM
JieTasn/000py T0BaHMS/OTIOPHON KOHCTPYKIIUK Ha
CT€HEPUPOBAHHOW ONTUMATBHOW MOAENH (Ha-
IpUMep, I TPOMHUKOBOTO coenuHeHwus [ 15]).
3aciy’KUBAIOIICH YIMOMUHAHUS OCOOCHHOCTHIO
noctpoeruss marpuil Kpeiira-bammnrona s 00b-
€MHBIX WU OO0OJIOUEUHBIX MOJIENEH 37eMEHTOB
TPYOOIIPOBOJHON CHUCTEMBI SIBIISIETCS TIPEIBAPH-
TENFHOE CBSI3bIBAHHE Y3JIOB HA TOPLEBBIX (TMaT-
PYOKOBBIX) TpaHsX yCIOBHSAMH Je(pOpMUPOBAHHS
no OanoyHo rumnoTese miockux cedeHuii — B [1K
CTAINO sty mpoueaypy MOXKHO OCYIIECTBUTh
HECKOJIbKUMH aJTbTepPHATUBHBIMH criocobamu [11].
B 3ammannpoBaHHOM MEPCTIIEKTUBE — CO3[JTaHUE U
HaToJHEHUE «0a3bl JaHHBIX» (PeayIIUPOBAHHBIX
Matpul; Kpeiira-bamntona) TUNoBwIX neranew,
HECTaHJAPTHBIX OMOPHBIX KOHCTPYKUHUWA U TEX-
HOJIOTUYECKOT0 000pY10BaHUS.

7. O6006mas HM3II0KEHHOE, OTMETHUM, YTO CO-
BPEMEHHBIE KOHEYHORJIEMEHTHBIE IIPOrpaMM-
HbIE KOMILJIEKCHI JJOJKHBI COJIEPKATh OILIUU:

— cyOMo/1eIMpOBaHus ISl YTOYHEHHOI'O aHaJIM-
3a TpexmepHoro HJIC Tsxkeno HarpyKeHHBIX
Y3JIOB-JIETAJIEH;

— MOCTPOEHMSI U UMIIOPTA-3KCIOPTa PEeLyLUPO-
BaHHBIX MaTpPHULl BIUSIHUA (’KECTKOCTH, Macc U
HAarpy3ok) Kak B TEKCTOBBIX (hopMaTax W3-
BECTHBIX CHCTEM, TaK U B BUJE KOMIAKTHBIX
OuHapHBIX (aiiyoB ais obecneueHus, B 4acT-
HOCTH, COBMECTHBIX DPa3pabOTOK U TOYHOIO
aHaJIM3a CIOXHBIX MHOTOCBSI3HBIX JUHAMMYE-
CKH Harpy’>K€HHBIX HMH)KECHEPHBIX KOHCTPYK-
WA U COOPYKEHUM.

bonee Toro, amast 0OBEKTHO-OPHEHTHPOBAHHBIX

[IK, ucnosb3yeMbIX B MaCCOBOM IMPOEKTUPOBA-

HUM OOBEKTOB CTPOMTENHCTBA M MALIMHOCTPOE-

HUSl, €CTECTBEHHBIM (B JyXe HHTErpaluu B

CAIIP) u 5} deKTuBHBIM TNpEICTaBISAETCS CO3-

JlaHWe, TOINOJHEHHE M HCIOJIb30BAHUE CyIep-

AJIEMEHTHBIX «0a3 JaHHBIX)» — MaTPHILl JKECTKO-

CTH, MacC, JIEMI(HUPOBAHUS U «CITUHHIHBIX)

Harpy30K THUIIOBBIX 2JIEMEHTOB-JETANIEN U y3JI0B.
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Puc. 4. Ilonnas Mmozensb, GpopmupoBanue u yuet marpuuHoro CO Kpeiira-bemnrona B coctase
ACTPA-moznenu Tpy6ompoBoHO crctembl ADC.
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Coo6ctBennnie yacToTel ACTPA-mozneneit, I'n

N (ole) Monenu TpyOOIIpOBOAOB C IPUCOCTUHEHHBIMI MaTpUIHBIMU CO
Yacro HonHas Kpeiira- (Kpeiira-bemmrona)
MOJEHb bemnTo
ol Ha N=0 N=2 N=5 N=10 N = 20
1 0.402 0.402 0.402 0.402 0.402 0.402
2 0.415 0.415 0.415 0.415 0.415 0.415
3 0.619 0.619 0.619 0.619 0.619 0.619
4 0.690 0.690 0.690 0.690 0.690 0.690
5 0.728 0.728 0.728 0.728 0.728 0.728
6 0.807 0.807 0.807 0.807 0.807 0.807
7 1.033 1.033 1.033 1.033 1.033 1.033
8 1.100 1.100 1.100 1.100 1.100 1.100
9 1.220 1.220 1.220 1.220 1.220 1.220
10 1.319 1.319 1.319 1.319 1.319 1.319
85 4.506 4.506 4.506 4.506 4.506 4.506
86 4.533 4.529 - 4.533 4.533 4.533 4.533
87 4.642 4.642 4.642 4.642 4.642 4.642
142 6.523 6.523 6.523 6.523 6.523 6.523
143 6.569 6.629 - 6.570 6.570 6.569 6.569
144 6.599 6.599 6.599 6.599 6.599 6.599
198 10.367 10.367 10.367 10.367 10.367 10.367
199 10.498 10.500 - - 10.499 10.499 10.498
200 10.536 10.536 10.536 10.536 10.536 10.536
338 17.872 17.872 17.872 17.872 17.872 17.872
339 18.022 18.118 - - 18.029 18.029 18.023
340 18.172 18.172 18.172 18.172 18.172 18.172
366 21.533 21.533 21.533 21.533 21.533 21.533
367 21.538 21.546 - - 21.540 21.540 21.538
368 21.959 21.959 21.959 21.959 21.959 21.959
400 23.126 23.126 23.126 23.126 23.126 23.126

[Tpumeuanue: N — 4rciio BHYTPEHHUX CTETeHEeH CBOOOIBI (COOCTBEHHBIX (DOpPM) CyTepaJIeMEHTa.
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AJI'OPUTM ABTOMATHU3UPOBAHHOI'O
INPOEKTUPOBAHUA MEXAHUYECKUX CUCTEM
C OITUMAJIBHBIMUA TAPAMETPAMHU
P UMITYJIbCHBIX BO3JEMCTBUAX

T.L ,Zlmumpueeal, B.B. Be3oenes’

' MpkyTckuii rocyiapcTBeHHbIH TexHUUYeCKHi yHHBepeuTer, r. Upkyrck, POCCHS
20AO « Upkyrckuii ITpomcrpoiinpoexts, r. Upkytck, POCCHS

AHHOTAIIMSA: PazpaboTaH anroputM ONTHMaIbHOTO MPOEKTUPOBAHMS YNPYTUX KOHCTPYKLMWH, NOABEPKEH-
HBIX JICHCTBUIO UMITyJIbCHBIX HAarpy30K. AJNTOPUTM OCHOBaH Ha COBMECTHOM UCHOJIB30BAaHUM METOMAa KOHEU-
HBIX 2JIEMEHTOB U METOA0B HETMHEHHOIO0 MaTEMAaTUUECKOr0 IPOrpaMMHUpOBaHus. Pelensl NpuKIaaHble 3a1a4u
BU/IPOYapO3aIUTEI.

KnioueBble c10Ba: oNTHMaIbHOE MPOSKTHPOBAHNE KOHCTPYKIMH, HEIMHEHHOE IPOrpaMMHPOBaHHE,
METO/l KOHEUHBIX 3JIEMEHTOB, UMITYyJIbCHOE BO3JEHCTBHE

ALGORITHM FOR THE COMPUTER-AIDED DESIGN
OF MECHANICAL SYSTEMS WITH OPTIMAL PARAMETERS
UNDER IMPULSE LOADS

. o . 1 . . 2
Tatiyana L. Dmitrieva’, Vladimir V. Bezdelev
'rkutsk state technical university, Irkutsk, RUSSIA
*JSC “Irkutsk Promstroyproekt”, Irkutsk, RUSSIA

ABSTRACT: A design optimization algorithm of the elastic structures under impulse loads has been developed.
The algorithm is based on the finite element method and the nonlinear programming method. Applied tasks of the

vibro shock protection were solved

Key words: optimum design of structures, nonlinear programming, the final element method, impulse loads

1. IOCTAHOBKA 3AJIAYH

[Ipu pemenun 3agauy BUOPOYIapoO3allUTEl Me-
XaHUYECKUX CHUCTEM, a TaKXKe 3ajad CceucMo-
CTOMKOCTH 3JaHMM M COOPYKEHUU BO3HUKACT
BONPOC TOAOOpa ONTHUMAJIBHBIX MHapaMeTpPOB
ITUX KOHCTpYKUMH. Takue 3agadu MOKHO pac-
CMaTpUBaTh KaK 3a/ladydl ONTHUMAJIBHOTO IPOEK-
TUPOBAHUS KOHCTPYKLHH.

IIpencraBuM 3amady ONTHMHU3ALMKA MEXaHHUYE-
CKOH CHCTEMBI, IIOJBEP>KEHHOW JNEUCTBUIO KpaT-
KOBPEMEHHON MMITYJIbCHOM Harpysku, B ¢opme
3a1a4d HEJIMHEHMHOr0 MaTeMaTH4eCKOTrO IIpo-
rpammupoBanus (HMIT) [1-4].

Haiitu

min  f(x,P(x,t)), xeE™" (D)

IIPU OTPAHUYECHUSX

2, (6 Pu0) <0, j=12,.m;

L U
X, <x, <x;,

2)

i=12,.,n_.

