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T.G. Postnikova'
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There is short description of problem state on nonlinear dynamics in this paper. Information
about some contemporary journals and recent Conferences on this subject is given. Information
about 5th International Conference on Nonlinear Dynamics which was holding in National
Technical University “Kharkov Polytechnic Institute” in September 2016 and impression about it
are presented.

The questions that were discussed at this conference are in domain of our special interests. Dynamic
behaviour of non-smooth systems with discontinuous right-hand side is the main contemporary question.
Many new phenomena unique to non-smooth systems are observed under variation of system parameters.
Such nonlinear problems are arising in many different domains of science and engineering, for example
in mechanics, physics, radio technique, biology, chemistry, economics, ecology, sociology, and so on.
The investigations of nonlinear dynamics problems in general and very complex phenomenon of chaos in
particular were begun quite recently — only in the end of 20-th century.

Vibroimpact system is one example of nonlinear systems. It is strongly nonlinear non-smooth
discontinuous system because the set of its motion differential equations contains the discontinuous
right-hand side. The bifurcations of different kind occur in vibroimpact system under system
parameter variation. The bifurcation analysis execution and the bifurcation diagrams building
allow to find and to distinguish the safe, explosive, and dangerous bifurcations in dissipative
dynamical systems. In systems with discontinuous right-hand side the discontinuous bifurcation
can occur when system parameter is varying. Discontinuous bifurcations that occur in non-smooth
vibroimpact systems are dangerous ones. At Sth International Conference on nonlinear dynamics
(ND-KhPI2016, Kharkiv, Ukraine) we presented the talk entitled “Discontinuous Bifurcations
under 2-DOF Vibroimpact System Moving”“. We offered numerical analysis by parameter
continuation method of vibroimpact system dynamic behaviour. We simulated impact by nonlinear
contact force according to Hertz’s contact law. In such way we have obtained the possibility to find
the motion law along the whole timebase including the impact phase, to determine the impact
duration and to find the contact impact forces. We have found dangerous discontinuous
bifurcations and have observed phenomena unique for non-smooth systems with discontinuous
right-hand side. We have observed the fold dangerous bifurcation in our vibroimpact system.

Keywords: nonlinear dynamics, conference, vibroimpact system, discontinuous bifurcation.

1. Introduction

It is known that nonlinear problems are arising in many different domains
of science and engineering. It has been recognized that nonlinear dynamics are
ubiquitous in many natural and engineering systems such as occur in plasmas,

© Bazhenov V.A., Pogorelova O.S., Postnikova T.G.
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fluids, optical systems, solid-state devices, etc. For example they are the
systems with mechanical impacts, stick-slip motion from friction, electronic
switches, hybrid dynamics in control, and genetic networks [1-7]. Many new
phenomena unique to non-smooth systems are observed under variation of
system parameters. Jumps and switches in a system’s state represent the
grossest form of nonlinearity. Recently the investigations of such systems are
developed rapidly. But today it has become clear that many aspects of
dynamical behavior of non-smooth systems aren’t investigated and understood.
Especially systems with impacts are of the particular interest for scientists.
Under variation of system parameters a nonlinear system can often exhibit
catastrophic bifurcations that destroy the desirable system state.

Many scientists are working over the nonlinear problems. The monographs
are publishing in whole world [8-12].

There are many journals on nonlinear dynamics problems, for example:

An International Journal of Nonlinear .
Dynamics and Chaos in Engineering Systems.
Ali H. Nayfeh (Editor-in-Chief)
2015 Impact Factor 3.00
Publisher Springer Netherlands

http://link.springer.com/journal/11071

Journal of Applied Nonlinear Dynamics
J. A. Tenreiro Machado (Editor)
Albert C.J. Luo (Editor)

Journal of

L&H Scientific Publishing Applied
Nonlinear
Dynamics

https://www.lhscientificpublishing.com/
Journals/JAND-Default.aspx

Journal Discontinuity, Nonlinearity, and
Complexity

Valentin Afraimovich (Editor), ... -
Xavier Leoncini (Editor), Discontinuity,
Lev Ostrovsky (Editor), Nonlinearity,
Dimitry Volchenkov (Editor) and CRBRloxity
L&H Scientific Publishing

https://www.lhscientificpublishing.com/
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Journals/JAND-Default.aspx
International Journal of Non-Linear
Mechanics

P.D. Spanos (Editor-in-Chief)

2015 Impact Factor 1.920

Publisher Springer Netherlands

http://www.journals.elsevier.com/
international-journal-of-non-linear-mechanics

Journal of Nonlinear Dynamics
Mohamed Belhaq (Editor)
Publisher: Hindawi

https://www.hindawi.com/journals/indy/

Journal of

Nonlinear Dynamics

International Journal of Bifurcation and ———
Chaos in Applied Sciences and Engineering IFURCA"ONZCHAOS
L.O. Chua (Honorary Editor-in-Chief), o
Guanrong (Ron) Chen (Editor-in-Chief)
World Scientific Publishing Co Pte Ltd

http://www.worldscientific.com/doi/abs/
10.1142/S0218127415300013

Applied Mathematics and Nonlinear Sciences
Juan L.G. Guirao (Editor-in-Chief),
UP4, Institute of Sciences, S.L.

http://journals.up4sciences.org/
applied mathematics and nonlinear
sciences.html

The numerous conferences and symposiums are holding in different
countries, for example:



6 ISSN 2410-2547. Omip matepiaiis i Teopis cnopy. 2016. Ne 97

International Conference on Nonlinear Dynamics Complexity.

An International Conference on Nonlinear Dynamics and Complexity
May 11-May 15,2015, La Manga, Spain.

g=
e

=

XVIII International Symposium '"Dynamics of Vibroimpact (strong
nonlinear) Systems" dedicated to Prof. Aron Kobrinskiy’s 100th anniversary
took place in Russia in May, 2015.

The third International Conference on Structural Nonlinear Dynamics
and Diagnosis.
m_m

International Conference
on Structural Nonlinear Dynamlcs and Diag

The next International Conference on Structural Nonlinear Dynamics and
Diagnosis will be held in Tangier, Morocco, in June, 2018.

International Conference “Perspectives in Nonlinear Dynamics” took
place in Berlin in July, 2016.

The tenth Conference on Nonlinear Systems and Dynamics will be held
in December, 2016 at Indian Institute of Science Education and Research,
Kolkata.

Conference on Nonlinear Systems and Dynamics (CNSD)
The CNSD-2016 will be held at lISER Kolkata from 16th to 18th December 2016. Click on the CNSD-2016 link.|

ENOC 2017, 9th European Nonlinear Dynamics Conference will be
starting in June, 2017 at the Budapest University of Technology and
Economics.

Qeventegg
ENOC 2017

9th European Nonlinear Dynamics Conference

25 - 30 June 2017 / Budapest, Hungary
Venue: BME, Budapest University of Technology and Economics
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Of course there are many scientific articles at this topic, for example [1-7,
13-18].

Vibroimpact system is one example of nonlinear systems. It is strongly
nonlinear non-smooth discontinuous system because the set of its motion
differential equations contains the discontinuous right-hand side. At present
vibroimpact machines and equipment are often encountered in many
engineering practice applications. Therefore their dynamic behaviour is studied
very intensively now. Big attention is paid to investigate stability in systems
with impacts, periodic motions, bifurcations, singularities at vibroimpact
dynamics. The bifurcations of different kind occur in vibroimpact system under
system parameter variation. The bifurcation analysis execution and the
bifurcation diagrams building allow to find and to distinguish the safe,
explosive, and dangerous bifurcations in dissipative dynamical systems. In
systems with discontinuous right-hand side the discontinuous bifurcation can
occur when system parameter is varying. Discontinuous bifurcations that occur
in non-smooth vibroimpact systems are dangerous ones. They are hard
bifurcations. Just hard bifurcations can portend the crisis and catastrophe [16—
18]. A crisis is a sudden discontinuous change in a chaotic attractor as a system
parameter is varied. The crisis can be considered as a catastrophe that one
endeavours to avoid. Catastrophic events can occur in different form in various
kinds of nature, physics and mechanic systems. After the crisis the system state
is quite different from that one before the crisis. If the nonlinear dynamical
system state before the crisis is normal and desirable then the state after the
crisis may be undesirable or destructive. The hard bifurcations were the subject
of Catastrophe theory. Catastrophe theory was introduced in 1960s by the
renowned Field Medal mathematician Rene Thom as a part the general theory
of local singularities. Since then it has found applications across many areas,
including biology, economics, and chemical kinetics. By investigations the
phenomena of bifurcation and chaos, Catastrophe theory proved to be
fundamental to the understanding of qualitative dynamics. The famous books
[19, 20] are devoted to this topic. The theory was very fashionable at 70" years
of 20™ century. Then this fashion went away and terminology returned to
singularities, discontinuous bifurcations and so on. But the catastrophes and
crises remained. Blue Sky Catastrophes, the Swallow’s Tail bifurcation are
learnt by contemporary scientists [21]. Let us note by the way that very power
school on nonlinear oscillations, bifurcations, and chaotic vibrations is in
Saratov State University named after N.G.Chernyshevsky, Russia (Saratov
group of theoretical nonlinear dynamics). There are the set of monographs,
textbooks and articles published by its scientists [22, 23]. Y.A.Kuznetsov (now
Department of Mathematics, Utrecht University, NL) is one of the authors of
well known software MatCont. MatCont is a Matlab software project for the
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numerical continuation and bifurcation study of continuous and discrete
parameterized dynamical systems [24-26].

So there are crying needs for investigations of arising of the safe, explosive
and dangerous bifurcations in dynamical systems, of the crises and
catastrophes for chaotic attractors.

These subjects studying had been begun in Scientific Research Institute of
Structural Mechanics, Kyiv National University of Construction and
Architecture (then Problem Scientific Research Laboratory of Thin Wall
Spatial Constructions) long ago. Professors V.I. Gulyayev, V.A. Bazhenov,
E.A. Gotsuliak, E.S. Dechtyaruk, had begun these investigations [27].

The authors of this article are developing these topics. We had published
monograph [28], the set of scientific articles [29-36]. We made several
contributions to International Conferences. At second International Conference
on Structural Nonlinear Dynamics and Diagnosis (CSNDD'2014), Agadir,
Morocco we made contribution “Change of impact kind in vibroimpact system
due its parameters changing®. We had the publication in Proceeding of this
Conference [37].

We delivered the talk “Bifurcation Points under 2-DOF Vibroimpact
System Moving. Numerical Analysis by Parameter Continuation Method* at
International Conference on Nonlinear Dynamics Complexity (NDC2015), La
Manga, Spain. We have written the article about this conference and our
impression [38].

At 5™ International Conference on nonlinear dynamics (ND-KhPI2016)
Kharkiv, Ukraine we presented report entitled “Discontinuous Bifurcations
under 2-DOF Vibroimpact System Moving* (Fig. 1).

—
5-th International Conference on Nonlinear

‘\ Dynamics (ND-KhPI2016) lGnarknv, 27~ 30
September, 201-6'5'“
- O, d 10 the o¢ 90-th'c y of Academi Rvachev V.L.
3 -
3 —— . -

Discontinuous Bifurcations under
2-DOF Vibroimpact System Moving

» V.A Bazhenov
» Qlga S. Pogorelova

» T.G.Postnikova

Kyiv Nationa! University of Construction and Architecture,
Ukraine

Fig. 1

Now we have the publication in Proceeding of this Conference (Fig. 2) [39].
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2. About 5" International Conference “Nonlinear Dynamics — 2016”

This Conference was dedicated to the 90™ anniversary of Academician
Rvachev V.L. The Conferences ‘“Nonlinear Dynamics” are holding every 3
years, the 1¥ one was at 2004 year.

This 5th Conference organized by the:

e National Technical University “Kharkov Polytechnic Institute” (Kharkov,
Ukraine);

o Institute of Mechanics NAS of Ukraine
(Kiev, Ukraine);

e McGill University (Montreal, Canada);

e Technion - Israel Institute of
Technology (Haifa, Israel);

e A.Podgorny Institute for Mechanical
Engineering Problems NAS of Ukraine Dedicated 1 the 90" anniversary of
(Kharkiv’ Ukraine) Academician V.L. Rvachev

e National Committee of Ukraine on
Theoretical and Applied Mechanics,

and Applied Mechanics
(Kiev, UKRAINE)
NADA)

ology (Haifa, ISRAEL)

g Problems NAS of Ukraine

A-Podgorny Institute for Mec) ing
INE)

(Kharkov,

5" INTERNATIONAL CONFERENCE
“Nonlinear Dynamics —2016”

SEXHI,
S

W L,
gl -

winc, by,
o
&

Lo,

NAS of Ukraine. 3; H
Organizing Committee of  the T
Conference consists of 6 Professors and 4 Proceedings
Doctors.  Professors L.V.Kurpa and
Yu.V.Mikhlin were the leaders of September 2730, 2016
Conference, they were vice-Chairmen. They
were V.L.Rvachev’s collaborators and his Fig. 2

followers. The Conference was held in the
National Technical University “Kharkov Polytechnic Institute”.

Department of Applied Mathematics and Department of Dynamics and
Strength of Machines gave the big contribution to Conference organization and
holding. The Conference lasted 4 whole days and was held at high scientific
level. There were 54 talking and 24 poster presentations. At Opening ceremony
Rector of National Technical University “Kharkov Polytechnic Institute”
welcomed the Conference participants. Then there was the film about
Academician V.L.Rvachev which was finished by words: ”Thank you, the
Teacher”.