3nech {x}— BEKTOP BapbUPYEMBIX I'eOMeTpHUe-
CKUX U (PU3NYECKHUX MapaMETPOB MEXaHUYECKOM
cucremsl. LleneBast GpyHKIMA f W OrpaHUYCHHS
gj CBA3aHBl C BapbUPYEMBIMH HapaMeTpaMH
yepe3 mapaMeTpbl cocTosiHUS P(x,f), KOTOphle
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MOTYT MPEACTaBIATH COO0H SBHbIE (P)YHKIIUU OT
JMHAMUYECKUX MEePEMEIICHUH, CKOPOCTEN U yC-
KOPEHUH B y3JI0BBIX TOUYKAaX CHCTEMBI:

(P(x,0)}= {4 (5.8.8)) 6eE". (3

1 — YUCJIO JWHAMHYECKUX CTeTeHed CBOOOIbI.
Bpewms ¢ usmensercs ot 0 no 7. Bektopsl auHa-
MHYECKUX MEepeMeIleHui, cKkopocTeil u yckope-
Ruit cuctembl {5},{5} {5} nesmro 3aBucaT or
{x} m omnpenensrorcs pemenueM auddepeHIH-
anbHbIX ypaBHeHH MKO B nocta”oBke [5]:

MRS+ [clidf+ K6} = {R(x.)} @)

C HayaJbHBIMHU YCIIOBUSIMH {5(0)},{5(0)}, HE

3aBUCAIIUMHU OT {Xx}.

st Toro, uto6sl 3amaya (1), (2) Obuta pemena
Meronamu HMII, HEoOXoauMO MOMYyYUTH SIB-
HYIO 3aBUCHMOCTHb (DYHKIIMI OTrpaHHYEHHHA OT
BapbUPyEMBIX MapaMeTpoB. JTa mpobiema pe-
mraeTcsl MyTéM MOCTPOEHUSI MPUOIMKEHHON 3a-
naun. [Ipu 5TOM HEOOXOAUMO YYECTh, YTO CKO-
POCTh CXOAMMOCTH CYLIECTBEHHO 3aBHCHUT OT
HEIMHEWHOCTH OTPaHUYHUTEIbHBIX (YHKIHUH,
KOoTOpast oOycioBieHa aByMmsi (akropamu. Bo-
MEPBbIX, MApPAMETPbl COCTOSTHUS MUMEIOT CIIOXK-
HYI0 3aBUCUMOCTb OT {x}, CBS3aHHYIO CO

CTPYKTYpOM MEXaHUYECKOM CHCTeMBbl. DBo-
BTOPBIX, CAMHM OTPaHUYEHUS, KaK MpaBUIIO, He-
JUHENHO CBSI3aHbl C MapamMeTpaMH COCTOSIHHUS.
Torpa annpoxcumanuy napaMeTpoB COCTOSHUS
naayT OoJiee KaueCTBEHHBIC MPUOIIMKCHHUS, YeM
anmpokcuManuu GyHKIUNA {g}. DTO MO3BOJISAET
WCIOJIb30BaTh TOMyUYEHHBIC allPOKCUMAIIUN Ha
0oJiee MUPOKOM 00JIaCTH TMPOCTPAHCTBA BapbH-
PYEMBIX TTapaMeTPOB, YTO B UTOTEC YBEIUYUBACT
CKOPOCTh CXOJIMMOCTH ajroputMa. B amnroput-
M€ MCHOJIb30BAINCH ANMPOKCUMALIUUA TEPBOTO
MOPSAZIKA, BBHIMOJIHEHHBIE TYTEM PAa3JI0KEHUS
¢byHKIMHA B {p;m Teiinopa B OKpecTHOCTH MPOO-
.

HOU TOYKH )X

Hpyras mpoGyiemMa COCTOMT B TOM, YTOOBI HC-
KIIFOYUTH 3aBHCUMOCTH I.[CJIGBOI\/JI U OrpaHnu4u-
TeIbHBIX QYHKIMHA OT BpeMeHu. [ aToro pac-
CMATpUBAKOTCA TOJIBKO TC MOMCHTBI BPCMCHU

T.JI. Amutpuesa, B.B. beznenes

Z‘CRY IpHU KOTOPBIX OrpaHUYCHUA NOCTHUTAIOT CBO-

ero fsKcTpemMyMa. Torma JuHeapu3amus Tapa-
MCTPOB COCTOAHUSA UMCCT CJ'IGI[YIOH.[Hﬁ BU:

T

dP,

P (x,t*)=P (x",t")+
dx

()

s onpenenenust KodQPUITMEHTOB aIMPOKCH-
Malu ObLT MCIIONB30BaH METOJ aHAIM3a YyB-
CTBUTEJIBHOCTH, TJ/I€ BBINOJHAIOCH MPSIMOE
IuQdepeHIMPOBaHNE MApPaMETPOB COCTOSHUS
o BapbupyeMbIM mapamerpam [6]. [Iponudde-
peHuupyem ypaBraenue (4) no x; (i=1,2,..., ny):

k) L) L)
el 22 Fo [l 22 K22 L= ().
X, OX; ox;
HauanrHbIE YyCJIOBUA
05(0)| | 86(0)
o, || ox,

ATON CUCTEMBI paBHBI HYJIIO, @ BEKTOp ICEBIO-
HAarpy3kd {F.} HaxOMHUTCS IO BBHIPAXKECHHIO:

oM

ax,

[

o,

ol

OR
Fl=J20 -
) ™

Yo

195
(7

TakuMm o0Opa3om, TPyJAOEMKOCTh MPSMOTO METO-
Jla TIPOTIOPLIMOHATbHA YHCIy BapbUPyEMBIX I1a-
pameTpoB. [IpeumyiecTBO Takoro mojaxoja co-
CTOUT B TOM, 4TO 3aAauu (4) u (6) oTauyarorcs
TOJIBKO TIPaBOM YaCThIO, MOATOMY pEIICHHE 3a-
Jlaud TMHAMHYECKOTO aHalii3a M aHaJIn3a JyB-
CTBUTEIBHOCTH MOXET OBITh  COBMEIIEHO.
VHBIMU CTTOBaMH YHCIIEHHOE WHTETPUPOBAHHE
ypaBHeHuii (4) u (6) y1oOHO BBHITIOIHATH OJHO-
BPEMEHHO.
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2. AJITOPUTM
ABTOMATU3UPOBAHHOI'O
INPOEKTHPOBAHUA
MEXAHUYECKHUX CUCTEM IIPH
VMITYJIbCHBIX BO3JEHCTBHUAX

Jlnist penieHus: MPakTUYECKHUX 3a/1a4 ObUIO pas3pa-
00TaHO  CIIEIMATN3UPOBAHHOE  MPOTPAMMHOE
obecrieuenne Ha si3bike FORTRAN. IlpuBeném
OIMMCaHUE OCHOBHBIX OJIOKOB ajroput™Ma (puc. 1).

HcexomHblii IpOeKT
\

JlnHaMUYeCKU aHAIN3 CUCTEM U
aHAJIU3 Y4y BCTBUTEIbHOCTH

(Dirans)
'

[Toctpoenune mpubImWKEHHON
3a7a4i ONTUMH3AIMM  (Aprox)

v

Pemenu e 3amaun HEJIMHEMHOTO
MaTeMaTHYECKOro
P OTPAMMU PO BAHUS

v

IIpoBepka
CXOIMM OCTH

Puc. 1.

brok Dirans mpennasHavuen s GpopmupoBa-
HUSL KOA(PDUIIMESHTOB alMPOKCHUMAIIUK Ha OCHO-
BE TPSMOTO0 METOJla aHajM3a YyBCTBHTEIHHO-
ctu. Jlns pemieHust cucteMbl nuddepeHab-
HBIX YpaBHEHHU cocTosiHus (4) u (6) UCTIOIB30-
BaJic METOJA TpsSMOro uHTerpupoBaHus (0-
Meton Buscona) [5].

brnok Aprox BrJIOYaeT MOCTpPOSHHE NPUOIIHU-
KCHHOW 3a71auil ONITUMH3AIHNH. 3/1eCh CTPOSTCS
JMHEHHBIC AaNMpPOKCUMAIMH TapaMeTPOB CO-
CTOSIHUSA 10 BapbUPYEMBIM MapameTpam [6].
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bnok NMPack mnpenHasHaueH AN pELLICHUS
3a7a4d yCJIOBHOW MuHHMMU3anuu. McxoaHas
YCIOBHO-3KCTpEMalibHAsg 3a/laya 3aMEHSIeTCs
3amaueld Ha 0e3yCIIOBHBIN AKCTPEMyM IpH IIO0-
MOII METOAOB MOAU(DUIIMPOBAHHBIX (DYHKITHI
Jlarpanxka [7,8]. 3amaua 6€3yclIOBHOH MUHUMU-
3alMM PEIIAeTCs C MCIOIb30BAaHUEM MHOTOME-
TOJHOM CTpaTervu, BKIIOYAIOLIECH MpsSMbIC U
rpaJlueHTHbIE TOUCKOBbIe MeToanl [9]. Ilepe-
KJIFOYEHHUE Ha TOT WJIM MHOW METOJ] BBITIOJIHSICT-
Cs1 Ha OCHOBE 3BPHCTHYECKOr0 aJiroput™ma [3].

3. OIMCAHUE BJIOKA PACYETA
N AHAJIN3A YYBCTBUTEJBHOCTHU
DIRANS

brok-cxema anroputma perieHus 3a1a4u IuHa-
MHUYCCKOI'0 aHalin3a U aHaJin3da 4YyBCTBUTCIIbHO-
CTHU MPUBEJEHA HA pHUC. 2.