The Conference participants are photographed on the stairs in front of KhPI
(Fig.3). Some Conference participants are photographed at Conference
Banquet (Fig. 4).

We would like to note some aspects. At first quite excellent organization.
There was no error in the Program, Proceedings were ready before Conference
beginning, and all actions were made in time. All contacts were very friendly
and pleasant.
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The conference working language was English one. It is necessary to note
excellent fluency in English by more young participants and well proficiency
of all participants including the participants of older age. There are 3
departments of foreign language in Kharkov Polytechnic Institute. The
collaborators are learning English regularly with help of teachers of these

departments.

Fig. 4
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Many foreign participants
delivered the talks. There were
the participants from Italy,
Australia,  Serbia,  United
Kingdom, Germany, Poland,
Russia, Israel, USA, Canada,
Brasil, Sweden, Latvia, and
Lithuania. Among them there
were former collaborators,
pupils, and disciples of KhPI
scientists. Kharkov’s scientists
support close connections with
their followers, with scientists
from other countries and other
towns.

Special WEB session made
great impression. The leading
scientists from different far
countries delivered their talks
and showed its at big screen.
All participants who were in
Kharkov’s auditorium and in
other countries asked their
questions and obtained the
answers! (Fig. 5).

3. Conclusions

—_

Special WEB Session

Main Building, Room 12

Chairs: Yu.Mikhlin, F.Pellicano

17.15-21.00.

1

Marco Amabili
(Montreal. Canada)

IDENTIFICATION OF NONLINEAR DAMPING
FOR LARGE-AMPLITUDE VIBRATIONS OF
PLATES AND CURVED PANELS Key lecture.

Jose Manoel Balthazar
(Sao Jose dos Campos. Brasil)
NONLINEAR DYNAMIC INTERACTIONS

AND PHENOMENA: VIBRATING SYSTEMS

WITH LIMITED POWER SUPPLY AN
EMERGENT TOPIC AFTER PROF
KONONENKO Key lecture

Alexander Yakakis
(Urbana. USA)
NONLINEAR SONIC VACUA Kev lecture

Si Mohamed Sah. Richard Rand
(Stockholm, Sweden: Ithaca. USA)

THREE WAYS OF TREATING A LINEAR
DELAY DIFFERENTIAL EQUATION

Pol Spanos

(Houston. USA)

POTENT METHODS FOR STOCHASTIC
ANALYSIS OF NONLINEAR DISCRETE
DYNAMIC SYSTEMS Kev lecture

Shiyang Chen, Bogdan Lpureanu
(Ann Arbor. USA)
FORECASTING BIFURCATION OF

PARAMETRICALLY EXCITED SYSTEMS:

THEORY & EXPERIMENTS

Fig.5

Our talk was successful. We answered at all questions.

2. Our active attendance of all section meetings and numerous questions to

lecturers were estimated positively.

The participation in work of scientific conferences in particular
international ones is very useful: it gives the possibility to see own level
and own place in contemporary science; to establish the scientific contacts;
to understand the development tendencies; to get the scientific ideas.

Brogliato B. (ed.). Impacts in mechanical systems: analysis and modelling. — Springer

3. It was possible to establish scientific ties.
4.
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baowcenos B.A., [locopenosa O.C., [locmuixoea T.I.
KOH®EPEHIIA “HEJTHIHHA TUHAMIKA - 2016”

B poboti mpexncraBieHH KOPOTKHH OMUC CTaHy mnpoGseM, IMOB‘S3aHUX 3 HENiHIHHO
nuHamikor. HamarTbes BITOMOCTI po JesAKi Cy4acHi )KypHAIM Ta OCTaHHI KOH(EpeHLi 3a i€
Tematukoto. IlpencraBnena indopmanis mpo 5-ty MikHapoaHy KoH(epeHHil0 3 HemiHiffHOL
IUHAMikH, ska BigOymacs B HamiomanbHoMy TexHidHOMY yHiBepcuTeTi "XapkiBChKHH
MOJIiTeXHIYHUH iHCTHTYT" y BepecHi 2016 poky i BpaxkeHHs Bix Hel.

KomrouoBi cioBa: HeniuiiiHa nuHamika, koHdepeHUis, BiOpoymapHa CcHCTeMa, DPO3PHUBHI
6icyprami.

baowcenos B.A., [locopenosa O.C., [locmnuxosa T.I'.
KOH®EPEHIIUS “HEJJAHEVWHASA TUHAMUKA — 2016”

B pabote mpexncTaBiIeHO KpaTKOe OMHCAHUE COCTOSHHS IIPOOJIEM, CBSI3aHHBIX C HEMHEHHOMN
JIMHAMUKOH. /laHBI CBEJICHNSI 0 HEKOTOPBIX COBPEMEHHBIX XKypHAJIAX U MOCIEIHUX KOH(pEPEHIHIX
mo oaroif Tematuke. IlpencraBmena uHpopManus o S5-i MexayHapomHOH KoH(pEpeHIUH IO
HENMHEHHON JMHaMuke, cocrosiBIIelics B HanuoHalbHOM TEXHMYECKOM  YHUBEPCUTETE
"XapbKOBCKUH MOJNTEXHUIECKUH HHCTHTYT" B ceHTI0pe 2016 rofa u BIeYaTIeHNs O Hell.

KiioueBble ci0Ba: HenMHeifHas JWHAMUKA, KOH(epeHLWs, BHOpOynapHas CHCTeMa,
pa3phIBHEIC OU(ypKALVH.

UDC 539.3
Bazhenov V.A., Pogorelova O.S., Postnikova T.G. “Nonlinear Dynamics - 2016” Conference //
Strength of Materials and Theory of Structures. — 2016. — Issue. 97. — P. 3 - 15.

There is short description of problem state on nonlinear dynamics in this paper. Information
about some contemporary journals and recent Conferences on this subject is given. Information
about 5th International Conference on Nonlinear Dynamics which was holding in National
Technical University “Kharkov Polytechnic Institute” in September 2016 and impression about it
are presented.

Table 0. Fig. 4. Ref. 37

YK 539.3
baowcenos B.A., Ilocopenosa O.C., Ilocmuixoéa T.I. Kondepennis “Heuiniiina Junamika —
2016”// Omnip matepianis i Teopist ciopyn. —2016. — Bumn. 97. — C. 3 — 15.

B po6omi npedcmaenenuii KOpOmMKUil ONUC CMAHY NpoOIeM, NO6 S3AHUX 3 HENIHIHOI
Qunamiror. Hadaromocsi 6idomocmi npo OesKi CyuacHi JHcypHaiu ma OCmawHi Kowgepenyii 3a
yiero memamuxoro. [Ipeocmasnena ingopmayis npo 5-my Mixcnapoony kongepenyiio 3 HeaiHiiHo!
Qunamiku, sxka eidbyracsi 6 Hayionanenomy mexuiunomy yuieepcumemi "Xapriecvruil
noximexuiunuil incmumym" y eepecni 2016 poxy i epadicenns 6i0 Hei.

VK 539.3
baowcenos B.A., Ilozopenosa O.C., Ilocmnuxoea T.I'. Kondepenuus “Henuneiinas Junamuka —
2016”// ConpoTuBieHHE MaTepUaoB ¥ Teopus coopyxenuit. — 2016. — Beim. 97. — C. 3 — 15.

B pabome npedcmasneno kpamxoe onucanue cOCHMOAHUA NPOONEM, CEA3AHHBIX C HEIUHEUHOU
Ounamuxoi. Jlanvl céedenus 0 HEKOMOPHIX COBPEMEHHBIX ICYPHANAX U NOCTEOHUX KOHpepeHYusx
no smoi memamuxe. I[Ipedcmaenena ungopmayusi o 5-it MesxcdynapooHot kougepenyuu no
Henuneunol  OuHamuxe, cocmosigwelics 6 Hayuonanbhom —mexuuueckom — ynusepcumeme
"Xapvroeckuil norumexnuyeckutl uncmumym" 6 cenmsiope 2016 200a u enevamnenus o Hell.
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YK 539.3

NPAMUIA METO/] BUSHAYEHHS KOE®IIIEHTIB
IHTEHCUBHOCTI HAIIPYKEHbD B IIPUBMATHYHUX TA
MNPOCTOPOBUX HE3AMKHEHHUX TIJIAX OBEPTAHHA ITPU
CTATUYHOMY HABAHTAKEHHI

C.0. MuckyHos',
II-p TeXH. HayK,

0.0. Wikpus',
KaHJ. TeXH. HayK,

C.B. Muumok',
KaH/I. TEXH. HayK

B.L Cuzenu'

1 . o . o . . . . .
Kuisckuil nayionanvhuii ynisepcumem 6yoienuymea i apximexmypu, Kuie
Hosimpogromcwviuii npocn., 31, m. Kuis. 03680

Ha ocHOBI HamiBaHAJIITUYHOTO METONY CKIHUCHHHX EJIEMEHTIB IpoBeleHa po3podka i
anpoOaris MEeTOANKH 00YMCIeHHs KoedillieHTa IHTEHCHBHOCTI HAIPYKeHb IPSIMHUM METOJOM IpU
CHJIOBOMY HaBaHTaxkeHHI. Po3B’s3ami TectoBi 3amaui. OTpHMaHi pe3ylbTaTH MiATBEPIKYIOTH
e(eKTUBHICTh METOJIMKH.

KarouoBi ciioBa: HamiBaHaNITHYHUM  METOJ  CKIHYCHHHX  €JIEMEHTIB, KOe(ilieHT
IHTEHCHUBHOCTI HaNpyXeHb, IPOCTOPOBI Tija 3 TPIIIHAMHU.

Beryn. Busnauenns koedinieHTtiB iHTeHcHBHOCTI HampyxeHb (KIH)
NpSMUM  METOJIOM BHKOHYEThCS 32 HANpyXeHHsSMH abo TNepeMilleHHIMH
obuucineHnMH B Oe3rnocepefHiii OMU3BKOCTI A0 BepmuHHM Tpimuau. s
PO3B’sI3aHHS TaKUX 3a]ad HaWvacTille BHKOPHUCTOBYIOTH METOJA CKIHYEHHHX
enementiB (MCE) [6,7]. Cnix 3ayBakuTH, M0 MPH PO3paxyHKaxX Ha OCHOBI
MCE Tou4HiCTh 3HAa4YeHb NEpEMillleHb Ta HaNpyXeHb OOYMCIEHHX B OKOJI
BEPIIUHM TPINMHU € Hu3bKow. 1100 momonatu Take siBUINE B MOHOTpadisx
[1,2] Oyno 3ampomonoBaHo miaxix g0 obumcnenHs KIH, skuit 6a3yerhcs Ha
ycepeaHeHHI iX 3HauyeHb MO JAesKiid npuBeplnuHHINA obnacti. [IpoBeneni Ha
JIBOBUMIPHHMX 3a/1a4axX JOCII/DKEHHS [OKa3ajd MepeBary IbOoro MiJXOoxy
TIOPIBHSHO i3 JloKaiizoBaHMM oOumcieHHsM KIH B okpemux Toukax. Tomy
Takuii MeTox OyB BUKOPHCTAHUM JUIS PO3B’3KY OKPEMHX IMPOCTOPOBHX 3a7ad
Ha OCHOBI HalliBaHAJITHYHOTO MeTony cKiHueHHuX enemeHtiB (HMCE) [3].

Mera nmaHoi poOOTH TONSTaE B y3arajdbHEHHI METOAY YCEpEIHEHHS [0
o0JacTi A7 BCiX THIIB TPILIMH B TPOCTOPOBUX HE3aMKHEHUX Tiax o0epTaHHS
1 IPU3MATUYHKX TiJaX IPU CTATUYHOMY HaBaHTa)KEHHI.

1. CrniBBigHomeHHs1 MexaHikM pyiiHyBaHHs. PosrisiHeMo mpocTopoBi
He3aMKHeHi Tina obepranHs (puc. 1,a,0) i npusmarnuni Tina (puc. 2,a,6) 3

© Tuckynos C.O., lkpuns 0.0. Mumox C.B., Cuzesnu b.I.
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MO3JIOBXKHIMU 1 TONEPEeYHMH TpIlMHAMH B Oa3MCHUX IWIHIPUYHIN 1

JIEKapTOBill cucTeMaX KOOPAUHAT z' .
Js onmcy mpocropoBoro HampyxkeHo-fedopmoanoro crany (H/C) B
OKOJi ()POHTY TPIIIUHUA 3aCTOCOBYETHCS IOB’S3aHA 13 TPIIIMHOK CHCTEMa

KOOpJUHAT yi' :

3" — B310BK JIOTUYHOI 110 (PpOHTY.