Wcxonuple JaHHBIE
{x}, {PRMT}

®opmupoanue matpuyy  [M][C] [K]u
WX TMPOU3BOAHBIX 1O X;, i=1,2,..., n,

v

®opmupoBanue 3HHEKTHBHO N MaTPULIBI
KECTKOCTHU

)
Onpeenene {S(to)}, { a(ty)}, {d g(to)}

dx

v
k=1
!
/ L1k 10 BpeMeHHBIM

TOYKaAM t=t' ,tz..r

v

@opMHUpPOBaHUE BEKTOpPA { R (1) }

'
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Omnpenenenue ZEI/IH&MI/I‘ICCKI/IX peaxkuui

Bl ok

'
/ Huxn no yucimy

BapBUP yEeMBIX
napameTpoB

!

DopMHUpOBaHUE BEKTOpa
MICEBIOHATP Y3 KK {Fl (t)}

v

BoeruucneHre BeKTOpOB

Xj Xj Xj

v

Huk o
\ OrpaHUYCHUSIM /
v
Onpenenenue 3Ha4eHUI
e (0]
v

Breraucienue tjCR , IJ.CR

HCT

Onpenenexue

dg, (ter)
{2, ta)h {dx}

88
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B mporpammax 0r0ka peann3oBaH aHAIU3 YyB-
CTBUTEIILHOCTH TIepBOTO Topsiaka (5). B kaue-
CTBE MApaMETPOB COCTOSHUS IPUHATHI (PYHKITHH
OTpaHUYECHUH.

BxonHbiME mapamerpamu 0J0Ka SBISIOTCS Mac-
cuBbl {x} m {PRMT}. MaccuB {PRMT} co-
JEPKUT TapaMeTpbl WHTETPUPOBAHMS: HAYAIb-
HbIII U KOHEYHBI MOMEHT BPEMEHH, a TAKXKE
ar MHTErpupoBaHus Af, KOTOPBIN ONpeaesseT-
csl o BBIpaKeHHIO At=t/(n,-1), Tae ny — 4ucio
JTUCKPETHBIX TOUEK UHTETPUPOBAHUS.

st paGoThl ¢ 6;10KOM HEOOXOAMMO OOpalleHue
K MmporpamMmaM,  (QOPMHUPYIOUIUM MaTpPULIBI
Mmacc, AeMr(upoBaHus, KECTKOCTH, BEKTOP JU-
HAMUYECKOW HAarpy3KH, a TaKKe K IMporpammanm,
rae GopMUpPYeTCs BEKTOpP OrpaHudeHuii. B pe-
3yJabTaTe pabOThl OJI0Ka BBIUUCISIOTCS JIBa OC-
HOBHBIX MacCHBa. JTO MaCCHB { gCR} pasmep-

HOCTBKO m; HW MaACCHUB HepBLIX HpOI/I3BO[[HBIX
d gCR
X

, Pa3MEPHOCTBIO m; *Xn,, TAC m;>m. Ha

pHuC. 2 TOKa3aH NpUHIUN (GOPMUPOBAHHUS BEK-
TOpa { gCR} Ha TIpUMEpPE 3a7aud, KOTAa YUCIIO
MCXOJHBIX OIPAaHUYEHUN PaBHO JBYM.

Puc. 2. ®opmupoBaHue BEKTOpa {gCR}

PasmepHOCTh MaccuBa yBEIMYMBACTCS 34 CYET
TOr0, YTO OTPAHUYECHHS BBIYUCISIOTCS B MO-
MeHTHI BpeMeHH t%, korja oHM JOCTUIraloT KC-
TPEMAJIbHBIX 3HAY€HUW. TaKux MOMEHTOB MO-
JKeT OBITh MHOTO, €CJIH PacCMaTPUBAEMBIN TPO-
MEKYTOK BPEMEHH T I0OCTATOYHO BEJIUK.
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O/IHaKO Y4YHUTBIBas, YTO aMILTUTYAa KOJcOaHHI
3a cu€T neMI(UPOBAHHS YMEHBIIIACTCS, MOXKHO
OTPAHHYHUTHLCS PACCMOTPEHUEM IEPBBIX 7, MO-
MeHTOB BpemeHH (5 < n,<15) anga Kaxxmgoro or-
panudeHus. Kpome Toro, ycraHaBIMBaeTCs IO-
noca orbopa. Ecnu ammimuTyiHOe 3HaUY€HUE Or-
paHWYCHUS g; B MOMCHT BPEMEHU !; MECHBIIE
MaKCUMAIBLHOTO aMILTUTYIHOTO 3HAYECHUS. g,

Ha BenmnmuuHy Ag W Ag >& TO OrpaHHYCHUE B
STOT MOMEHT BPEMEHHU HE YUUTHIBACTCS

Hns  pemenus cucteM au¢depeHInanIbHbIX
ypaBHeHUU (4), (6) ObUT HCHOJIB30BaH METOJ]
OpsIMOTO  MHTErpupoBaHus. DopmupoBaHue
3¢ pexTUBHON MATPHIIBI KECTKOCTU JJIsI MHTET-
pUPOBaHUSl OSTUX YpPAaBHEHUU MPOU3BOIUTCS
OJIMH Pa3, YTO 3HAYMUTEIBHO COKpAIIaeT 00BEM
BbIUUCICHU. Ha kaXkIoM  i-TOM BPEMEHHOM
miare Mpomexypbl IPSMOTO HHTETPUPOBAHHUS

unteppan |t —t'| mpoepsieTcs Ha mpucyT-

CTBHUC DKCTPEMAJIbHBIX 3HaYCHHU I OFpaHI/I‘-IeHI/Iﬁ

CR
g " ;. Jns aTOrO 3aBUCHMMOCTb g; OT [ Ha yya-

CTKE [ti_z —ti] arnmpoOKCUMUPYETCsl KBaJIpaT-
HOU mapabomnoif. [[is BbIUKCICHHS IKCTpeMyMa
MPOBOJATCS ClIENyIOas MpoBepKka. Buraumcis-
eTCcsl MapameTp R KOTOPBIi COOTBETCTBYET
BPEMEHM HACTYIUICHUSI SKCTPEMYM B JOJIIX OT
1iara HHTETPUPOBAHUS, €CJIM HAYaJI0 KOOPANHAT
COBMECTHTD ¢ TOUKOM 7.

CR _
177 =B,/(2-4;), rne
A,=g7"-2g7 +g;, B,=g;" g} (8

Ecnu Ha yuacTke [ti’l —ti] yHKIMA OrpaHu-
YEHUU gj UMEET KCTPEMYM, TO

1| <1
J

CR
B sToMm ciyuae BeruucigeTCS g, .

g =g +054,(I% +1)* -

‘ 9)
—(4,+0,5B,) (I, +1),

a 3aTeM OIIPCACIIAIOTCA ITPOU3BOAHLIC
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dgCR
d x

b

COOTBETCTBYIOIIME MOMEHTY BpeMeHn (*. B
obuieM ciydae, ecid g sBIsEeTCd (QyHKUUEH
5, 5, &, BBIpaKEHWE I €€ NPOU3BOAHON B
KPUTHYECCKH MOMEHT BpPEMEHH HMEET Clie-
JIYIOILMMN BUL:

dgi" | _Jog" | | 057 | [og. |
dx 0x 0x 00
o6 | |og, 08k og,
0x ) 0x BE)
0
%8 {ﬁ} |
ot dx r=1CF
(10)
Kak yxe oTmMe4anoch, MOMEHTBHI BPEMEHU CF
COOTBETCTBYIOT 3KCTPEMAalIbHBIM  3HA4YCHUIM

¢bysnkuuii orpanmuenuii. [losromy mnocnenHee
ciaraemoe B BbipakeHuH (10) Oymer HyJIeBBIM.
IIpousBoaHbIe

og;
00

agj
)

agj
05

0g;
0x,

b 2 2

HaxoadaTCsa B SABHOM BHAC AHAJIMTHUYCCKHM HWJIN
YHCJICHHO B KOHCYHBIX PA3HOCTIX. HpOI/IBBOILHI)IG

o8
ox,

o) o8
ox, ox,

BBIUUCIISAIOTCS peleHreM cucteM auddepenuu-
aJIbHBIX YpaBHEHUH (6) MpH pa3IHuHbIX BEKTO-
pax nceBaoHarpy3ki (7).

JuddepennmpoBanue
oM joc) |oK| JoF
Ox, ox, [ | ox, Oox,

BBITIOJIHACTCA B SBHOM BUJC aHAJIUTHUYCCKU HIIU
YUCJICHHO B KOHCYHBIX PA3HOCTAX. 3HadyeHUA
MMPONU3BOAHBIX
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85CR
ox

85CR
ox

a&CR
0 x

OMPCACIIFOTCA 4Y€pPe3 3HAYCHUA OTUX IIPOU3-
BOJHBIX, BBIYMCJICHHBIX B TPEX COCCAHUX TOY-
KaX UHTCTpHUPOBAHUS. TOF,Z[B. AJI OIIPEACIICHUS

dg
{g}ﬂdx

H606XOI[I/IMO XPpaHUTb 3HAYCHUA MAaCCUBOB

0
ox

2] [os
ox | ox

3 b

HaWJICHHBIX B TOUKax ¢ 2, ' ¢,

[Iponienypa ompenenenus kodhUIMEHTOB ar-
MIPOKCUMAIIUU ABISIETCS Haubojee TPyJ0eMKOit
4acThl0 BCEro Mpolecca ONTUMAaIbHOIO MPOEK-
TUPOBAaHUS W 3aHMMAeT OCHOBHOE BpEMs BbI-
yuciaeHnil. Yucio urepanuii mpu BBINOJTHEHUH
nporenypsl  npsmoro  auddepeHunpoBaHUs
paBHO 7n,x 1y (n=t/At+1). Jlyist morydeHus pe-
3yJIbTATOB C JAOCTATOYHOW CTENEHBbIO TOYHOCTH
pexoMeHayeTcs OpaTh MaleHbKUU mar Af Ha
UTEpalUAX TMPSMOTO MHTETPUPOBAHUA. ITO
TpeboBaHue OOYCIOBJICHO TEM, YTO MPHU OIpe-
JICJICHUN TPOU3BOIHBIX OIIMOKA OKPYTJICHHUS
MOJKET HAKaIUIMBATHCS 32 CYET MPUOIKEHUS B
pemunnax |}, {8},{5} Bxomammx B BexTOp
IIPaBbIX YaCTEH.