. 1 . .
BICb ) CIIpsAMOBaHa 3a HOPMAJUJIKO O IMOBCPXH1 TPIIIWHU,

9= q4(2f)

T

1’

DPOHT TPiLWHN 8

a [

$poHT TPILEHEE dponT TpiHHE
23‘ ij
a 6

Puc. 2. IIpu3matryHi Tijia 3 MOHEPEYHOIO (@), Ta MO3X0BKHBOKO (6) TpilHAMUI

L . v1'
Jns Buznayennss KIH B joBuIBbHINA TOUII

(poHTY TpIIMHU PO3MVISIAIOTH Tepepi3 Mo
TIEPETUHAE IO TOUKY 1 € TIEPIICHUKYISIPHAM JI0  pe—
TIOBEPXHI TpiluHH (puc. 3) l

Busnauenns KIH B Takomy mepepisi
BUKOHYETHCSl 32 aCUMIITOTHYHUMH (hopMyJia-
MU, SIKI BCTaHOBJIIOIOTH B3a€MO3B’SI30K MiX

i 2"

Puc. 3. ITnoniHa BU3HAYEHHS
KIH B Touni ¢ppoHTy TpimuHu
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nepeminienHsivu i Hanpyxeunrasmu ta KIH K, K, Ky [4]:

_ 0 os30 _ 0 _ 30 |
w) K; (5—-8v)cos 2 TSY | Ky (9-8v)sin S —sin
Upn =2 8 (7—8v)sine—sm 39 8 (- 3+8V)cosg—cos 30 11,
G 2 2 2 |
Uz 0
Ky sinE
_01"1" _ c0s%(1+sm%s1n§) s1ngc0s%cos%
27" COSQ(I—SIH 0 sin 39) —Sin%(2+cos%cos%)
o K; 2 29 21+ Ky 9
03“3“ __1 2Vc0s§ —2Vs1n§ L (1)
c'? N 2mr s1ngc0s%c0s% cos%(l—sin%sin%)
o3 L J L
23 cos~
Lo ] K|
L _Slnz ]

Iie ¥, 6 — moNsIpHI KOOPAWHATY 3 ITOYATKOM Y TOUIll (PPOHTY TPIIUHM, TS SIKOT
BusHaueni KIH; G — monynb 3cyBy; v — xoedinient Ilyaccona; 7, 11, Il —
IH/IEKCH, 110 BU3HAYAIOTH THI PYHHYBaHHS.
Jns  BuUmMaiky TPIIMH HOPMAJIBHOI'O BIJPUBY, IO PO3TILIIYIOTHCS
Haifyacrime Bupasu (1) HaOyLyTh BUIIISAY:
o'l = LY cosg(l+sin 0 smﬁ)
o 2 2 2

w K
o'? =—L_sin2 0 cos= 0 cosﬁ 2)

e 202720

" K
c6?? = L cosg(l—smgsmﬁ)

N2 2 2 2
K |r 9( 29)
up = R sm2 2—2v—cos 5
_K [r e( 2 e)
Uy = R 0052 1-2v+sin

2. CkiHYeHHO-e/IeMEHTHA [HCKpeTH3alisi MNPOCTOPOBMX Tia 3
TpimmmHamu. [Ipu MOjenrOBaHHI MPOCTOPOBUX HE3AMKHEHHX T 0OepTaHHS
Ta TPU3MATUYHUX TUT i3 TpimuHamu Ha ocHOoBi HMCE B 3amexHOCTi Bif
po3TallyBaHHsS TPIMIMHA BiJHOCHO YTBOPIOIOYOi, pO3PI3HAIOTH Tina i3
MO3JIOBXKHEOI  (puc. 4,a, 5,a) Ta momnepedHow (puc. 4,6, 5,6) TpillUHAMH.
CKIHUCHHO-EJICMEHTHA JIUCKPETU3allisi 00’ €KTa BiJOYBA€THCSA B MOMEPEUHOMY
mepepisi, a B3JJOBXK YTBOPIOKOUOI BUKOPUCTOBYETHCS OJIUH CKIHYCHUH €JICMEHT,
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sKUi TIOBTOprOE (hopmy Tima (puc. 4, 5). Po30ouBka 00’€kTa Ha CKIHYCHHI
eJIEMEHTH Iependavae 3ryluieHHs! CITKM B NPUBEPIINHHIN obsacti. Pe3ynbratn
JIOCITI/PKEHHS 3 MUTaHb BU3HAYEHHS KiJbKOCTi cKiHueHHuX enemeHTiB (CE) B
TIPUBEPIIMHHIHN 30HI Ta IX XapakTepHUX pO3MipiB HaBeseHi B [1,2].

z1*

a o
Puc. 4. luckpern3sanis IpOCTOPOBUX HE3aMKHEHUX TiJl 00epTaHHS 3 HO30BXKHIMU (a) Ta
HonepeYHnMH (6) TpiluHAMA

TOBEPKHA TRIHEN

MOBEPXHA TPIIHHE

Puc. 5. luckpern3anist IpU3MaTHIHHUX TiJl 3 TO3LO0BXKHIMY (@) Ta MONEPEIHHMH (0) TPIIMHAMH

3. Peanizauis meronuxku BuzHavyeHns KIH nasi mpocropoBux Tin 3
noB31oB:kHiMH TpimmHamu. OOuucnenns KIH 0asyerbcs Ha Meromui,
JIOKJTaJiHEe BUKJIAJCHHS 1 onMc peamizanii sikoi mpu 3actocyBanHi MCE s
JIBOBUMIpHUX Ti onvicanuid B [1,2]. Peamizanis miei meroquku B Mexxax HMCE
NIPU pO3IJISAl POCTOPOBHX TUT 3 TpIIIMHAMH Mae TeBHI ocobmuBocti. Ha
BiIMiIHY BiJ JBOBUMIpHHMX 3a7ad, B NPOCTOpOBHX Tinax Bu3HaueHHs KIH
MIPOBO/IUTHCS B HU3LI TOYOK B3IOBX (QPOHTY TpimuHMu (puc. 6,a,6). s 1in 3
MO3JIOBXKHIMU ~ TPIIIMHAMU TAaKMUMH TOYKAMH € TOYKH IHTErpyBaHHS,
po3TamoBani B310BK Bici x° (puc. 6). Takum umHoM KIH Bu3HA€aroThCS MO
BCIM TOYKaM IHTETPYBaHHs, IO PO3TAIIOBaHI B3JOBX (POHTY TPIIIHHU.
[MpuBepmmHHa 007acTh It KOXXHOI TOYKM IHTETPYBAaHHS 3HAXOAWUTHCS B
IIOMMHI  MONMEpedHoro mepepisy Tina z'—z'. O6uucienns KIH 3a
HanpyxeHHAMU K(c) BukonyeTbcsi B nieHTpax CE mosHayeHux Ha puc. 7
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kpyxkamu. O6uncnenns KIH 3a nepemimenasmu K(u) 3MIHCHIOETBCS y By371axX
CE mopeni nozHaueHnx xpecrukamu (puc. 7). Takum unHOM Bu3HaueHHs KIH
B MEXaX MPUBEPIIMHHOI 00JacTi BiIOYBAETHCS B MOMECPEYHOMY Iepepi3i Tiia
3a aHaJIOTI€r0 3 IBOBUMIpHUMHU 3aaadamu [ 1,2].

PpoHT TpiuyHm 23‘
\ /

Puc. 6. Touku BuzHauenss KIH B npuamaTnaHux Tinax (a)
Ta IPOCTOPOBYX HE3aMKHEHHX (6) TiNax o0epTaHHs 3 HO3OBXHIMH TPilMHAMHU

1

Y-
Obnactk obuncnenua
0.1Lwp. L -
VA T
( aF,
\ of{
\ olo])

Lm

0.1 Lm_XG

]

Puc. 7. IIpuBepiurHHa 00JIACTH BU3HAYCHHS
KIH B Tiziax 3 HO3I0BXKHIMH TpPillIAHAMA

x1

1

MoBepxHA TPilMHKU

i
o

h
/)

x2

ik
N
K

n
DPOHT TPILMHN

a[ﬁ‘\‘
S
=

=
\4
NS
\&

Puc. 8. Touku BuszHauenns KIH B npocro-
POBUX TiJIaX 3 MOHEPEYHUMH TPIIHHAME

4. Peanizaniss MeTOIMKH BH3HAa-
yenHs KIH pist mpocropoBux Tin 3
nonepeyHuMH Tpimmuamu. s tin 3
MONEPEYHUMH  TPIIIUHAMH  TOYKH
BusHaueHHs KIH sBistors  coboro
By3nu CE wmopmeni, mo po3ramoBani
B3/10BX (ppoHTY TpimmHH (pHC. §).

Hnst Busmauenns KIH y Bysmi
($poHTa TPIUIMHU BHIUISIOTH TPUBEp-
IIMHHY 00JIacTh, SIKa € OPTOrOHAJILHOIO
0 TOBEpxHI 1 QpoHTY TPIIIUMHK
(puc. 9,a,0). Toukn BuzHauenns KIH 3a
nepemimeHasmMu  K(u)  (mo3HaveHi
XPECTHKAMH) CIIIBIANAIOTh 3 TOYKAMH
IHTErpyBaHHS, B SKHUX BiJIOMi 3HaY€HHS
TiepeMilleHb IS BY3JIiB PO3TAIIOBAHUX
Ha  TOBepXHI  TpimwHM.  ToYKH
Bu3HaueHHs KIH 3a HampyxeHHsIMU
K(o) (mo3HaveHi KPY)XKaMH)
CHIBNAAAI0Th 3 TOYKAMH IHTEIPYBaHHS,
B SKHX BiJIOMi 3HAQUEHHsI HANPYXEHb B
eIIEMEHTaX, pO3TaIIOBaHUX Ha
3aKpiIUIeHI i TOBEPXHI.
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OBnacTb oBuncneHHs
poGnacTE coumenasHAl
KIH OfnacTs 0f4UCNEHHS

— /,ﬁ\)\ KIH

N 1 o|lo|o
! \ Xox 0.05Lp. /X >
) o|o|o N zZ

TpiwmHa

0.1Lwp.x6
a

Puc. 9. IIpuBepimrHHa 001aCTh 1JIs IPH3MATHYHUX (@) Ta IPOCTOPOBUX HE3AMKHEHUX Till
obepraHHs (6) 3 OMEPEIHUMH TPIIIHHAME

BpaxoByloun BUMOTM METOIWKH, TOB’S3aHi 3 SBUILEM CHHIYIISIPHOCTI, B
TOYKAX, PO3TAIIOBAHMX HA BiAcTaHAX MeHMMX 0.1L, (L, 1OBKXHHA TPIlIUHH)
B3710BXK Biceit y' y* Bin Bepumnn tpimmun KIH He Bu3HauaeThcs. Takox He
Bu3HauvaeThest KIH 3a HampykeHHSIMH B TOYKax, IO pO3TalIOBaHi Onmkye
0.05L,, Bin Bici y*" (puc.10). Takuii mixxiz oTpuMaB Ha3By MOAM(IKOBAHOrO
Mmerony oouucienns KIH [1,2]

OCKUIBKY IDIONTUHA BU3HAYCHHS K(1/) HE CITIBIA/IAE 3 TUIONIMHOK BU3HAYCHHS
K(o) Ha moNOBMHY NOBXHHH €JIEMEHTa B3IOBX (POHTY TPINMHM, BHHHUKAE
TIMTaHHS Y3TODKeHHs 1uX 1Box 3HaueHb KIH. Jlns BupimeHHs niei npodiaemu B
MIPOMDKHUX BY3Jlax (DPOHTY TPIIIMHN BHKOHYETHCSI YCEPETHEHHS JBOX 3HA4eHb
K(o) orpumanmx s gBox cycimHix eneMeHTiB (puc. 11). Takum 4nHOM
OTpUMYeMO 3Ha4yeHHs K(G) y BY3JIi, 110 € CIIITBHAM JIJIsI IBOX €JIEMEHTIB!

K(o) iy T K(o),

2
B xpaiiHix By3iax QpoHTY TpiluHM 3HaueHHs K(G) MpuiiMaloThCsl TaKMMH,

10 O0YHMCIIeH] ISl KpaiHIX eeMEHTIB:
K(0), =K(0),, K(0), = K(0)

K(o)=

(-1

ylir
alaola ._E"
=
=
j L 4 4 _ 4210120l o
— | o 4 O ‘\L
:C _
e
0.1l =6 4
Puc. 10. ITpuBepmmHHa 06J1acTh ISt Puc. 11. Cxema 3Benenns K(c) 1o nepepizis

MoudikoBaHOro Bapianta Bu3HadeHHs1 KIH
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[Micns mpuenenns K(c) Ta K(u) 10 OmHIE] IUIONMHU BHKOHYETHCS
obuucnenHs pe3ynbrytodoro KIH

K(u)+K(o)

K =
2

5. KoutpoasHi mnpukigamu. 3 METOW JOCTIKCHHS €(QEKTUBHOCTI
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Puc. 12. duckpetHi Mmomeni
IUIACTUHH 3 IIEHTPAJIBHOIO
TpilwmHo (@) mpu
MPEACTABICHH] TPIMIUHNA Y
BUTJISIII O3/10BKHBOT (0) ab0
nonepevHoi (6)

po3pobiienoi meroauku B Mexax HMCE s
pO3B’sI3aHHS 3aJad MEXaHIKM pyHHYBaHHS B
NpU3MaTHYHUX TilaXx 3 TpIIMHaMH, OyJI0
MIPOBEACHO pPO3B’s3aHHA 3agadi PO PO3TST
KBaJpaTHOi  IUIACTUHM 3  IEHTPAIHHOIO
TpinmHOWO (puc. 12,a) pi3HOI JOBXKUHH, IS
SIKOI ICHye aHANITUYHUN po3B’s30k  [4,5].
Ckinuenno-enementi  monmeni  HMCE s
TUTACTUHH PO3pOOIIEH] pH po3mIAil 11 TpilMHA
SK TOo3J0BXHBOI (1BapiaHTt, puc. 12,0) Tak i
nonepeyHoi (2 BapiaHT, puc. 12,6).

OOuncreHHs, TpOBeJeHI 3 Pi3HOIO
KIJIBKICTIO CKiHUEHHX €JIEMEHTIB B HAaIPSMKY,
MEPHEeHANKYISIPHOMY [0 TIOBEPXHI TPIIIMHA
(puc. 12,6), cBiguath, OO0 ONTHUMAJBHININM €
MoaudikoBanuii BapiaHT oOumcienns KIH
(puc.13).