Takum 06pa3zom, CKOPOCTh pEHICHHS 3aBUCUT OT
qrcia BapbUPYEMBIX IapaMeTpoB 7, OT pas-
MEpPHOCTH MEXaHUYECKOW CHUCTEMBI 7, a TaKXKe
OT KOJIMYECTBA BPEMEHHBIX TOYEK HHTETPUPO-
BaHUS ;.

4. OIITUMAJILHOE
MMPOEKTUPOBAHWUE CUCTEM
BUEPOYJAPO3ALLIMTHI

JUia  wutrocTpauuu paboTsl aaropurMa rnpuse-
OEM IpuUMep 3aJayd ONTUMH3ALMKU BUOpOyna-
PO3alIUTHBIX CUCTEM 0aJI04HOro TUIIA, HA KOTO-

T.JI. Amutpuesa, B.B. beznenes

PBIX YCTAaHOBJIEHA allapaTypa, 4YyBCTBUTEIbHAS
K MEXaHUYECKUM BO3JECHCTBUSAM.

Ha puc. 4 nokaszana pacdyeTHas cxema IOJBec-
K1, UMEIOLast 71 CTeNeHed CBOOOIBI.

NPUHATO B BHJE COCTaBHOTO
JIByTaBpa (pHc. 5).

Puc. 5

Kunemarndeckoe BO3/IEHCTBHE HA OMOPHI 3aj1a-
BaJIOCh B clieaytomieM Buje (puc. 6):

S, =a, e sinut (t<z).

on

6 Ol'l(t)

) I\n nnﬂt(ceg
I

Puc. 6. I'paduk BHENIHETO UMITYJIbCA,
M0JaBaE€MOI'0 Ha OTOPBI.

MuHUMH3UPYETCSl YCKOPEHUE BEPXHUX MPUCOE-
JUHEHHBIX Macc, I/Ie paclojIoKeHa anmnaparypa,
3amuimaemas or BuOpoyaapa. OrpaHudeHus
HaKJIaJbIBAIOTCA Ha IEPEMELICHHUsS TOYEK CHUC-
TEMBI, & TAK)KE€ HA HAIPSDKEHUs, BO3HUKAIOLIUE
B pe3yJbTaTe JCHCTBUS CTaTUYECKMX W JMHa-
MHYECKMX Harpy3ok. Bapeupyrorcs reomerpu-
yeckue M (PU3MUECKUE IapaMeTpbl: pa3Mepsl
MOTIEPEYHOT0 CeYeHHUs1 OaJIKM, BETMYMHBI MacC,
JeMI(pUPOBaHUSI U HKECTKOCTH.

Hwmxe paccMoTrpum Hanbosee MpocToi cirydai,
KOrja Ha Oajke MMEIT MECTO TOJBbKO JBE Mac-
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col— M * u M/, pacnonoxennsie nocepe-
JIMHe nposnéra. Bo3aelcTBue Ha OMopsl NPUHATO
CUMMETPUYHBIM. MUHUMU3UPYEMON BeEIUYU-
HOW SIBJIIETCSI YCKOPEHUE BEPXHEH MacChl 52.
Uucno BapbUpyEMbIX MapamMeTpoB  paBHO 7,
YuCIo orpaHuueHuid — 9. Bee orpanuuenus 3a-
JaHbl B 0e3pa3mMepHoit popme. MaremaTuueckas
[IOCTAHOBKA 33J]a4l UMEET BHL:

HalTH
min f(x)=1/x
MIPU OTPAHUICHUSX
g, =|6, = 6,,|/ A" —1<0,

g, =|6,|/ AV —1<0,

g, =6, =6,/ A" —1<0,
g, :‘52‘-x1 -1<0,

gs =|0'1|/G‘)"” —-1<0,

g =|O'2|/0‘)”” -1<0,

g, =‘G” /c”" —1<0,
gy =[0;"]/ A% ~1<0,
g, =|o3 |/ A" —1<0.

BapbupoBanuce BeIUYUHBl [IPUCOEAUHEHHOMN
Macchl (xz), Bs3KocTh C? COCPENOTOYEHHOIO
nemmngepa (x3) U KECTKOCTH MpyKUHBI K (X4),
a TaKKe IMapaMeTphl IONEPEeYHOro CEYEeHUS
Oanku: IIMpPUHA TOJKU (Xs) U BBICOTA CTEHKH
JIByTaBpa (Xg), TOJIIMHA CTCHKHA W TIOJKH JIBY-
TaBpa (x7). [lapamerp x| BBen€H s UCKIIOUE-
HUS 3aBUCHMOCTH 11€JIeBOM (YHKIMH OT Bpeme-
HU. B pesynprare Takoro npuéma MNOSBISAETCS
JOTIOJIHUTEbHOE OorpaHuyeHue g4. Huknue u
BEPXHHE TPAHULBl HM3MEHEHUS BapbUPYEMBIX
rapaMeTpoB MpuBeJeHbl B Ta0. 1.

B orpanuueHus g, U g, BXOAAT: HOPMAJIbHOE

HanpspKeHue o) (B KpailHeM 10 BBICOTE BOJIOKHE
CeYCHUs1) U TIIaBHOE HaIpspKeHue o, (Ioj moJ-
Kol nByTaBpa). OrpanuueHus 7-9 HakiaabIBa-
JUCh HAa CTaTMYECKUE IepeMeIleHUs] U Harps-
KEHHUs, BO3HHUKAIOIIME OT COOCTBEHHOIO Beca
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KOHCTPYKIIHUH. MaCCI/IBBI, BXOAAIIHUEC B ypaBHC-
Hue (4) GopMupoOBAIUCH CIEAYIOIIMM 00pa3oM:

b
[M] M 0 ,
0 M*
[c]= c’'+C* -C°
_Ca Ca 2
K]= K'+K* -K°
-K* K]
b
Ry =1% 0O
0
M”:%, Ch =28 Mo,
‘8
48E1, K’
Kb :—3: a)lz )
L M
E:2,06-108g, L=4nm,

y=78,5g, £=0,03.
M

PaccmaTpuBaiics IpoMeXyTOK BPEMEHU JIBUKe-
HUsA cucteMbl paBHbIi 0,3 cex. Bpems BHemHero
BozneiictBust — 0,102 cek. lllar unTerpupona-
HUSI IPUHUMAJICA 3-107 cek. 3amaua Ha YCIIOB-
HBI 3KCTpeMyM Oblla pelieHa METOIOM Jie-
(dbopMHpPYEMOT0 MHOTOIPaHHHUKA.

Vcxonnele naHHbIE OTpakeHbl B Tabn. 2. B
TabJs. 3 AaHbl HaYaJbHbIE U ONTHUMAJIbHbIE 3HA-
YEeHUsl BapbHpPYEMbIX MapaMeTpoB. B Ttabin. 4
MIPUBEICHbl M3MEHEHUs IIeNIeBOM (YHKIUH Ha
UTepalyiax, a TaKKe MaKCHUMAaJbHbIE HEBSA3KH
AKTHUBHBIX OTPaHUYEHUH.

s mpoBepKM IOCTOBEPHOCTH IOJYYEHHBIX
pe3yNbTaTOB ObUIO BBHINOJIHEHO PEUICHUE 3a4a4u
JUHAMHUYECKOI0 aHajau3a JUlsl UICXOAHOIO U OIl-
TUMaJIbHOTO MPOEKTa MPU MOMOIIM MPOrPaMMBbI
MathCAD. 3necp e ObUIM BBIYHCICHBI (DYHK-
UM OTPAaHWUYECHUN HMCXOJHOM M ONTUMAIBHOMN
3amaun. Ha puc. 8-9 npuBeneHbl OCHOBHbBIE pe-
3yJbTaThI PACUETA.
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Pa3paboran ajiropuT™M ONTUMAIBHOTO MPOEKTH-
POBaHUS CTEPKHEBBIX CUCTEM, MOIBEP>KEHHBIX
NEHCTBUIO  KPaTKOBPEMEHHBIX  MMITYJIbCHBIX
Harpy3ok. [Iporpammnoe obecneueHue, co3-
JAaHHOE Ha OCHOBE aJrOpUTMa, MO3BOJIUJIO pe-
IIUTh MPUKIAJAHBIE 33]a9d ONTHUMAIBLHOTO TPO-
€KTUPOBAHUS CHUCTEMbl  BHOPOYAApO3AIIUTHI.
Pe3ynbTarhl, MONy4YeHHBIE MPH PEIICHUU 3TUX