HeoOXimHO Big3HAYMTH, MO Yy BHUIAJKY
pO3TIISITy TIONMEPEYHOI TPIIMUHA HAa OCHOBI
HMCE rycruna cKiHU€HHO-EJIEMEHTHOI alpoK-
cUMalii B HanpsIMKY, EepIeHINKYIIPHOMY Bici
TPILIMHYU, BU3HAYAETHCS OCOOIUBOCTSIMHU PO3-
KimagaHHs Tepeminiedns Ha ocHoBi HMCE 3a
HATNPAMKOM Z°, 4 came KiIbKICTIO MOMHOMIB i
MiHIMQJIEHO HEOOXITHOIO KITBKICTIO JUIsS pealti-
3amii po3KJIaNeHHS (hPiKCOBAHO PO3TAIIOBAHUX
TOYOK iHTerpyBaHHss [1,2].

IMpn posrsimi wiei TpimMHM K MO3-
noBxHboi, CE ampokcumanis B HamnpsMKy
MEePHEeHANKYSIPHOMY 10 (POHTY TPIIIMHU
BHUKOHY€EThCs Ha 3acafax MCE, skuii € BUIbHUM
Bi oOMmexeHb posramyBaHHs By3niB CE
Mojeni. B 3B’S3Ky 3 mUM UIS IIPOBESHHS
KopekTHOro nopiBHsHHS edextuBHocTi MCE i
HMCE po3paxyHOoK OyB TpOBeIeHHH NpHU
onHakoBiil kinbkocti momiHoMiB 1 CE B
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HAINpPSIMKY MEPIIeHIUKYIIPHOMY (DPOHTY TPILIMHU BiJIIOBIAHO IS TTOTIEPEYHOL
1 TTO3/TOBXKHBOI TPIlI[HU.

Busisuinocs, 1m0 3anexHicTs TouHOCTI Bu3HaueHHs KIH Bix kigbkocTi
yTpuUMyBaHHX 4ieHiB psany ado CE B HampsMKy MepneHuKYISIpPHOMY JI0 JIiHIT
TpinwHU (pakTHYHO oxHOTO mopsiaKy. Tak, moxuOka BuzHaueHHs KIH B obox
Bunagkax npu 16 CE abo uneHiB psgy CTaHOBHTH Onm3bko 2% s ycix
JIOBXKUH Tpinuau (puc. 13,6). Xoua ciia BiJ3HAYUTH, IO B JACIKAX BHIAJIKAX
30DKHICTh pe3yibTaTiB, oTpuManux Ha ocHOBi MCE, Ha JiekilbKka MpOICHTIB
tounime Hixx 32 HMCE. Hanpuknan mis TpilmumHH, sIKa CTAHOBUTH IMTOJIOBHUHY
JIOBXKMHH TUIACTUHHM Po30ixkHicTh pe3ynpratiB. HMCE npu 8 yrpumyBaHHX
YJIeHaX PAay CTaHOBUTH 2%, a ipu 16 — 1%.

%(7)
o 0
6,00 8(%)
5
=== 1 BapiaHT
N, .
5,50 4 g 2 BapiaHT
A Y
\
N
[smm=== " [ R . & N\
5,00 \\
N
2 b . =
4,50 ; \\
=== 1 BapiaHT
P! \\
—2 BaApiaHT N(en
4,00 , N(en) © (en)
4 6 8 10 12 14 16 4 6 8 10 12 14 16
a o

Puc. 13. 36ixuicts 3Hauens KIH (@) Ta ix moxubku (6)
IIPH Pi3HUX BapiaHTaX MPeJCTABICHHS TPIIMHH

Tako JOCTIKYBaJOCh MUTAHHS NPO KUIBKICTH TOYOK IHTETpYyBaHHS B
TIPUBEPIINHHIN 0071acTi, MOTpiOHKUX 1 3a0e3nedeHHs 301KHOCTI pe3ysbTaTiB.
KinpkicTe TOYOK iHTETpyBaHHS, 32 SKMMH NpOBOIUTHCS BH3HaueHHs KIH 3a
MIEPEMITIICHHSIMH 1 SIKi pO3TANIOBaHI B3JIOBXK JIiHIi OPTOrOHAIBHOL IO IUIONIHHU
¢GpoHTy TpinmmHu, npuiiManacs Bix 3 mo 8. [ns BusHauenns KIH 3a
HATIPY/KEHHSMH KilIbKiCTh TOUOK iHTErpYBaHHS B HATIPAMKY z'' HpHHMaiacs
Bix 2 o 5. 3HaueHHs pe3yasryrodoro KIH npu BukopuctanHi pi3HOI KUTBKOCTI
TOYOK IHTErpyBaHHS BiIpi3HAIMCH B Mexkax 2%. Tomy Oylio mpHHHSTO, 110
MiHIMaJbHa KIJIBKICTh TOYOK Y BKa3aHOMY HANpsIMKY /I BU3HAYCHHS
ycepenaeHoro KIH 3a mepeMileHHIMH TOBUHHA OYTH HE MCHIIOIO 3, a JUIs
BHU3HaueHHs ycepeaneHoro KIH 3a HanpyxeHHs MU He MeHIIe 2.

BpaxoBytoun, 110 o6csr 00uHcneHb, HeoOXiTHUH U1 po3B’si3Ky 3anadi HMCE
Ha JIeKUIbKa TIOPSIAKIB MEHIINH, TIpY OJJHAKOBiH KiutbKocTi HeBinomux 3 MCE [1,2],
MOXHa crBep/pKyBat 1o edektuBHicTs HMCE 3HauHO mepeBuIye
eexruBHicTs MCE B mmpokoMy JtianasoHi JTOBXHH TpilyH (puc. 14).
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Puc. 14. 3nauenns KIH (@) Ta ix noxu6k (6) mpH pi3HUX JOBXKUHAX [EHTPAIBHOI TPIIHHI

3 meroto gociipkenHs qocroBipHocTi 1 edexruBrocti HMCE B mpocTopoBrux
3aj1auax MEXaHiKH PyHHYBAaHHS JUISI MPOCTOPOBUX HE3aAMKHEHHX TiJT 00EPTAHHS
Oy/io TPOBEIEHO pO3B’s3yBaHHs 3asaui BusHaueHHs KIH B aucky 3 1aBoma
TPIIIMHAMH, 1[0 3HAXOUTHCS Ii]] BILIABOM BHYTPIIIIHEOIO THCKY. 3arajbHa cxema
JIACKY TIOKa3aHa Ha puc. 15,a, a muckperna monens HMCE — na puc. 15,0, ne
TaKOX MMOKa3aHa oonacts BusHayeHHs1 KIH, 1o anasnoriuna puc. 9,6.

a
zl
oo o
i Ofnacts CHMETPI - Obnacts
o=1 obumcn h 0 = obanc.
1 AL KIH = ZT | ETH Zz'
Tpinpna .~ Tpiyssa 11
10 lp=5] 5 10 lp=5] &
o 6

Puc. 15. duckperni moaeni HMCE asist moriepeuHoi (6) Ta Mo310BXHbBOI (6) TPILMHHU B TUCKY 3
JIBOMa BHYTPIIIHIMU TPIIHAMH i Ai€I0 BHYTPIIIHBOTO THCKY ()
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BHacnmifok cuMeTpii pos3misganack 4YBepTh JaucKa. Po3B’s3aHHS 3amadi

3niiicHeHo i3 BukopucTaHHsIM 30 TapMOHIK B TIPEJCTAaBIEHHI IMepeMillleHb 3a

HATPSIMKOM 2. Otpumani

pe3ynbpTaTd Oy MOPIBHSHUMH i3 Ta6mums 1

€TaJIOHHUM PO3B’3KOM [5]

(tabm. 1). Sk BuAHO, pe3ynbTaTH Tun

BmHauenHs KIH gus  1Box MogenmoBanust | KIH 5, %

MOCTaHOBOK TPIillIUH JI0OpE Y3roji- TpLIIHHY

KYIOTBCSI 3 CTATIOHHUM PO3B’SI3KOM. norepeyHa 2.629 1.899
BucnoBok. TakuM 4HHOM, e — 2781 | —3772

pospooiiera B HMCE wmeronuka,

JIO3BOJISIE 3 BHUCOKOIO Eranowu [5] 2,679 -

epekruBHicTIO Bu3HauatH KIH

MPSIMUM METOJIOM SIK B

MNPU3MATUYHUX TaAK i MMPOCTOPOBUX HE3AMKHCHUX Tijax 06epTaHHH.
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Piskunov S.0., Shkril’ A., Mitsuk S., Sizevich B.
DIRECT METHOD FOR DETERMINING THE STRESS INTENSITY FACTOR IN A
PRISMATIC AND SPATIALLY NON-CLOSED SOLIDS OF REVOLUTION UNDER
STATIC LOAD

The technique for determining of the stress intensity factors (CIF) by a direct method in
discrete models of the semi-analytical finite element method (SFEM) for bodies with transverse
and longitudinal cracks is considered in this paper. The calculation of the CIF is performed within
some area which is around of the crack-tip. Asymptotic formulas which established the relationship
between displacements, stresses and the corresponding CIF values are used for CIF determination.
CIF values are calculated using of the nodes displacements in the one part of the area, and in the
other part of the area — using the stress values. Obtained values are averaged then. The studies
carried out on two-dimensional problems showed the advantage of this approach in comparison
with the localized (at individual points) calculation of CIF. In contrast to two-dimensional
problems, CIF definition in spatial bodies is carried out at a number of points along the crack front.
To calculate CIF value at an arbitrary point of the crack front a section which is perpendicular to
the crack surface is considered. The implementation of CIF determining technique in SFEM has
some special features. For bodies with longitudinal cracks, such points of the crack front are
integration which are located along the finite element. CIF definition within crack-tip area occurs
in the body cross section similarly to two-dimensional problems in this case. For bodies with
transverse cracks points of CIF determination are nodes of a discrete model located along the crack
front. The problem of the tension of square plate with a central crack of different lengths was
solved in order to study the effectiveness of the developed technique within the SFEM for
prismatic bodies. The problem of CIF determining in a disk with two cracks under internal pressure
was solved to prove technique effectiveness for spatial non closed circular bodies. The obtained
results showed that the developed technique allows determining CIF values with high efficiency by
a direct method both in prismatic and spatial non closed circular bodies using SFEM.

Key words: semi-analytical finite element method, the coefficient of stress intensity, spatial
body with cracks.
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MPIMOI METO]T OPEJIEJIEHUS KO®®UIUEHTOB UHTEHCUBHOCTH
HATPS)KEHU B TPU3SMATUYECKUX U TPOCTPAHCTBEHHBIX
HE3AMKHYTBIX TEJTAX BPAIIIEHUA MTPU CTATUYECKOM HATPY3KE

Ha ocHOBe IONyaHAINTHYECKOTO METOAA KOHEYHBIX JJIEMEHTOB IIPOBENEHA pa3paboTka U
anpo0amys METOAUKH BBIYHCICHHS KOO((UIMEHTa WHTEHCHBHOCTH HAIPSKEHUH IPSMBIM
METOOM HpH CWIOBOH Harpyske. PemieHsl TecToBele 3amaun. IloydeHHBIE pe3ylIbTaThl
MOATBEPKAAIOT 3(PPEeKTUBHOCTH METOAUKH.
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ABTOp (BU€Ha CTYNiHb, BU€HE 3BaHHSI, OCANA): Npodecop, OOKMOP MeXHIYHUX HAYK, npodecop
kaghedpu b6yodisenvroi mexanixu KHYBA [Tuckynos Cepeiit Onezosuu.

Aopeca poooua: 03680 Vkpaina, m. Kuis, I[losimpogromcokuti npocnexm 31, Kuiscokuil
HayioHanbHutl  yHisepcumem 0OyoOieHuymea i apximekmypu, Kageopa 0ylieeibHoi MexaHiKu,
Tuckynos Cepeiti Onezosuu.

Aopeca domawmns: 03087, Vkpaina, m. Kuis , ya. Ickpiecvra 6.3, k6.10

Po6. men. +38(044) 241-5555;

Mmobinvnuii men.: +38(050) 962-66-14.

E-mail s_piskunov@ua.fin

ABTOp (BYeHA CTYNiHb, BY€HE 3BaHHS, NOCANA). OOYEHM, KAHOUOAM MEXHIYHUX HAYK,
dokmopanm rkagpeopu 6ydisenvroi mexaniku KHYBA Ixpuns Onexciti Onekcanoposud.

Aopeca poooua: 03680 Vkpaina, m. Kuis, I[losimpogromcokuti npocnexm 31, Kuiscokuil
HayioHanbHutl  yHigepcumem 0yOieHuymea i apximekmypu, Kageopa 0yoieeibHoi MexaHiKu,
LlIxpunio Oxexcito Onekcanoposuyy .

Adpeca domawnsa: 08132, Yrpaina, m. Buwnese, eya. llJopca 10, ke. 24

Poo. men. +38(044) 241-5555;

Mmobinvnuii men.: +38(050) 307-61-49.

E-mail — alexniism@ukr.net

ABTOp (BYeHA CTYNiHb, BUY€He 3BaHHS, NOCANA). OOYEHM, KAHOUOAM MEXHIYHUX HAYK,
n.c. HAIEM KHYFEA Muyiox Cepeiii Bikmopoguu.

Aopeca poooua: 03680 Vkpaina, m. Kuis, I[losimpogromcokuti npocnexm 31, Kuiscokuil
HayioHanbHutl  yHigepcumem 0OyOieHuymea i apximekmypu, Kageopa 0yodieeibHoi MexaHiku,
Muyroxy Cepeito Bikmoposuuy .

Adpeca domawmns: 03037, Vkpaina, m. Kuis, npocn. Banepis Jlo6anoscvkozo 10, ks. 301

Poo. men. +38(044) 241-5555;

Mobinvruit men.: +38(096) 931-74-42.

E-mail — serewka@inbox.ru

ABTOp (BYeHa CTymiHb, BYE€He 3BaHHS, MOCaNA). OoyeHm Kagedpu OYyOienbHOI MexXaHiKu
KHYBA Cuszesuu Bopuc Isanosuy.

Aopeca poooua: 03680 Vkpaina, m. Kuis, I[losimpogromcokuti npocnexm 31, Kuiscokuil
HayioHanbHutl  yHigepcumem 0OyOieHuymea i apximekmypu, Kageopa 0yoieeibHoi MexaHiku,
Cusesuuy bopucy lsanosuuy .

Po6. men. +38(044) 241-5412.



28 ISSN 2410-2547. Onip matepiainis i Teopis cnopyx. 2016. Ne 97

YIK 539.3

SJEMEHTBI OIIBITA PACHETA HOBOI'O BE3OITACHOI'O
KOH®AWMHMEHTA YEPHOBBLIbCKOI ATOMHOM CTAHIIAA

A.B. l'Iepem,MyTepl
JI-p TeXH. HayK, IJIaBHBIH HayYHBIH COTPYTHUK

'HITIO SCAD Soft, Kues

B craTtbe IpHBENEHO KPATKOE OIVCAHHE MCTOPUU CO3AHMUS, NPOSKTPUPOBAHMS, KOHCTPYKTHBHBIX
ocobeHHoOCTell U mporecca MoHTaxa Hosoro bBesomacnoro Koucaiimmenrta (HBK), xortoperii smisiercst
COCTaBHOM YaCThi0 KOMILICKCA MEPOIPUATHI MO CTAOMIM3AMU U 00SCIICUeHNI0 OE30MacHOCTH 00bEKTa
Vkpertie Ha YepHOObUIBCKOI ADC. 131105KEHBI ITOIXOMBI K BBIOOPY PACUETHBIX 3arpy:KEeHHiT KOHCTPYKITHI
U TIPUBEICHBI OCHOBHBIE PE3YJBTAaThl PAacyeroB Ha JEHCTBHE psia HArpy30K B TOM YHCIE KPAHOBBIX
3arpy»eHuil, Bo3eliCTBUSI TOPHAI0, CEHCMITYECKUX Harpy30K.

1. Beenenne

26 ampens 1986 roma B 1 wac 23 MuHyThl Ha YepHOOBUTBCKOM aTOMHOM
AJIEKTPOCTAHITUH Tipon3onuia karactpoda, a yxe k 30-my Hos0pss 1986 roma
KEPTBEHHBIMU YCWJIMSIMU MHOTHX JIIOA€H Ha/l aBapUHHBIM 4-M 5HEpProOJIOKOM
YADSC Obi1 coopyxeH capkodar (0O0BEKT «YKpBITHE»), BHYTPH KOTOPOTO
HaXOJATCS PaOaKTHBHBIE OCTATKH aKTHMBHOW 30HBI Pa3pYIIEHHOTO B3PHIBOM
peaxTopa (puc. 1).

Puc. 1. Capkodar HADC, coopyxennsbiii B 1986 roxy

VYcnoBust Bo3BeAeHUs capkodara (pamualMoHHas OOCTAHOBKA) HeE
TIO3BOJISUTM OOECTICUUTD €0 MOJHYI0 HaJleKHOCTh. JlaXke 1ocie BBITOIHEHHBIX
B 2006 rogy crabwim3alMy KPOBJIH U 3alaJHON CTEHBI OCTAETCS OMACHOCTh

© TlepemsmyTep A.B.
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paspylIeHUs CYHIECTBYIOLIEro capkodara W KpoMe TOro, OH He JaeT
BO3MO)KHOCTD JINKBUIUPOBAThH BCE OCTATKH aBAPUH.

Puc. 2. Capkodar YADC nocie ycuneHus, BeoaHeHHoro B 2006 roxy

B cBs13u ¢ 3TM Ha 3acenaHuu ctpaH bosbnioit cemepku 0611 npuHAT [lnan
OCYIIECTBIICHHUS MEPONPHUITHI Ha 00BeKTe «YKpbITHE» [3]. DTUM IIaHOM
npeaycMotpeHo co3aanne HoBoro besonacHoro Kondaiinmenra (HBK).

B konne 2007 roma ¢panmysckuii koHrepH Novarka Bemrpan TeHaep Ha
npoektupoBanue u coopyxenre HBK. ITpoekT BBIMONHSIICS MPOEKTHBIM OIOpO
koHrepaa Novarka (Cabinet JAILET-ROUBY) B coorBerctBHH €
TpeboBaHusMH EBpokoma, mpoBepka Ha COOTBETCTBHE HOpMaM Y KpauHbBI
BBITOJIHSIACh MHCTUTYTOM Y KpHUMINpoeKTcTanbkoHcTpykius u HIIO SCAD
Soft. IIpu 5ToM OBUIO NPUHATO KOHCEPBATHBHOE pEHIEHHE O TOM, YTO
KOHCTPYKLIUH JIOJDKHBI  OJHOBPEMEHHO YJIOBJIETBOPSATH TPEOOBAHMSAM U
€BPOIEHCKHUX 1 HAllMOHAIBHBIX HOPMATHBHBIX JOKYMEHTOB.

HoBslii 6e3onacHblii KOHQAHHMEHT MMEET HECYIyI0 KOHCTPYKIHIO B BHJIE
apo4Hol cuctembl mposieToM 257 m, punoit 164 m, Bbicotoir 110 m u Becom
29 000 TouH. HekoTopoe npencraBieHue o Maciradbax COOpy>KESHHS TaeT PuUC. 3.

+104,40
%
TDRA

257,44

Puc. 3. Miumroctparnust rabapuToB COOPYKEHUS
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HBK JOJKEH NPEOTBPATUTh
ronajgaHue BOABI W CHEra, 3allUTHTh OT
BO3MOXKHOH YTEUKH DPaJHOaKTUBHOCTH M
cO3JaTh YCJIOBHS, NPH KOTOPBIX OynmeT
BO3MOXKHBIM  JIEMOHTa)XX capkodara u
paspyueHHoro peakropa. C 3TOH menbio
HBK obopynyercss AByMsi TOABEMHBIMH
KpaHaMH Tpy30HoabeMHOCThI0 50 TOHH
kaxabiil. Koncrpykuuss HBK paccunrana
Ha CpOK CIYXObI, 1Mo KpaiiHed mepe, 100
siet 06e3 IpOBe/IeHNsI PEMOHTHBIX Pa0oT.

WzroroBneHHsle  HAa  MTaJIBSTHCKOM
3aBo/le KOHCTPYKIMH COOMpayMCh Ha
y4YacTKe, pacIlONOKEHHbIE B TPEXCTax
MeTpax OT MPOEKTHOTO  IOJIOXKEHHUSI.
MoHTax OCYILIECTBIISIICS METOJIOM
TPEXCTYIEeHYaToro  mnoasema  (puc. 4),
mocie ero 3aBEpIICHUS (puc. 5)
BBINMOJHSAETCS. MOHT&X W MpPOBEpKa
mpuOOpOB  OOOpYAOBaHUS, U  3aTeM
TIPE/ICTOUT Ha/IBUKKa Ha MECTO
MOCTOSIHHOW YCTAaHOBKM HaJ] OOBEKTOM
«YKphITHEY.

Puc. 4. Dtanbel MoOHTaXka

Puc. 5. HBK, cMOHTHpOBaHHBII Ha MOHTa)KHOH IUIOMIA/IKE

2. KoHCTpyKTHBHOE pelieHne

OCHOBHBIC HECYIIIUE KOHCTPYKIIUU TIPEICTABIISIOT COOOH apOYHBIC CEKITHH
mposieroM 257,4 m ¢ BBICOTOH B IeHTpe nposiera paBHOU 108,935 m (puc. 6).
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ApKM — CKBO3HBIE peIlleT4YaThleé KOHCTPYKIHMH C PacCTOSHHAMH MEXIY
noscamu 12 m pacnonaratorcd ¢ marom 12,5 m.

Puc. 6. Pacuernas mozens HECYIIETO Kapkaca: a —BHUJ CO CTOPOHBI 3amaJHON CTEHBI, 6 - BUJI CO
CTOPOHBI BOCTOYHOM CTEHBI

OCHOBHYIO 4acCTh COCTaBIISIIOT 13 apok pacrofiokeHHbIX Ha ocax A ... N,
KpOME TOro [Uisl OpraHu3allid TOPLEBBIX CTEH MPEAyCMaTPUBAETCS JIBE
JIOTONHUTENbHBIE apku Ha ocax AQ u N0, a u3 ycinoBuid MOHTaXka ILIEHTpaJIbHAs
apka mo ocu G mpoektupyercs ciBoeHHOH. [To pabouel cxeme Kaxxaas Takas
KOHCTPYKIUS TPEJACTABIIACT COOOH JBYXIIAPHUPHYIO apKy, IepeaarolIyio
paciop Ha ¢(ynmamentel. Ha ormerke 85,344 m Kk apke NpHCOCTUHSICTCS
BTOpUYHAs (epMa, KOHCTPYKIIMU KOTOPOM SBJISFOTCS OJHOW W3 OCHOBHBIX
yacTell KpaHOBOH IIaT(OPMEL.

ApKH COCIMHSIIOTCS MEXKIy cOOOH CHCTEMOH CBsi3eld IO BEpXHUM H
HIDKHUM TI0SiICaM, KOTOPBIE BMECTE C KOHCTPYKIMSIMU apoK 00pa3yroT
MWINHAPWYECKUN CBOJ, paloTaronmii Kak MPOCTPAHCTBEHHAS CKBO3HAs
mwmHAprdeckas — obomouka. [lo  TopmaM  IMJIMHAPUYECKOTO  CBOJA
MpelyCMaTpUBAETCsl YCTPOHUCTBO CTEH, HECYIIAasi YaCTh KOTOPBIX TOXE pelieHa
B (hopMe CKBO3HOI KOHCTPYKIIUU.

Bocrounas crena, xoropast npu Hajsuxkke HBK B mpoekTHOe monoxeHue
JIOJDKHA TIPOUTH HAJ CYNICCTBYIOIIUMH KOHCTPYKIHAMU O0BEKTa «YKPBITHE,
UMEeT psA OTKUJHBIX MaHeled (ToMeueHbl I[BeToOM Ha puc. 6.0). OHu
3aHUMAIOT MPOSKTHOE MOJIOKEHHE JIUITH mociie Haamkku HBK (puc. 7).

- - ol Vi

ez

Ocb 4-ro 6noka |
Oce 4-r0 610

Puc. 7. ®yHKIIMOHMPOBAHNE OTKUIHBIX TaHETeH
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3amagHasi CT€Ha TakKe MOJBEIIeHa K apOUHOMY CBOJY U B TaKOM BUJE OHA
CyIIECTBYET BO BpeMsi cOopku u HaiBwkku koHcTpykiuid HBK. Opnako B
palioHe IIeHTpa apKH B COCTaB CTEHBI BKJIIOUEHA MOIHAs CTOWKa, KOTopas B
npoektHoM nonokeand HBK mogmoMkpaunBaeTcst U BKItouaercsi B paboTy Ha
BEpTHUKaJIbHbIE HArpy3KH, IepenaBas ero Ha QyHIameHT. Bee mpoune cToiiku
OCTAIOTCSI MO/IBELIEHHBIMU, Y UMEIOT BHU3Y TOJIBKO FOPU30HTAJIBHBIE OMOPBI.

3. ConocraBJjieHUe Pe3yJabTAaTOB 1yOJMPYIOIIHMX PACYETOB

[IpoekTHpoBaHUe U BCce pacueThl BRIMOMHUIOCH pupmoii Cabinet JAILET-
ROUBY mno mnporpamme HERCULES. VkpHUU IICK u SCAD Soft
BBINOJHSIIN ITPOBEPKY HA COOTBETCTBHE HOPMATUBHBIM JIOKYMEHTaM Y KpauHbI
o mporpamme CKAJ] [2], 4To MOBIEKIIO 3a COOO0¥ MOTHOE TyOIMPOBAHUE BCEX
pacueToB.

Hop™mbr Ykpannsl, paBHO Kak 1 EBpokozipl 6a3upyroTcsi Ha HCIONIB30BaHUH
METOJla pacyeTHBIX MPEAENbHBIX COCTOSHHHA W B OTOM CMBICIE HE HMEIOT
NPUHOMIHATBGHBIX pa3nnunid. OJHako B JETasX, B TOM YHCIE M BechMa
Ba)XXHBIX, HaONIONaroTCsl omnpeseneHHble pa3nuunsi. OHM  COCPEelNOTOYEHEI
BOKPYT JIBYX HPOOJIEM:

® [paBuWJI BBIOOpA pacyeTHBIX COYETaHUH Harpy3oK;

® METOJOJIOTUH MPOBEPKH MPOYHOCTH M YCTOMYMBOCTH JIEMEHTOB.