92

Tab6muma 1
['panuIel M3MEHEHUs BapbUPYEMBIX TApaMETPOB
X1 b %) X3 X4 X5 X6 X7
BBenéHHbIi .
napaveTp M (1) C’ (xkH'cex/m) | K* (kH/m) B (m) h (M) b (m)
0,001-10 | 0,2-0,8 11-100 15-1000 | 0,05-0,45 0,1-0,8 %’%(;65_
Tabmmma 2
HcxonHpie qaHHbBIC 331291
XapaKuTepI/ICTI/IKI/I BHEIIHETO Ty — Honyck Ha
BO3JICHCTBUS HaNpsDKEHUE
a() o v A}ion AZIZOH AI;OH ALLOH AI;OH [O_IIOII]
-1 -1 2
(Mm) (cex™) (cex™) | (mm) | (mm) | (mm) | (M) | (Mm) (xH/m7)
3,6 30 400 10 1 1 2 80 230000
Tab6numa 3
M c K’ B h b | ) _max|
(T) (xHcex/m) (xH/m) (M) (M) (M) (m/cex’)
HauansHbie mapaMeTpbl CUCTEMBI
0,3 40 1000 0,2 0,5 0,01 122,2
OnTumalnbHbIe TapaMeTPhbl CUCTEMBI
08 | 11 | 98 | 012 | 0244 | 0006 | 2056
Tabmuna 4
W3meneHue 1nieneBoit QyHKINH f{x) 1 MaKCUMAaJIbHBIX HEBSI30K OTPAHUYCHUI Ha UTEpAIUIX
Ureparuun 1 2 3 4 5 6 7
fx) 122,2 60,450 | 25,11 | 11,04 5,430 1,9 2,350 2,056
Gnax | 81,256 | 570,66 | - - | 870,169 | £=0,057 | £=0,011 gll;43-10'3
3a/1a4, MOKa3alu YCTOMUMBYIO paboTy airopur-
JAKJIIOUYEHHUE Ma. IIpemnoxkeHa MeToauka MOCTPOCHUS Kaye-

CTBEHHBIX alMpOKCUMALUN MPU (HOPMUPOBAHUH
SIBHOM 3aJlauMl HEJIMHEHMHOr0 MaTEeMaTHYSCKOTrO
nporpamMmmupoBanus. [Ipumenena s¢dexkTuBHas
CXEMa pelIeHus 3aJadyd Ha YCJIOBHBIA JKCTpe-
MyM Ha OCHOBE METOJ0B MOAU(DUIIMPOBAHHBIX
¢byukmmii  Jlarpamka, oO0JagaroNIMX MIUPOKOM
00JIaCTBI0O CXOAUMOCTH U BBICOKOM HAIEKHO-
CTBIO.

International Journal for Computational Civil and Structural Engineering



AHFOpI/ITM ABTOMATU3HUPOBAHHOTO IMMPOCKTUPOBAHUA MEXAHUYECKUX CUCTEM C ONITUMAJIBHBIMHU ITapaMETpaMn

opu HMHyHBCgL;X B0\3I[CI\/'ICTBI/I5[X
0.8T7 02 \I‘vi 1)

2) 0.6 f\
A A

a \
/ /

! 0 01 03) 0)45( 0)06 ) 0.975 01«9 0.105  0.12

0.4

=]

135 015

1207 §, (M/cex’ n

L \ N A
\
4UO\V 15\
WV -
V

- 120

- m

.03 | 00451 0§06 | 0.75 | O 012 0.135 0.15

L A4
A

Puc. 8. Ipaduxu yckopenuii 8, (t) (a) u mepememennii d,(t) (6) maccsr m2
HCXOIHOU U ONTUMAILHOU CUCTEMEI

0.0
gl(ta) ; } } : ’ ’ ’ gl9 ’ ’ |
0 0.013 0.025 0.03% 05 R.063 0.075 0.088 0.1,40.113 0.125 0.137 0.15
g2(ta) _ 0.1
oX(ta) gl(t) . ﬂ
~0.25 5
g(ta) &0 i1
o(ta) — 0.4 26(®) [\ .
g7 ﬂl A
trre (.55 f\
g8 ﬂ
29 —0.7]
g7
-0.8
g3(t)
- g2(t)

Puc. 9. I'paduku HpyHKIINH OrpaHUYEHUH ONTHUMAILHON CHCTEMBI
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JAJBHEBOCTOYHBIA ONBIT ITPOEKTUPOBAHUS
N CTPOUTEJBCTBA BBICOKOU APMOI'PYHTOBOU
KOHCTPYKIINHU

C.A. Kyopssues', FO.b. Bepecmanuwiii’, E.B. ®edopenxo', T.FO. Banvyesa',

. 1
P.I'. Muxaiiaun

! JlanbHEBOCTOUHBIH TOCY1aPCTBEHHBIH YHHBEPCUTET IyTel cooduienus, r. Xabaposck, POCCHS;
* HayuHo-BHepeHueckoe npeanpustue «JIB-I'eocunrernkay, r. Xabaposck, POCCHS;

AHHOTAIIUSA: B craTbe MpUBOANUTCS OIBIT IPOSKTHPOBAHUS M CTPOUTEIBCTBA aPMOTPYHTOBOM KOHCTPYKIHH
MOBBIIIEHHOTO YPOBHSI OTBETCTBEHHOCTH C HCIIOIB30BAaHUEM HHTETPAIBHBIX TeoperreTok. OCBEeImaTesl BONpO-
CBI PaCUETOB aPMHUPOBAHUS BBICOKOTO OTKOCA, KaK B aHAJUTUYECKOH (hopMe, TaK M Ha OCHOBE F'€OTEXHHUYECKOrO
MOJIETUPOBAHUS, a TaK ke BOMPOCH! pa3pabOTKK Oepero3aniuTHBIX MEPOTIPUSATUI OT JEHCTBUS MOPCKUX BOJIH. B
MPAKTAKE OTEYECTBEHHOI'O MPOCKTUPOBAHUS U CTPOUTEIHCTBA OTCYTCTBYIOT aHAJIOTH PACCMAaTPUBAEMOI0 00hEK-
Ta, Mo3ToMy HH(pOpMAIHs OYIeT UHTEPECHA KaK MPOCKTUPOBIIUKAM, TaK U CTPOUTEISIM.

KuroueBble cjioBa: apMOTPYHTOBAst KOHCTPYKIUS, KPYTOH OTKOC, FeopeneTka, Oepero3amnra, CeTKOHEI,
BBICOKHH OTKOC

FAR EASTERN EXPERIENCE IN DESIGN AND CONSTRUCTION
OF HIGH SLOPE WITH GEOGRIDE REINFORCEMENT

Sergey A. Kudryavtsev', Yuriy B. Berestyanyy®, Evgeniy V. Fedorenko',

1 . ege 1
Tatyana Yu. Valtseva', Roman G. Mikhailin
!'Far Eastern Transport University, Khabarovsk, RUSSIA;
2 Company «DV- GEOSYNTHETICS», Khabarovsk, RUSSIA;

ABSTRACT: In the given article the designing and building experience of high slope with reinforcement of the
raised responcibility level with the use of integrated geogrids is presented. Questions of calculations of reinforcing
of a high slope, both in the analytical form, and on the basis of geotechnical modeling, and points of working out
bank protactive measures against action of sea waves are light up. In practice of native designing and building
there are no analogs of the considered object, therefore the information may be interesting both to designers, and

builders.

Key words: high slope with reinforcement, integrated geogrids, bank protactive measures,
designing and building experience, geotechnical modeling

BBEJIEHHUE

PexynbpTuBanmusi CymecTBYIOHIETO  IOJIUTOHA
TBEPABIX OBITOBBIX 0TX0710B (THO) B 1. Biagu-
BOCTOKE BBINOJIHAETCS B paMKax IOATOTOBKH
ropoaa k mposeaeHuto cammuta ATOC 2012.
MecTomoI0KEHNE CBAJIKA OTXOJIOB — JKHUBOITHIC-
HOe MecTo B paifoHe OyxTwl ['opHOCTali, Haxo-
nsmieiicss  BOmu3M  ropoga. [IpoTskEHHOCTH
CBAJKM BJIOJIb TOOEPEkKbsl COCTABISET OoJjee
500 M.

CH0oXHOCTh 00BEKTa 3aKJIIOYAETCS] B CIIOMKHB-
nieiicst cuTyaluu: ropa Mycopa, BeicoToi 10 50
METPOB CITyCKAETCsI OTKOCOM MoA yriom 1o 420
HETIOCPEJICTBEHHO K BOJIHOMPHOOIHOI 30HE Y-
CypuiicKoro 3aiuBa, MoOepexbe KOTOpPOro B
JTAHHOM pailoHe HE MMEET 3alUThl OT CUIIbHBIX
TOPMOB SMOHCKOTO MOpsl U IyHamu. Takum
obOpa3om, Hanboee CI0KHOHN 3a1adueii st po-
EKTUPOBAHUA, B DALy BCEX MEPOIPHUATUH IO
pexyiabTuBauuu nomauroHa ThO, saBisuioch
o0ecrieueHne 3KCIUTyaTallMOHHOM HaAEXHOCTH
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KOHCTPYKLHU 3alUTHI BBICOKOTO OTKOCA OT
BO3JICMCTBUI BOJIH PACUETHBIX IITOPMOB U CIIO-
COOHOCTh KOHCTPYKIIMH BBIIEPKATh €IHMHOBpE-
MEHHBII HaKaT BOJIHBI IlyHAaMU C XapaKT€PHbIMU
napamMerpamMu 0e3 KPUTHYECKHX pa3pyIICHUH.
Kpome ToOro, 3amurHOE€ COOpPYX EHHE TOJIKHO
obecrieunBaTh CTAOUIBLHOCTH KOMILIEKCA TPH
CYIIECTBYIOIIMX IPABUTALMOHHBIX U CEHCMUYe-
CKHUX BO3JICUCTBUSX.