B cBm3u ¢ ortum  Oonblioe  3HAYEHHE IPHIABAJIOCH  METOJMKE
COTIOCTABJICHUsI Ppe3yJbTaToOB. [IpoBepsuioch COBMAJEHHE pPE3YyNbTaTOB I10
3apaHee BBIOpaHHOMY HAa0Opy BHYTPCHHUX YCWIMHA M TiepeMenieHuit. Kpome
TOro OBLJT BHITOTHEH MO/IAJIBHBIN aHAIIN3 M COIIOCTABIICHBI TIEPBBIE IISITh YaCTOT
1 GopM COOCTBEHHBIX KOJIEOAHHH.

BMmecTo 00BIMHO UCTIONB3yEMOM OLIEHKH PACXOXKICHHS

X, -X
Ay =1_"2%100 (%)

X
COIOCTABIIEHHE YCUINH U MOMEHTOB BBIIOJIHIOCH
N, —N M, -M
Agy =——2%100 (%), Agy =——=% %).
oON ARd %100 (A’)a ON WRd %100 (A’)

Torma pacxoXIeHHS CTaHOBATCS (U3NYECKHM 3HAYMMBIMH, a He
(opManbpHBIMU. X 3HaYEeHUs! MO3BOJIAIOT CYIAWTh O BIMSHUM HETOYHOCTH Ha
pe3yNbTaT pacyeTHHIX MPOBEPOK, KaK BUAHO M3 Tabi. 1, Korga okasbIBaeTcs,
yro pacxoxaeHue Ha 18,4% c TOYKM 3peHUs 3HAYMMOCTH aOCOJIIOTHO
HUYTOXKHO.



ISSN 2410-2547. Omnip matepiainis i Teopis cnopyx. 2016. Ne 97 33

Tab6muna 1
I[IpuMep COMOCTABIEHHS PE3yIbTATOB
DJeMeHT Ceuenne N, N, Ay, % Aoy » %0
1 1 -220.0 2224 1.073 0.166
1 2 -14.9 -12.1 18.403 0.262
3 1 -460.9 -462.2 0.281 0.168
3 2 61.7 58.7 4.891 0.181
12 1 -56.8 -53.6 5.582 0.380
12 2 2.3 2.1 9.582 0.031

4. O0 yuyeTe NoAATIMBOCTH OCHOBAHUS

OcHoBHBIE (DYHIAMEHTBHI apOK BBHINOJIHEHB! B BHIE OSTOHHOrO OalOYHOrO
pocTBepka Ha OETOHHBIX CBasX. J[ys Takoi KOHCTPYKIMH IT0 ITporpaMme OblIa
MOJy4eHa MaTpHIa MXECTKOCTH, KOTOpPYIO IOCie KalInOpPOBKU 10 JaHHBIM
UCTBITAaHUS MOHTaXHOH cBaum BBoqwiu B mnporpamMmmy CKAJl. Pacuernas
MOJIeNlb, B KOTOPOM MCIIONBb30BaHA YKa3aHHas € MaTpHla >KeCTKOCTH, Tajee
HaszbiBaercst Moaenbio El (Elastik-1).

Jlpyrue naHHBIE O TOAATIMBOCTA OrOJIOBKOB CBail OBLIM IIOJNy4YEHBI B
nHeruryre KudIl Bo Bpemst pacuera ¢yHmamenrtoB. Pacuernas mozmens E2
(Elastik-2), B kOTOpOIi cBau OBLIM MPEICTABICHBI CTEPKHEBHIMU KOHCUHBIMHU
JNIEMEHTaMH, ONMPAIOIIMMUCS Ha YINPYrHe OINOpbl, C MOMOILIbI0 KOTOPBIX
MOJIeIMpOBaJiach ~ paboTra  TpPyHTOBOrO  OCHOBaHWs. VM,  HakoHer,
paccMarpuBanach MOJENIb KECTKoro ocHoBaHust R. Takum oOpazom,
COTIOCTaBJIEHUE BBIMOJIHEHO [UIA TPeX MPOCTPAHCTBEHHBIX PAaCUETHBIX
MOJIeJIeH, TUITMYHBINA pe3ynbTaT MOXKHO YBUAETH B TaOII. 2.

W3 monydeHHBIX JaHHBIX BHHO, YTO PACXOXKJEHUS MEXAY pe3ylbTaTaMH
pacueTa IO TPEM pacyeTHBIM CXEMaM He NPUHIMIHUAIBHBL, U IPU pacuere
KapKaca BIIOJIHE BO3MOYKHO HE YUUTHIBATh NMOJATJIMBOCTE OCHOBAHUSL.

Tabmura 2
OlieHKa BIUSHUS MOJATIUBOCTH OCHOBAHUS
Vcunus B anemenre 70 M
(Tpy6a 813x20) aKCUMAaJIbHOE
Harpyxenue OTHOCUTEIILHOE
Mopenb Mopenb Mopenb pacxoxjaeHue

El E2 R
Knan-1 -10.566 -10.09 -10.616 2.73E-05
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Knan-2 0.165 -0.40 0.29 1.31E-03
Cner-1 -23.055 -23.50 -22.913 1.42E-05
Cner-2 -66.967 -67.44 -66.765 5.53E-06
Cner-3 -27.809 -27.80 -27.73 1.57E-06
Beren-1 -0.22 -0.57 -0.208 9.57E-04
Beren-2 42.638 41.49 42.699 1.56E-05
Beren-3 48.848 47.50 48.949 1.63E-05
Beren-4 -1.949 -1.56 -2.03 1.27E-04
CobcTR. Rec -316.225 -311.46 -316.537 8.84E-06
TMoneznas -36.075 -36.03 -36.02 8.42E-07

5. BapnaHThl HArpyKeHHUs

[Tpu pacuere HBK MBI cTOmKHYHCH ¢ Ipo0sIeMOit 0O4eHb OOJBIIOrO YHCia
BapHaHTOB HarpyxeHus. BMecTo OOBIYHOrO 4YHClia B HECKOJBKO JIECSTKOB
HarpyXeHuH, MpHUIUIOCh BECTH pacueT Ha 572 BapuaHTa HATPY>KEHUS.

Taxk, HanpuMep, /I BBISIBICHHS! PACUETHBIX HANPaBIICHUH NEHCTBHS BETpa
NIpe/IBApUTENHLHO OBUTH YKa3aHbI KPpUTEPUH 0TOOpA, TaKHe KaK SKCTPEMabHOE
NepeMellleHNe BEPIIUHBl apKH, MaKCHMajbHas pPa3sHOCTb CMEIIEHUI omop
KpaHa, SKCTpEeMaJIbHBIC PEAaKIMU B OTIOpax apok U T J. Tak Obuto HalimeHo 42
pacUeTHBIX HalpaBJIEHUs BETPOBOIO MOTOKA.

KpanoBas Harpy3ka 3aBHCAT OT TOrO, KakoOil BapHaHT CMEHHOIO
Ipy30MObEMHOr0 00OpY/ZOBaHUS HCIONB3YyeTcs (KJIacCHYecKas TeJlexKa,
3alllMIEHHAs TeNeXKKa, TeNexXKa ¢ TPOCOBOM TOABECHONW CHCTEMOM,
TEJIECKONMYECKasi MauTa), ¥ OT TOr'0, B KAKOM IOJIOKEHHN HaXOJSITCS KPaHbl U
ux Tenexku. Bceero paccMorpeno 11 monokeHHH MOCTOBBIX KpPaHOB U B
Ka)KIO0M TOJIOKEHUH paccMaTpuBaeTcs 9 mo3uimii rpy3oBoil tenexxku. Kpome
TOTO AT KAXJI0T0 MOJIOKEHUS] KPAaHOB KaK OTAEIbHBIC BAPUAHTHI HATPYKEHUS
paccMaTpHUBaINCh Cllyda JIEMCTBUS BEPTUKAIBHOIO JABJIECHUS KOJEC KpaHa U
TOPU30HTAJIBHBIE BO3JEHCTBHA OT MpPOJOJIBHOTO MJIM OT MONEPEYHOro
TopMOKeHHs. VITOro mpuiniock paccMarpuBaTh 324 HarpyXeHus: KpaHOBBIMH
BO3JCHCTBUSIMHU.

Jns Harpy3ku OT cMepya paccMOTpeHOo 196 BapuaHTOB HarpyKeHwus,
OTIMYAIOIIMXCS TOJOXKEHHEM OCH CMEpPYEBOM BOPOHKM U HAIPaBICHUEM
repeMeIeHnst 3Tol ocu. [t KaXKIoro MoJIoKeHHs BOPOHKH cMepua (KpYKKH
Ha pHc. 8.a) paccMaTpUBAETCS YETHIPE HAPABIICHUS IBHKEHUSI.

B kauectBe mpumepa Ha puc. 8.6 NMOKa3aHO pacHpeieNeHre Harpy3oK OT
BO3JEHCTBUS cMepua kiacca 3.0 B MO3MIUK, OTMEYEHHOH Ha pHC. 8.a 3aIUThIM
KPY)XKOM, TP JIBI>KEHUH CMepUa 110 HAIPaBJICHUIO «IOT-CEBEPY.
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IIpaBuna cocTaBieHHs pacyeTHBIX COYETAaHUH Harpy3oK, KOTOpbIE
(opMHUpYIOTCS KaK Ha0Op MX PACUETHBIX 3HAUYEHUH MM COOTBETCTBYIOLIUX UM
YCWIMH W/WIK NepeMeIIeHHH U UCTIONb3yeTcsl ISl POBEPKH KOHCTPYKIWH B
OIIPEJICTICHHOM TpPENEIbHOM COCTOSHHM U B ONPENEIECHHOM pacdeTHOH
curyauun. BeIOop pacueTHBIX codeTaHui BeIonHsuICS B mporpamme CKAJI.
Ora omnepalys 3aHUMana Haubosbllee BpeMs (10 TPeX 4acoB).
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Puc. 8. Harpysku Ha xposmo HBK ot cmepua knacca 3.0

[lo BbHIOpaHHBIM  pacyeTHBIM  COYETAHWSM  BBINOJIHSUINCH  BCE
MPEyCMOTPEHHbIE HOPMaMH IPOBEPKHM MNPOYHOCTH M YCTOHYMBOCTH.
[IpakTiueckn Bcerja ONPEACNSIONIMMH SIBISUINCH PACUYETHBIE COUSTAHUS
aBapuifHOrO pexxuma pabotsl, korna Ha HBK neficrBoBan cmepu kiacca 3.0.

6. MeTonuka npoBepKH Hecylleil COCOOHOCTH

[TockonbKy Ha MpeaBapUTENFHOM cTaJuK MpOBepKa Hecyllel CriocoOHOCTH
BBINOJHSIACH O Meroauke EBpokona-3, a Ha 3aKIIOYUTENFHOM JTare
npoekTupoBanuss — 1o Meromauke CHull 11-23-81%*, To ObUTO BBHIIONHEHO HX
JIETaJIbHOE CPaBHEHUE.

OnHUM W3 CYIIECTBEHHBIX pa3iM4uil sBJsIETCS TO, 4To EBpokoa BBOAMT
KiacCH(HKAIMIO TIONEPEYHBIX CEUYEHWH KOHCTPYKIMH 10 MX CHOCOOHOCTH
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paboTaTh 3a TPEIEIOM YIPYTOCTH W TOCIE MECTHOTO BBITYYHBAHHS JJIEMCHTOB
cedeHus, B TO BpeMst kak B CHull takas kitaccudukarys OTCyTCTBYET.

MeTonuku NpOBEPOK MPOYHOCTH U YCTOHUHMBOCTH MOMEPEUYHBIX CEYEHUI
snementoB no CHull u EBpokony BO MHOrMX cCiy4yasix JIOCTaTOYHO
CyIECTBEHHO pacxomasrtcs [5]. Pasmudaercs He TombKO (opMa BEIMOTHEHUS, HO
3a4acTyl0 U KOMIUJIEKC YUHUTHIBAEMBIX PACUETHBIX MapaMeTpoB. THUMUUHBIM
MIPUMEPOM MOXKET OBITh MPOBEPKA YCTOMYMBOCTH CIKATBIX DJIEMEHTOB. 37IECh B
ommune or CHwull, rtane xkoaddumuenTt mnpomompHOro u3ruda @
nudGepeHIIMPOBaH B 3aBUCHMOCTH OT PACUCTHOTO COMPOTUBJICHUS, HO HE
3aBUCAT OT (HOPMBI CCUCHHS, HAYAIBHBIX WCKPUBJICHUH U CIyYaiiHBIX
SKCIICHTPUCUTETOB, 3TH (PAKTOPHI YIUTHIBAIOTCS HATIPAMYIO.

7. Binsanue cmep4a kiaacca 3.0
[TpoBepka Ha BO3AEHCTBHUE 3aIIPOEKTHOIO COOBITHS B (hopMe cMepya Kiacca
3.0 BBIIONHSJIACH B COOTBETCTBMM CO  CIHENUAIBHO pa3padOTaHHBIM
TEXHHYECKUM 33/IaHHEM B IIPEAIIONIOKEHUH OOECIeUYeHUs] 1EIOCTHOCTH
OOIIMBKY OCHOBHOTO 3aiuTHOro coopyxenust HBK. Ipu atom:
e Bo3aelcTBue cMmepya kinacca 3.0 ma HBK yuuteiBamocs B coueTaHuu
TOJIBKO C IOCTOSIHHBIMH Harpy3KamH;

® YUUTHIBANACh BO3MOXKHOCTb BO3HHKHOBEHUS OrpaHMYEeHHBIX
IUTACTUYECKUX Jedopmanuii B 3JeMEHTaX HECYMIMX KOHCTPYKIMHA
OCHOBHOTO 3auutHoro coopyxenuss HbBK u ucnonbpzoBanus s 3Toro
¢dopmynst (49) nz CHull 11-23-81%;

® HE YUYHUTHIBAINCh BO3MOXKHBIE JIOKAJIbHBIE IEPEHANPSDKEHUs B y3Jax
KOHCTPYKLUH, KOTOpble HE NPUBOAAT K HAPYIIEHUIO YCTONYMBOCTHU
OCHOBHBIX HECYIIUX KOHCTPYKIHUH.