INPOEKTUPOBAHHUE

B cootBercTBUU C CYIIECTBYIOIIMMH HOpPMaMH
npoektupoBanus (I'OCT

27751-8 u CHull 2.01.07-85*) 0OBEeKT nmeeT
MOBBIIICHHBI YPOBEHb OTBETCTBEHHOCTH. Pac-
YETHBIN MEPUOJ KU3HEHHOTO IMKJIAa BCEro CO-
OpY’>KEHHs, ONPEACIEHHBIA 3aKa34YMKOM IPOCK-
TUpOBaHus, coctaiseT oT 80 1o 120 ner.
IIpoekTpoBaHre KOHCTPYKLMH 3aIUTHI BBICO-
KOI'0 OTKOCa, B COCTaBe€ IPOEKTAa PEKYJIbTHBA-
uuu cyuectpyromero noimurona ThO r. Bnagu-
BOCTOKA, BBIIIOJHEHO HAay4YHO-BHEAPEHUYECKUM
npeanpuatueM  «/IB-I'eocunreTuka», uMmero-
LM HEMAJIbIH OIBIT NPOEKTUPOBAHUS U COIPO-
BOXKJICHUSI ~ CTPOUTENIBCTBA  T'€OTEXHUYECKUX
00bekTOB B JlampHEBOCTOYHOM  (herepanbHOM
okpyre. M3 mpemoKeHHbIX U PacCMOTPEHHBIX
BAapUaHTOB, HanboJee MPUEMIIEMBIM ISl pelle-
HUS IIOCTaBJICHHBIX 3a7a4 U ONTHMAJIbHBIM IIO
COJIEP’KaHUIO, 3aKa3YMKOM BBIOPAH BAapUAHT C
KOHCTPYKLHMEN BBICOKOW apMOIPYHTOBOM CTe-
HbI, 3aIIPOEKTHPOBAHHON HA KOMIIAKTHOM, HO
IIPOYHOM OCHOBaHMM. KOHCTpYKIUS COCTOUT U3
TpEX YpOBHEH: MepBbId — Oeperosasi 3amura
(BbICOTa 710 8 M), BTOPOIl ¥ TPETH —1OAIOpHAs
cTpykTypa (0011e#t BeicoTol okoiio 40 m).

Ha ocHOBe mpenocTaBlIEeHHBIX HCXOJHBIX [aH-
HBIX OBUIM C(HOPMUPOBAHBI U OOOCHOBAHHEI
CJIEIYIOIINE PACYETHBIE XaPAaKTEPUCTUKHU I'PyH-
TOB: MaTepHajl 3aChIIKA apMOTPYHTOBOIO CO-
opyxeHus: yromn ¢=29,5°; c= 0,0104 MIla;
E0=47 MlIla; y=20,5 xH/m3; npumepHsie pac-
yeTHble xapaktepuctuku ThO: ¢=0,020 Mlla;
¢=37"; E0=5 MlIla; y=16 xH/m3; xapaxrepu-
CTUKH TpyHTOB ocHoBaHus: c¢=0,087 Mlla;

¢=36"; E0=200 MIla; y=22 xH/m3. B kauecTBe
apMUPYIOIINX 3JIEMEHTOB HNPUHATHl MHTETPAJIb-
Hbl€ TEOCHHTETHUYECKHE MaTepHallbl: BTOPOU
ApyC — OJIHOOCHAsl T'eOpelIeTKa C MPOYHOCTHIO
170 xH/m.Mm., TpeTHii sipyc — qBYXOCHas reope-
meTKa ¢ mpouHocThio 40 kH/M.

3a c4€T UCMOIb30BaHUS B OCHOBAaHUU COOPYIKe-
HUs (TEPBBIA yPOBEHB) CKaJbHOTO TPYHTa W3
M3BEPKEHHBIX MOPO30YCTOMUYUBBIX IOPOA, 3a-
KIIIOYEHHBIX B CETYAThle KOHTEHHEpPHI — CETKO-
Hbl, KOHCTPYKIMs Oepero3amuTsl I[03BOJSET
HCIIOJIb30BaTh IJIBIOBI HE OYEHb OOJBIIOrO pas-
Mepa, HO MPH 3TOM 3a CYET F€OCHHTETUYECKOM
000JI0YKH MPHUIATh UM 00BEM JI0 2 KyOUYeCKnX
MeTpoB. [l 3alUThl OT Pacdy€THBIX IITOPMO-
BbIX BOJIH M, YaCTMYHO, OT LlyHaMH JOIOJIHU-
TEJIbHO 3alPOEKTUPOBAHBI COOPYKEHUS U3 TET-
paro0B BECOM 0 5 T.

Bropoii u Tpetuil ypOBHHM 3aIlUTHI BBIIIOJIHEHBI
B BHJIE apPMOTIPYHTOBON KOHCTPYKLIUHU C UCIOJIb-
30BaHMEM, COOTBETCTBEHHO, OJHOOCHOH H
JIByXOCHOW T€OpeIIETOK B KayecTBE IOJIOTEH
st popmupoBaHusi reooboiim. B oGoiimax
NPUMEHEH MECTHBIM  IIEOCHUCTO-TIILIOOBBIMA
IPYHT C IJIMHUCTBIM 3arojiHuTenaeM. Beibop Tu-
[IOB M MAapoOK, MCIOJb3YEMbIX NPHU MPOEKTUPO-
BaHUM TI'€OCHHTETUYECKUX MaTepuasoB, Ompe-
JENEH )KECTKUMH TPEOOBAHHUSIMH TI0 BCEM ITOKa-
3aTesisiM, COOTBETCTBYIOIIUM BBICOKOMY YpPOB-
HIO OTBETCTBEHHOCTH COOPY>KEHUS, IPOEKTHBIM
(bU3UKO-MEXaHUYECKUM XapaKTePUCTHKAM TIeo-
MaTEepUajoB ¢ y4ETOM 33JaHHOTO CpPOKa CITyXkK-
Ob1 coopysxenust — 1o 120 net u napyrum tpebo-
BaHUSM, CBSI3aHHBIM C IPUPOJHBIMH M TEXHO-
TEHHBIMHU BO3ACHUCTBUAMU. MCXOAHBIM CBIpbEM
JUIsL TIPOM3BOJICTBA IPHUHSATHIX TI'€OMaTepHaoB
JOJbKeH ObITh monmdTuieH (97%), xak ¢opma
HEOPraHMYECKOI0 COEIUHEHMs], oOecrednBaro-
mas HauOOJbIIYI0 YCTOMYMBOCTh K XapakTep-
HBIM JUIs OOBEKTa BUIAM BO3IEHCTBUSI, BKIIO-
Yas arpecCMBHOCTb YCJIOBUH MOpCKOro mooe-
PEXbsI, PEareHTOB M MPOAYKTOB HPHUPOIHOTO
THIpPOJIN3a OTXOJIOB CBAJIKHU, a TakK K€ K BO3/eH-
CTBHSIM yJIBTPa(UOJIETOBOTO N3TYUYCHHUS.

Jis ompezneneHus MapaMeTpoB apMHUPOBAHUS
KOHCTPYKLIUH, T€OMETPUYECKUX pPa3MEpPOB CO-
OpyXeHHsI M (U3UKO-MEXAaHWYECKUX XapakTe-
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Puc. 1 I'eomerpruueckue nmapaMmeTpbl COOPYKEHUS:
1 — reorexHuueckas 000¥Ma M3 reOpPeIeTKH U TPYHTA; 2 — HECOPTUPOBAHHBIIN CKaJIbHBIN IPYHT; 3 —
ceTyaThle KOHTEHHEPHI (CETKOHBI), 3aII0JTHEHHBIE CKAJIbHBIM I'PYHTOM

PUCTHUK TEeOMAaTepHajoB KCIIOJIb30BaHbl AHAIIH-
TUYECKHE CIOCOOBI PacdyeToB C MPUMEHEHUEM
OTEYECTBEHHBIX W 3apyOexHbIx MeToauk. Co-
TJIaCHO METOAY NPCACIBHOTO PABHOBCCHA CUIT U
MOMEHTOB (1) HEOOXOIMMO MPOBEPUTH BHITIOJ-
HCHUC YCJIOBUS JIA KAXXJ0I'0 KJIIMHA:

2 Eyni 2Eqp (1)

rac Z Eyp,,i

kH/Mm; E.; — cnpuraroriue criibl, KH/M.
VYaenbHas (Ha 1 MeTp IHUPUHBI) paCTATHBAIO-
Iasi Harpy3Ka B reopenieTKe Ha TIyOHHE 7 BbI-
YqHCISeTCs 10 hopMyJIe:

— CyMMa YIEpKUBAIOLIUX CHUJ,

Y3Zi +q

ke (vczi +39) (ZL'jz

3(v3z +0q)

Ti = kE,3 (2

1-—

rac hi — MAakKCUMaJIbHOC pPaCCTOAHUC OO CJIC-

JyIOIIEH reopeleTKy (mar), M; Y5 — yAEIbHbIN

Volume 7, Issue 1, 2011

Bec rpyHTa 3ackmky, KH/M; kg, kg — koaddu-
LMEHT aKTUBHOI'O JIaBJIEHUS TPyHTa; q — BEJU-
YMHA pacIpeelIeHHON Harpyskn, kH/M% ye —
YIEIbHBIA BEC TPYHTa MPUPOAHOTO CKIIOHA, CO-
CTaBJISIFOIIETO 3aHIOI0 CTEHKY apMHUPOBAaHHOTO
6moxka, kH/M; z — pacueTHast BbICOTa, M.

[To dopmyne (2) Obuna ompezaesneHa yaeiIbHAs
(Ha 1 MeTp MPHHBI) pacTArUBaroLIasl Harpy3Ka
B reopeuieTke, mocie 4ero ObLI MOCTPOEH Tpa-
(UK 3aBHCHMOCTH «ILIal ApMHUPOBAHUS — TITyOu-
Ha pacCIoJIOXKEHUs apMmaTypel» (puc. 2), KOTo-
pBIIl HEOOXOIUM IS Lesiel ONTUMHU3AINH pa3-
MEIIEHUs PEIIETOK TaKUM 00pa3oM, YTOOBI Ha-
IPSDKEHUE B KKJIOM HE MTPEBBIIIAIO PACUETHYIO
npouHocTs. [Ipu nmomoru 3Toro rpaduka onpe-
JIEJIEH XapakTep pa3MEIICHHUs TIeOpelIeTOK B
MaccCHBe.

Jns yTOYHEHUs OTACNIBHBIX PACUETHBIX Iapa-
METpPOB 3JIEMEHTOB COOPY’KEHUsI, B CBSI3U C He-
COBEPILICHCTBOM CYIIECTBYIOLIUX aHAJIUTHYeE-
CKHUX METOJIOB, IPUBJICYEHBI BO3MOKHOCTH T'€0-
TEXHUYECKOTO MOJICTUPOBaHUA pabOThl KOHCT-
PYKIMA. DTO MO3BOJUIO KOMILJIEKCHO OLIEHUTH
paboTy Bcex Aeraneil coopyKeHUs, UX Hamps-
KEHHO-IE€(POPMUPOBAHHOE COCTOSIHME Ha BCEX
dTamax CTPOUTENHCTBA M ONTUMHU3UPOBATH TEX-
HUYECKHUE MMapaMeTpbl KOHCTPYKIIHIA.
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Puc. 2. I'padux 1 onpeaeneHus napaMeTpoB apMHUPYIOIIUX IPOCIOEK BTOPOTO YPOBHSL.

Puc. 3 I'eoTexHnueCKOE MOAEINPOBAHNE APMOIPYHTOBON KOHCTPYKIUU:
a — pacdeTHas cxema; O - 30HbI Pa3BUTHS IUTACTUYECKUX U YIIPYTHX Je(hOopMaIHid.

['eoTexHUUECKOE MOJETUPOBAHUE KOHCTPYKIIUH
NPOBOAMIOCH Ha MPOrPaMMHOM  KOMIUIEKCE
«FEM models», pa3paboTaHHOM T€OTEXHHKAMH
r. Cankr-IlerepOypra. OcHOBOI MPOrpaMMHOTO
KOMITIEKCa SIBIISIETCS METO/ KOHEYHBIX DJIEMEH-
TOB, YTO MO3BOJISIET PEIIATh TPEXMEPHBIE TEILIO-
(u3nIecKre M HAPSHKCHHO-IE(POPMHUPOBAHHOTO
COCTOSIHMS 33J]a4ll COOPY>KEHHI U UX OCHOBAaHUM
Pa3sMEpPHOCTHIO B HECKOJIBKO MHJUIMOHOB CTEIle-
Hell cBOOOIBI B MpuemMiieMoe BpeMs (Jachl) Ha
OOBIYHOM TIEPCOHATBHOM KoMIibioTepe. Kowm-
mwiekc «FEM models» mo3Bonser pemiath Kak
MHUKpPO, TaK W MaKpoO 3a/laud, CBS3aHHBIC HE
TOJBKO C KOHCTPYKLMSAMH CTaHIApTHOTO Mpel-
CTaBJICHUS, HO ¥ ¢ aMOP(HBIMHU CpeaMH, H3Me-
HSIOIIMMH CBOU (PU3MUYECKHE M T€OMETPUUYECKUE
rapameTpbl B IPOCTPAHCTBE M BO BPEeMEHH (THI-
POTEXHUUYECKHE COOPYKEHHUS, TTI00aIbHbIE U Me-
CTHOTO YpPOBHS HM3MEHEHHUS NapameTpoB TeoJIo-
TMYECKUX CUCTeM). B cuity cBoux BO3MOXHOCTEH
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nporpammHublii komruieke «FEM models»y mpu-
3HaH «Poccuiickum OOIIECTBOM TO MEXaHMKE
TPYHTOB, TEOTEXHHUKE U (PYHIAMEHTOCTPOCHHUIO
Kak 0a30BbIi ISl PEIICHUS CJIOXKHBIX MPAKTHUYC-
CKUX 33J]a4 TCOTCXHHUKHU. BBUIO BBITIOJHEHO ITO-
CJIOHOE MOJICITUPOBAHUE YCTPOMCTBA KaXKIOTO
spyca, T.e. IMUTHPOBAJIOCH TIOCTETICHHOE 3arpy-
JKeHne ocHoBaHusi U otkoca TBO, mocne uero
OTIPEIETISITUCH apaMeTpsI HaTIPSHKCHHO-
ne(OpPMUPOBAHHOTO COCTOSIHUSI KOHCTPYKIIUU B
IIEJIOM M B KaXKIOM CJI0€ T€OCHHTETUYECKUX Ma-
TEPUAJIOB B OT/ICIIEHOCTH.

[TpoekTHBIC TmOKa3zatenu JIehOPMUPYEMOCTH
KOHCTPYKIIMU B IIEJIOM UMCIOT HEBBICOKHE 3Ha-
YeHUS MU e€ 3HAYMTENIBHBIX TadapuTax, a ypo-
BEHb HANPSHKEHHOTO COCTOSIHHUS apMUPYIOMIAX
DJICMEHTOB M3 T'€OMAaTEPHAJIOB HAXOIUTCS B
npejenax WX MPOSKTHOW MPOYHOCTH, PACCUH-
TaHHOW Ha TIEPUOJ KUZHEHHOTO IHKIIA COOpY-
KCHHUS.
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OpHoocHas reopeweTka

«q ¢ npo4HocTbio 170 kH/m

[ByxocHas reopelueTka
C NPOYHOCTLI0 40 kH/M

Puc. 4. B ocHOBaHHMM COOPYKEHHUS reopenieTka ¢ MPOYHOCTHIO B 4,25 paza MEHbIIIEe TPeOyeMOH.

PabGounii mpoekT MoMy4yus1 MOJOKUTETHLHOE 3a-
KJIFOYEHHUE TOCYAAPCTBEHHON JKCIIEPTU3BI U YT-
BEPKJIEH 3aKa3YMKOM K IPOU3BOJICTBY padoT.

CTPOUTEJIBCTBO

[Ipexne Bcero, cienyer oTMeTUTh, 4TO B Poc-
CUU TPAKTUKU CTPOMUTENBCTBA apMOTPYHTOBBIX
COOPY>KEHHI TaKUX pa3MEpOB M YPOBHS OTBET-
CTBEHHOCTH HE CYILECTBYET.

PaboTel Ha 00BekTe Havamuch B okTsiope 2009 T,
B XOJI€ CTPOUTEIBCTBA MOAPSATHON OpraHU3aLn-
el ObUTM JIOMYILICHBI CEpPhE3HbIC YIPOIICHUS
BBICOKOOTBETCTBEHHON KOHCTpYKIMH 0€3 000c-
HOBaHU, MepepacyeToB U COTJIACOBAHUMN C TIPO-
E€KTHUPOBUIUKOM.

Tak nepBblii YPOBEHD 3aIIUTHON KOHCTPYKIIVH -
OCHOBaHHE C OEPErOyKpEIJIEHHEM — OTCHITIaH U3
NpeAHa3HaYEHHbIX B OTBaJ] HEKOHAMIIMOHHBIX
TPYHTOB PpaCIIOJIOKEHHOTO HEAaJeKo mapal-
JIENBHOTO O0BEKTa TOTO K€ MmoJpsiaduka. I'pyH-
TBI c71a00 MOpPO30YCTOWYHMBBIC, Pa3MOKacMBbIEC,
3 MeTraMop(hUYECKUX MOpoA ¢ mpeobdiagaro-
MM COAEP)KaHUEM BBIMBIBAEMOW TJIMHUCTOMN
¢bpakinuu. Bepx  KOHCTPYKUMH  TPUCHINAH
CKaJIbHBIM TPYHTOM HW3BEPKEHHBIX Topon. He-
Cyliasi CHOCOOHOCTh TaKOTO0 OCHOBAaHHUSA 3arpe-
nenbHO HU3Kas. M3 koHCTpyKiuu Oeperoykper-
JICHUS UCKIIIOUYEHBI CETYAThIE KOHTEHHEPHI C 3a-
MEHOW Ha KaMEHHYI0 HaOpOCKYy C MaKCHMallb-
HOM Macco¥ TpI0 He mpeBbIamux 1,5 T, B TO
BpeMsl KaK B KOHCTPYKIIMH MPEI0JIaraioch nuc-

Volume 7, Issue 1, 2011

MOJIb30BaHNE BOJHOJOMA M3 5 TOHHBIX TeTpa-
nojoB. OTKa3 OT ceTyaThIX KOHTEHHEPOB mpe-
JOTIpeIeNInIl HOBBIE TMapaMmeTphl Oepero3aiuT-
HOW KOHCTPYKLIMHU: pacueTHasl Macca ribl0 - 110
3,6 T, oTCBIMaemasi U3 ITUX TILI0 OepMa UMeeT
MaKCUMAaJIbHYIO TIyOHHY IMOJOLIBBI MO BOJOM
10 9 M, HEeo0X0IUMO HCMOJIb30BaHUE BOJAOIA3-
HbIX pabor. Haiitu B Ilpumopckom kpae HeoO-
XOJIUMO€ KOJIMYECTBO TJIBIO, YIOBIETBOPSIOMINX
IPOEKTHBIM TPEOOBAaHUSAM, OYEHb CJIOKHO H J0-
poro. Hcmnonb30BaHne CETKOHOB MO3BOJIHIO ObI
YIIOKUTh KOHCTPYKLHMIO OEpero3amursl ¢ IO-
MOIIBIO KpPaHOB Ha TIIyOMHY OKoio 3 M 0e3
NPUMEHEHUSI JOPOTOCTOSAIIMX M TPYIOEMKHUX
BOJI0JIA3HBIX PabOT.