Pe3ynbTaThl NpOBEPOUYHBIX pacueTOB MOKa3alHM, 4YTO M8 MHOTHX
JJIEMEHTOB  IIPEIBAapUTENIBHO 3alpoekTupoBaHHoro BapuaHta HBK He
obecrieynBaeTCs MPOYHOCTh WM YCTOMYMBOCTH. Ha puc. 9 3TH 31eMEHTHI
BBIJIEJIEHBI KPACHBIM [IBETOM.

boutn  ompeneneHsl  Bce  HEoOXOAWMMBIE — 3aMEHBI  DJIEMEHTOB,
oOecrieunBaroONe BHIMOJHEHHE TPeOOBAaHMH IO HECylled CIOCOOHOCTH
KOHCTPYKLUH NpH JieiicTBuu cMepua kiacca 3.0.

OOBIYHO B WH)KEHEPHOW MPAaKTUKE CEUEHHS MEHSIOTCS HE3HAYUTENIFHO H
nepepacyeT CHUCTEMbl C HOBBIMHM 3HAUEHHMSAMHU KECTKOCTEH HE BBINOJIHSIOT.
Hauunas c pykoBoacTsa [4] nepepacdyeT peKOMEHI0BAJICS JIUIIb B TOM CIIy4ae,
Korjia Tocie Iox0opa CEUeHHWH COOTHOIIEHHE JKECTKOCTEH 3JIEMEHTOB
MeHnsiTock Ha 30% u Goree.

VYuureIBasi yHUKaJIbHOCTh OOBEKTa B IAHHOM ClTydae ObLIO MPHHATO pelieHne
BBIIOJIHUTh TI€PEpacyeT C YUeTOM W3MEHUBIIMXCS 3HAYEHMH SKECTKOCTH
YCWICHHBIX OJJIEMEHTOB, He oOpallias BHMMaHME Ha BEIMYMHY H3MEHEHUS
COOTHOILEHUSI MEeXIy *ecTkocTsiMU. Ilocne mepepacyeTa BHOBb OKas3ajoch, YTO
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TpedyeTcs yCwIeHne HeKOoTOphIX 31eMeHToB HBK ¥ BBIACHMIIOCH, YTO KOUYECTBO
TpeOYIOIMXCS UTEPALIUiA SBIISCTCS HEOXKUIAHHO OONbImM. [1o-BumuMomMy, Takoi
pe3ylbTaT CBs3aH C OOJBIIMM YHCIIOM BapHaHTOB HAarpy)XeHHs, KOrja Iocie
M3MCHCHHSI )KECTKOCTEH MEHSIETCS pacueTHAs KOMOWUHAIIHS HATPY30K.
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Puc. 9. LiBeroBas MHIUKALUS Pe3yIbTaTOB pacueTa Ha JielicTBUe cMepua

IIpu pacuere Ha nelicTBHE cMepua MPUILIOCH BBINOIHUTH 17 uTeparuii
(puc. 10). JlomogHUTENBHBIH PAacXoJ CTallM, KOTOPHIH HEOOXOAMM JUIs BCEX
TpeOyeMBbIX 3aMeH ceueHui, coctaBmi 344,47 TouH (2,7%).
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8. IIpoBepka Ha ceiicMH4YecKHe HATPY3KH

Pacuem no nopmamuenoii memoouxe

B cooTBercTBUM ¢ yKa3aHMAMU HOpM IpoeKTHpoBaHus [ 1] mpu pacuerax Ha
celiCMHYeCKre BO3ACHCTBUS YUUTHIBAIOTCS JEHCTBHE HEOOXOIMMO YUHUTHIBAThH
MIOCTOSIHHBIE HATPY3KH, BPEMEHHBIE AJUTENbHBIE HATPY3KH U BEC MOCTa KpaHa,
BEC TENEXKKU, a TAaKXKe BEC Ipy3a, PaBHOIO TIPY30MOABEMHOCTH KpaHa, ¢
koo punmenrom 0,3.

W3 BpeMeHHBIX Harpy3oK JUIMTENFHOM COCTAaBIISIONIEH 00JIaatoT TOIBKO
MoJie3Hble HArpy3kKu U CHeroBas Harpyska. IlpoBepsimch pa3ianuHble
KOHQUTYpalMu pACHOJIOKEHUSI CHEra Ha TOKPHITUM, ITIPH 3TOM OBLIO
MIPOBE/IEHO YEThIPE HE3aBUCHMBIX BapUaHTa pacdeTa JUIS YeThIPeX pa3IMdHbIX
MOJIOXKEHUN KPAHOB:

e KpaHBbI cocpefoToueHsl B BocTouHoi yacti HBK;

e KpaHBbI coCpefioTo4eHkI B 3anagHoil yactu HBK;

® KpaHBI COCPEAOTOUEHHI B ieHTpasbHOM yacTu HBK;

e I0JIOBMHA KPAaHOB pACHONOXKEHAa B 3alaJHOi, a BTOpass INONOBUHA B

BoctouHoi yacti HBK.

Bo Bcex BapuaHTax MpeAmoNarajoch, 4TO0 Ipy3 HAXOAUTCS B IIEHTpE
IpoJeTa.

KonmuecTBo npuHHMaeMbIx BO BHUMaHKe (opM cOOCTBEHHBIX KOIeOaHMit
OMpeJIeisIoch B COOTBETCTBUU ¢ ykazaHusimu . 2.3.1 JIBH 1.1-12:2006, B
COOTBETCTBHH C KOTOPHIM CyMMa MOJQJIBHBIX MacC JODKHA OBITh HE MeHee
85% mONMHOM CyMBI MONAIBHBIX Macc IpU KoJeOaHHSX B TOPU3OHTAIHEHOM
HampaBJieHWH W He MeHee 75% mpu KonebaHUsSX B BEPTUKAIEHOM
HaIpaBJICHUU.

OnpeneneHne yucia YYUTHIBAEMBIX (JOPM COOCTBEHHBIX KOJIEOaHWH IO
9TOMY YCJIOBHUIO BBINOJHSETCS aBTOMAaTHYECKM IPHU pacderax Mo IporpaMMe
SCAD. [lng pa3nuuHbBIX BapHAHTOB HATPY)KEHUS 3TO YHCIO OKa3bIBaeTCs
pa3HbIM, ITOCKOJBKY H3MEHSIOTCS WHEPIMOHHBIE CBOWCTBA OOBEKTA, OJHAKO
CaMHM 4acToThl ¥ (hOPMBI COOCTBEHHBIX KOJIEOAHUH MEHSIOTCSl HE3HAUUTEIBHO.

Pacuer mo cmekTpasbHOMY METOAY  BBINOJHAJNCS — TPaJULMOHHBIM
crnocoboM, 3a HCKIIOYEHHEM TOrOo, YTO HCIOJB30BAICS — CIIEIHAIBHO
pa3paboraHHbIii MHCTUTYTOM TeOodU3UKU YIS IUIOMAIKH YepHOOBLTHCKON
ADC rpaduk cnekrpaisbHOro KO3 HUIMEeHTa TUHAMHUYHOCTH, KOTOPBIA OBLI
BBEEH B  pacueTHyl0 nporpamMmy  «PemakropoM  Ko3((HUIMEHTOB
muHaMuaHOCTH» cucreMbel SCAD Office.

Pacuem na oeiicmeue akcenepozpammeol

Jlnst coopyxkeHuil Takoro ypoBHsl OTBeTCTBEeHHOCTH, kKak HBK, HOpmbI
YKpauHbl IPeAyCMaTPUBAIOT BBINOJIHEHUE MPSMOT0 JUHAMHUYECKOT O pacyera ¢
HCIONB30BaHUEM akceneporpamMM. OTHOBPEMEHHO HEOOXOJUM M pacyer U 1o



ISSN 2410-2547. Omnip matepiainis i Teopis cnopyx. 2016. Ne 97 39

CHEKTPaJbHOMY METONy, a OKOHYATeIIbHO CJIeyeT NpUHAMATh Ooree
HEBBITOJTHOE PELICHHE.

TpexKoMITOHEHTHBIE aKCeJIeporpaMMbl PAaCUETHBIX 3eMIIETPSICEHHN OBLIH
npezactaBiensl MHcTUTyTOM reodmsukn um. Cyobornana HAH Vkpaunsr. Ux
MpoBEpKa BBINONHSUIACH pepakTopoM akceneporpamm m3 SCAD  Office.
Oxkazanock, YTO 3TH aKcelleporpaMMbl He cOallaHCUPOBaHBI M IIPUBOIAT K
MIOCTOSITHHOMY TPEHJAY B JuarpaMmax IHepeMelleHHH, YTO IOKa3aHO Ha pHC.
11,a. Ha aTOM pHCyHKe npe/icTaBieHa NCXO/IHAs aKcelleporpaMma, ee TepBbIi
UHTErpan (BelocurpaMMa) U ee BTOpoil mHTerpai (ceficMorpamma).

[TosToMy OBIIIO MPHHATO PEIIEHHE BBIOIHUTH KOPPEKTUPOBKY MCXOIHBIX
aKceJieporpaMM IoKas3aTesis sl BceX BPEMEHHBIX auarpaMM. CrienuaincraMu
GEODYNANIQUE & STRUCTURE 0buto  NpOBEpEeHO HECKONBKO CXeM
KOPPEKTHPOBKH HMCXOIHOTO MaTepuajla M CXeMOW, KoTopas Obuia BhIOpaHa
OKOHYATENBHO, CTajla (GUIBTPALUS BEPXHUX YacTOT 4-TO MOpsIKa C YacTOTOM
0,05I'u. AHanoru4yHple KOPPEKTHPOBKM OBUIM BBHINOJIHEHB M B IIPOrpaMMme
«KoppektupoBka axceneporpammy», Bxomseid B cucremy SCAD Office, rae
UCTONB3YETCS METON KOPPEKTHPOBKU 0a3oBoit nuHMH [5]. Pesymprarh
0aJaHCHPOBKHM aKCeJeporpaMM OKa3aJHCh CXOXXHUMHU IIPH HCIIOIb30BAaHUU
000MX MeTONO0B: U (PHUIBTpAIHs U KOPPEKTHPOBKA 0A30BOI JIMHUM MPUBEIH K
WCYE3HOBEHUIO TPEH/Ia B KapTHHE cMenieHui (puc. 11,0).

B pacuere no akceneporpaMmam yduThiBajics 3()(EKT HEOTHOBPEMEHHOT O
BO30YXIeHHs1 KojeOaHWii 10 OCHOBHBIM  psijiaM  ONHpPaHUs  apok.
Hcnonp3oBanack rHNoTe3a «3aMOPOKEHHOW aKCelleporpaMMbl», MepeHOCHMOM
CO CKOPOCTBIO pAaCIpOCTpaHEHUs ceficMudeckoil BONHBL [l 3TOro OBLI
pa3paboTaH crHeuuaabHBId PEKUM B Moayie «/HTerpupoBaHuE ypaBHEHHH
IBWKEHHS» BEIYHCIUTEIbHOr0 Komiuiekca SCAD.

[Ipn npsIMOM WHTETPUPOBAHMM YypPaBHEHWH JBIKEHUS MBI IOJIy4aeM
CIIMIIKOM  OOJNIBIIOE  YHWCIO  pPEe3YJbTAaTOB, KOTOpPOE OYEeHb TPYAHO
npoananusuposats. g y3noBbix cmemeHuin: 4xCUxCT, roge CU —uucno
y3710B, CT —4uCIIO MOMEHTOB BpEMEHH, a JJis1 ycuiauil B aneMenTax: 6xCSxCT,
rae CU —uncno crepxHei, CT —41c10 MOMEHTOB BPEMEHHU.