I MOCTPOMKH BTOPOTO U TPETHETO YPOBHEHN
apMOTPYHTOBOM KOHCTPYKIIMU 3aIIUTHI BHICOKO-
ro OTKOCa MOAPSAYUKOM, 0e3 JOIKHBIX TEXHU-
YECKHX COTJIACOBAHMIA CO CIICIHATUCTAMU, TIPH-
00peTeHbl TEOCMHTETUYECKUE MaTepuaibl HeU3-
BECTHOTO TporcxoxaeHus. CocrtaB MCXOIHOTO
CBIpbsl TEOMATEPUATIOB IOKYMEHTAIbHO HE TO/I-
TBEPXKACH, a ATOT MOKAa3aTellb UMEET OO0JbIIOe
3HaueHWe AJisg Oe30MmacHOW SKCIUTyaTallud ap-
MOTPYHTOBOTO COOPY’KEHHS, HO 0003HAYEeH KaK
nonunponuwieH. CreayeT OTMETUThb, YTO CPOK
CITyObI MOJIUIPONUIECHOBBIX MU3/ETUI B yCIO-
BUSAX CTPOHUTEIHCTBA O0BEKTa B 5-8 pa3 MeHb-
e, 4eM U3 TMOJHMITWIICHA, KaKk TpedyeTcs Mo
MIPOEKTY.

[To pe3ynbraTam opUIMANTBEHBIX UCIIBITAHUNA OC-
HOBHBIX W3 MPHOOPETEHHBIX TeOMAaTepHalioB B
CIIeUaTM3UPOBAHHON Jlaboparopun «JlanbCT-
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Puc. 5. I'paduk 3aBUCMMOCTH HaNpsKEHUH B T€OpEIIeTKE OT BBICOTHI KOHCTPYKIIMH.

polucIBITaHus» T. BrnaauBocToka uX Mpoy-
HOCTB OKa3aJlaCh HUXKE TPeOyeMOil TPOSKTHBIMH
pacuéramu Ha 18-20%, uro HemomycTUMO.
I'eomeTrpuueckue pasmepbl CTpYKTyp Hpuodpe-
TEHHBIX MAaTEpUAIIOB B 3HAYUTENILHON Mepe He
COOTBETCTBYIOT CTPYKTyp€ MaTepUaJIOB, IPUHSI-
TBHIX B IIPOEKTE MO pacuéTy, 4To He obecrneynBa-
€T X KOMIIO3UTO00Pa3yoIIyI0 CIIOCOOHOCTh Ha
32% u ankepyrouyto — Ha 60%.

[MogpsimurkamMu ObUTM TOMYIICHBI CEpbE3HEH-
IMe OTCTYIUICHHSI OT MPOEKTa:

1. IlepBble HOATH SIPyCOB TI'E€OTEXHUUECKOMH
o6oiimMbI (BbicoTa 4,0 M) BBITTOJHEHBI C
HEJOMyCTUMBIM HCHOJIb30BaHUEM JIBYX-
OCHOM T'€OpELIETKU € 3asBJICHHON IIPOY-
HOCTBIO MEHee TpeOyemoii B 4,25 pa3a,
4eM B MPOEKTHOM JOKyMeHTaluu (pHuc.
4).

2. Hcnonws3zoBanue mpu (POPMUPOBAHUU
TOPIIOB T€OTEXHUUYECKOU OO0OMMBI MeTIl-
KOB C TPYHTOM 3aKaHUMBAETCS IOCIE
yCTpoiicTBa 2-ro sipyca, 4TO SIBIISIETCA
MPUYMHON HapylIeHus KOHQPUTypaiuu
re0TEXHUYECKON 000MMBI.

3. Hmerotcs nedopmanuu (CIUIBIBBI) KOH-
CTPYKIIMU OTKOCHOW 4YacTH Oeperoykpe-
IJIEHUSI B CTOPOHY MOps Ha 2-2,5 M 1 Ha
BBICOTY Oouee 1 M.

4. Hanuume MECTHBIX NPOCAIOK IBYX H
0oJsiee HIDKHUX SPYCOB KOHCTPYKIIMM Ha
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BenuuuHy 20-30 cM, yxe Jaxe mpu ux
YaCTUYHOM Harpy>kK€HHH, YKa3bIBaeT Ha
HaJnYue Je(PEeKTOB B KOHCTPYKLUUH B
LIEJIOM U B €€ OCHOBaHUU. B oTAeIbHBIX
MECTax OTMEYEHa OCaJKa COOPY>KEHUS
10J; COOCTBEHHBIM BECOM Ha BEJIUYHHY
o 1 m.

5. VYknagka reopemieTok B KOHCTPYKLUIO
BBINOJIHEHA C HApyIIEHUEM TEXHOJIOTUU
HCIOJIb30BaHUsl KOHCTPYKTHUBHBIX D3JIe-
MEHTOB.

6. CMexHble TO BBICOTE TOJIOTHA Teope-
IIETKH, YJIOXKEHHBIE IUIOCKOCTBIO K
IUIOCKOCTH  JIONOJHUTENIBHO  CO3Jal0T
IPEJOIpeaeIEHHbIE TIOCKOCTU CKOJIb-
KEHHS C OYeHb HHM3KUM KO3 UIHEH-
TOM TPEHUS IUIACTHUKA MO [UIACTUKY.

7. OTMeueHbl pa3pyLIeHUs] B HIDKHUX SIPY-
cax 2-x 000#M, BBIOJHEHHBIX U3 JIBYX-
OCHOM TEOPEIIETKH C 3aHWKECHHOU
IPOYHOCTBIO. BoJIHBI OT HepacueTHOM
BEJIMYMHBI, 10 XapaKTEpHbIM NpHU3Ha-
KaM, JOCTUTald BBICOTHI 2-TO sApyca
KOHCTPYKLIMH 3alllUThl OTKOca. Mectamu
OTMEYAeTCsl BbIMBIBAaHME M3 000IMBI
[JIMHUCTOTO 3alOJIHUTEN M MEJIKHX
(bpakuuii rpyHTa 3aChIIKU C TPELIMHAMU
u aedopmarusamMu pazpbsiBa 000MMBI OT
BO3JICUCTBHS BOJIHOMIPHOOS.
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8. Pa3mepbl KaMHs, MCIONB3YEMOIO B Ha-

CTOSAIIUMN MOMEHT Uil Oeperoykperuie-

HUS, ONPEIENSIOT MX Maccy He Ooisee

1500 kr.
PacueTsl MakCUMalIbHOTO PACTATUBAIOLIETO Ha-
NPSDKEHUS, BO3HUKAIOIIETO B apMHPYIOIINX
2JIEMEHTAaX, CBHUJETEIbCTBYET O TOM, YTO B
HUKHEH 4acTH KOHCTPYKIUH, re Oblia NCIOJb-
30BaHa reopemierka ¢ npoyHocteio 40 kH Bo3-
HUKalT HanpspbkeHus 62,04 kH. MunumanbHble
Hanpsokenus (49,37 kH), Bo3HuKaromye B 3Toi
YacTH KOHCTPYKIMM CYIIECTBEHHO IPEBBIIIAIOT
JaK€ HOMUHAJIBHYIO MPOYHOCTHh HCIOJIb30BaH-
HOM reopeméTku (puc. 5).
[IpuBeneHHbIe HATMSAHBIE MPUMEPHI U (PaKTH-
YECKUE MOCIEACTBUS OTCTYIJICHUH OT MpPOEKT-
HBIX PEIICHUA NpPHU CTPOUTEIHCTBE 3AIUTHON
KOHCTPYKIIMM MOKa3bIBAIOT, YTO HMMEIOTCSI BCE
OCHOBHBIE€ MPEANOCHIIKA I BO3HUKHOBEHHUS
ABAPHUITHON CUTyalluHd MPU KCMOJb30BAHUHU Ma-
TEPUAJIOB C HECOOTBETCTBYIOIIMMH MPOEKTY
CBOMCTBaMH.
O060011ass MPUBEIACHHBIN BBIIIE OMBIT MOXKHO
CAeNnaTh BBIBOJA: NPUMEHEHHUE COBPEMEHHBIX
TE€OTEXHOJIOTUH B CTPOUTENBCTBE AEJIO HYKHOE,
OHHU BO MHOTOM SIBJISTFOTCS] 9KOHOMUYECKH OoJiee
BBITOJIHOW U HAJIC)KHOW aIbTEPHATUBOW Tpaiu-
LUMOHHBIM peweHusiM. Ho oTcyTcTBHE HOpMa-
TUBHOMW JIUTEPATYyphl, OJHO3HAYHO PETJIaMEHTHU-
pyromiel NpUuMEHEeHUE TOrO0 WJIM MHOTO METOoJa
pacuera, OCTOBEPHOIO U ampoOHWPOBAHHOTO,
CO3JaeT CIIOKHOCTH Il IPOECKTHUPOBILHKOB.
IToka smmb Tonbko B HeMHOrux BY3ax npeno-
JaeTcsl Kypc T'€OTEXHOJIOTMM B CTPOUTEILCTBE,
YTO IPUBOJUT K OTCYTCTBUIO 3HAHUN U Yy MOJIO-
IbIX crnenuanuctoB. Cxokas cuTyauus Uy
CTpOUTENIEH, HOBU3HA TEXHOJIOTMM M OTCYTCT-
BHUE MH(OPMALIUK CO3AAET CIOXKHOCTU IJI pas-
BUTHUS U BHEAPEHUS TEXHOJIOTUH, TTO3BOJISIIOLIUX
3HAYUTENIBHO MOBBICUTH HAJEKHOCTh U JOJTO-
BEYHOCTh COOPYXEHUH, a BO MHOTHMX CIIy4asx
€Il€ U CHU3UTh CTOUMOCTb CTPOUTENILCTBA.

KynpsBue Cepreti AnatonseBmd, wieH POMITu®,
JOKTOp TEXHWYECKHX HayK, mpodeccop kadenpsr «Ke-
JIE3HOJIOPOXKHBII IyTh, OCHOBAaHMS H (PyHZAMEHTH»,
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