I[pu oOmem wumcie y3moB 5947 wu kommdectBe dyeMeHTOB 13240
MTOTEHIINATHFHOE YUCIIO BO3MOXKHBIX rpadukoB OymeT paBHO 5947x4+13240x6
= 103228. He TOnbKO WH)KEHEPHBIH aHAJIM3, HO U CKOJb-HUOYAb IOJE3HOE
pasrisinbIBaHME BCEX HMX HEBO3MOXKHBL. HO TOCKOJBKY pacder 1o
akcejeporpaMMaM HOCHT ITOBEPOYHO-KOHTPOJBHBIH XapakTep, TO C TOYKH
3pEeHHUs] OLEHKU IPOYHOCTH M YCTOWYMBOCTH KOHCTPYKIMI OCHOBHYIO POJIb
UTPAET COMOCTABIICHUE PE3YIBTATOB IO IBYyM METOAMKAM.
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Jlnst comoctaBneHnii  ObUIM  OTOOpaHBI THIMYHBIE 3JIEMEHTHI  HECYIIHMX
KOHCTPYKIMA J[JIsT 3TUX 37eMEHTOB OBUIM COTOCTAaBICHBI YCWIMS, KOTOPBIE OBLIH
BBIUUCIICHBI TIPH PAcdeTe TI0 KIACCHIECKOMY CIIEKTPaTbHOMY METOMY, C YCHIIHSIMH,
HONYYEeHHBIMH TIPH pacdere IO akceleporpamMmaM. PesyibTaThl COMOCTaBIICHUS
HATJISTHO BH/IHBI Ha TpadHKaX, MPEICTABICHHBIX Ha prC. 12. Xoporast Koppesis,
CKOpee BCEro, CBf3aHA C TEM, YTO CICIMANBHBIA TpaduK CIEKTPaIbHOro
K0d(pUIHEHTA TMHAMUYHOCTH IIOCTPOCH Ha 0a3€ TOH e aKCeIePOrpaMMBL.
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W3 Takux BUAHO TpadUKOB, I HEKOTOPBIX 3JIEMEHTOB HAOJIOMAIOTCS
MIPEBBIIICHAS YCHINH, OOHAPY>KEHHBIX MPH pacyeTe Mo aKceIeporpaMMam o
OTHOIIICHHUIO K PacueToOM MO CHEKTpaibHOMY Meromy. ONHaKO WX BEMYHAHA
Maja IO CPaBHCHUIO C HECyIleHd CIOoCOOHOCTBIO 3JIEMEHTA, MOCKOIBKY
onpenensomuM (akTopoM OBUTO BO3JCHCTBHE cMepua kiacca 3,0, a He
celicMUYECKO€e BO3ICHCTBHE.

9. BriBOIBI
Pacuer Takoro yHukameHoro coopyxenuss kak HBK oGoratmn
OTEYECTBEHHYIO MPAKTHKY IPOSKTUPOBAHUS, 8 UMEHHO:
e Obuta oTpa®oTaHa IPaKTHKAa COMOCTaBUTENFHOIO aHalW3a pacyeToB IO
OTEYECTBEHHBIM U €BPOIEHCKIM HOpMaM;
® CO3/[aHa W TIPAaKTUYECKH ONMpOOOBaHa METOMKA pacuera Ha CeHCMHYECKOe
BO3JICHCTBHE C yueToM 3(pdeKkTa HEOTHOBPEMEHHOTO BO30YKICHHS KOJICOaHHIT,;
e pazpaboTaHa W TPOBEpPEHAa METOJMKA  COIMOCTAaBJIEHHS  Pe3YJHTAaTOB
ceHCMHMYECKOro pacyeTa 110 aKkcelieporpaMMaM H I CIIeKTPajIbHON METO/HKE;
® TIpOIIIAa MPAKTUYECKYIO MPOBEPKY METOAMKA pacdera OOJbIIENPOIETHOTO
COOpY’KEHUsI Ha JISWCTBHE cMepYa.
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Perelmuter A.V.

ELEMENTS OF ANALYSIS EXPERIENCE OF THE CHERNOBYL NEW SAFE
CONFINEMENT

The article provides a brief description of the history of creation, design, design features and the
installation process of the New Safe Confinement (NSC), which is an integral part of the measures to
stabilize and ensure the security of the Shelter at the Chernobyl nuclear power plant. When designing the
NSC, a conservative decision was made that the NSC tructures must simultancously satisfy to the
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requirements of both European and Ukrainian national building regulations. Accordingly, all calculations
were carried out using the HERCULES and SCAD software complexes, and were completely duplicated.
The norms of Ukraine, as well as the Eurocodes, are based on the use of the method of calculated limiting
states and, in this sense, do not differ in principle. However, in the details, including very important ones,
there are certain differences. That are related to the problems of the rules for choosing of the design load
combinations and of the methodology for verification of elements strength and stability. In this regard,
great importance was attached to the method of comparing of the results. The results were compared
according to a pre-selected set of internal forces and displacements. In addition, a modal analysis was
performed and the first five eigenfrequencies and eigenforms of natural oscillations were compared.
When calculating the NSC, there was also a problem of a very large number of loading options
(combinations). Instead of the usual number of several tens of loads, 572 loading option was calculated.
The largest number of loading options was considered due to the need to regard the various locations of
the internal bridge cranes in the structure, and the various positions of the axis of the tornado funnel and
the direction of movement of this axis with respect to the NSC. Some of these results are presented. The
main results of calculations for the action of seismic loads are also given, and the method of comparison
of calculation results of seismic load by accelerograms and by spectral method is verified.

UDC 539.3
Perelmuter A.V.

Elements of analysis experience of the Chernobyl new safe confinement // Strength of
Materials and Theory of Strustures — 2016. — Issue 97. — C. 28 — 42.

The article provides a brief description of the history of creation, design, design features and the
installation process of the New Safe Confinement (NSC), which is an integral part of the measures to
stabilize and ensure the security of the Shelter at the Chernobyl nuclear power plant. The approaches to
the choice of design loadings of the structure are described and the main results of calculations for the
effect of a number of loads, including crane loads, the effect of tornado impact, seismic loads, are
presented.

Table 2. Fig. 12. Ref. 6.

VK 539.3
Iepenvmymep A.B.

EjeMeHTH 10CBily pO3paxyHKy HOBOro 0e3le4HOro KOH(paiiHMEHTa YO0PHOOMJILCHLKOT
aTomHoi crannii / Omnip Marepianis i Teopist cnopys. — 2016. — Bun. 97. — C. 28-42.

VY cTaTTi HaBeNEHO KOPOTKUH OMMC iCTOpii CTBOPEHHS, MPOEKYyBaHHS, KOHCTPYKTHBHHX
ocobmmBocteil 1 mpomecy MoHTaxy Hosoro besneunoro Koudaitnmenra (HBK), sxunit €
CKJIJIOBOIO YaCTHHOIO KOMILIEKCY 3aXOjliB 1ofo crabimizamii Ta 3abesmeueHHs Oesnexkn 06'ekTa
VYxpurrs Ha YopHoOuibscekiit AEC. BukiageHo miaxonu 1o BUOOPY po3paxyHKOBHX HABAaHTAXKEHb
KOHCTPYKIIii i HaBe/IeHI OCHOBHI pe3yJIbTaTH PO3PAaXyHKIB Ha [0 Py HaBaHTa)KEHb B TOMY YHCII
KPaHOBUX, BIUIUBY TOPHAJIO, CEHCMIYHUX HABAaHTAXKECHb.

Tab6m. 2. In. 12. biGuiorp. 6 Ha3B.

ABTOp (BYeHA CTyNeHb, BUeHe 3BAHHS, NOCANA). JOKMOp MEXHIYHUX HAYK, 20M08HUL
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YK 539.3

MATEMATHYHE MOJEJIOBAHHS IIPYKHOI'O 3r THAHHSI
BYPWJIBHOI KOJIOHU Y KAHAJII KPUBOJITHIMHOT
HA®TO - TA30BOI CBEPJIJIOBUHU

B.B. lNaiinaiiuyk’,
JI-p TEXH. HAayK

JLB. JIekiBchka’,
KaHJ|. TEXH. HayK

SLI. KoBanbuni’,
KaH/I. TEXH. HayK

1 . o . o . . . .
Kuisckuii nayionanvnuil ynieepcumem 6yoienuymea i apximexmypu,
Hogimpoghromcwvkuii npocn., 31, m. Kuis, 03680

?Hayionanenuii mpancnopmuuii ynieepcumem,
eyn Cysopoea 1, .m. Kuis, 01010

3 . . .
Hayionanvha akademis 06pazomeopyo2o mucmeymsea ma apximexmypu,
6yn1 Bosuecencokuii y36iz 20, m. Kuis, 04053

BUKOPHCTOBYIOUM TEOpil0 THYYKHX KPHBOJIHIMHHX CTEpXKHIB, IOCTaBJIEHO 3ajady Mpo
Ipy)KHE 3THHAHHS OypUJIBHUX KOJOH y KaHalaX KPUBOIIHIHUX CBEPIOBHH 3 T€OMETPHYHUMU
HEIOCKOHAJOCTSIMH iX OCBOBHX JiHIH IIpH BHKOHAHHI TEXHOJNOrIYHUX omepaniii OypiHHS.
Po3pobnene matemaTnuHe 3a0e3ledeHHs JUI aHAi3y IbOro sBUINA. UMCENBHHUMH MeETOAaMU
JIOCTIKEHO YyTIUBICTh 30BHINIHIX Ta BHYTPIMIHIX CHIOBUX (paKTOpiB, SKi AIIOTH Ha KOJOHY, IO
3HaYeHb TI€OMETPUYHMX IIapaMeTpiB LUX HEIOCKOHATOCTel, a TAKOXK N0 PEKHMY BHKOHAHHS
CITycKO-IiTiiManbHuX omepauniil. HaBeneHo pe3ysibTaTi KOMIT FOTEPHOTO MOICITIOBaHHS.

KurouoBi ciioBa: OypriibHa KOJOHA, KPHBONIHIHHA CBEPJIOBHHA, NIPsIMI Ta 0OSpHEHI 3amadi,
reOMeTPHYHI HETOCKOHAIOCT], BHYTPIIIHI 1 30BHIIIHI CHIIH.

1. Beryn. Croropni HadTa i NpPUPOXHHUHA Ta3 € OCHOBOIO CBITOBOTO
NaluBHO-eHepreTnyHoro Oamancy. Ilpogyktd ix mepepoOku  MIMPOKO
BHUKOPHCTOBYIOTBCS Y BCIX TATY35IX IPOMHUCIOBOCTI, CIIIbCHKOT'O TOCIIOAAPCTRA,
Ha TpaHcnopTi i B moOyTi. Baxkko mepepaxyBaTu BCi cdepH 3acTOCyBaHHS
HaTH 1 TPUPOTHOrO Tra3zy, HACTUIBKM iX 3HAYEHHS B JKUTTI CY4acHOTO
CYCIILIBCTBA OaraTorpaHHe.

Cranom Ha 2014-2015 pp. 42 xpainu 3a0e31euyroTh II0OACHHUN BH00YTOK
yopHoro 3omota oocarom monan 100 000 6apeniB. besymoBHUMHU Jinepamu €
Pocis, CayniBceka Apasis i CILIA: 9-10 muH 6apeniB Ha neHb. KoxHy 100y B
CBITI BHWKa4yylOTh Onm3bko 85 MuH. OapeniB Hadth. HoBi TexHomorii
JIO3BOJISIIOTE  BUJOOYyBatu ii TaM, 1€ JecATh POKIB TOMY II€ BBayKaJocs
0e31epCIIEKTUBHUM 1 HaBITh HEMOKIIBHM.

3 yKpaiHCHKUX HAAp HUHi MIOPIUHO BUIOOYBAETHCS OMUM3BKO 20 MIPH. M.
MPUPOJHOrO Ta3y, IPOTe M€l KUIBKOCTI 3amalio JuIsd HaIloi JIep)KaBH,

© Taiimaiiuyk B.B., JleBkiBcobka JI.B., KoBanbunk S1.J1.
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eKOHOMiKa Koi moTpelye 1me 6au3bK0 60 MIP/. M’ GIAKUTHOrO MaIkBa Ha PiK.
JledinuTt BITYN3HIHOTO IIPUPOIAHOTO Ta3y ITOKPHUBAETHCS IIOCTABKaMK 3 €Bporu
ta Pocii, mo mocrifiHO mOB’A3aHe 3 MPOOIEMHUMH 1 KOHQIIIKTHUMHU
CHUTYaLiSIMH, SIKi CTAHOBJISTB 3arpo3y JJIsl eHEPreTHIHOI Oe3reKn YKpaiHu.

Eneprernuna Oesrexka YKpaiHM € JIOCHTh Bpa3jIMBOIO, OCKIJIbKM Halla
Jiep)kaBa eHepreTHYHO 3aJiekKHa Bif iHmMX Kpain Ha 80% mo HadTi 1 HA 75%
TIO Tas3y.

CripaBXHIM BUIPOOYBaHHIM JUIsl YKpaiHCHKOI Ha(TOra3oBoi raiysi cras
2014 p. BixOymocst KijbKa 3HaYyMIMX MOJIH, SIKi TOKOPIHHO 3MIHHMJIM PHHOK,
nepeayciM razoBuit. Yepes anekcito Kpumy Ykpaina BTpaThia KOHTPOIh HAT
Jep>kaBHOIO KommaHiero "UopHomopHadroraz" 1 HaJg YOpPHOMOPCHKHUM
menb(oM, Jie TpalroBajiyd JBI HOBI IIaBydi YCTAHOBKHM, a OTXeE, BTpaTHiIa
Maibke 2 MupA. a° Tasy mopiuro a6o 10% BumoOyTky. IHma uacTuma
BUAOOYBHUX TIOTY)KHOCTeH YKpaiHM HHUHI 3HaXOOUTHCS Ha OKYIOBaHii
Tepuropii Jloubacy, TyT BTpaTH OLIHIOIOTECS B 50 MIIH. A",

BpaxoByoun, 110 MHUTaHHS OCBOEHHS HOBHMX ITJ3€MHUX EHEPreTHYHHX
pecypciB Ta iHTeHCU]iKanis X 7oOyBaHHS 11 YKpaiHu moctae qeaii rocTpo,
npo0JieMa TEOPETUIHOI'0 MOJIEITIOBAHHS MEXaHIKH 3TMHAHHS OypUIIBHUX KOJIOH
y KaHaJaX KPUBOJIHIMHUX Ha]TO-ra30BHX CBEPJIOBHMH 3 METOIO 3arl00iraHHs
X aBapiiHUX PEXHMMIB € JJOCUTH AKTYaJIbHOIO.

2. AHali3 HAYKOBO-TeXHiYHOI JiiTepaTypm 3 [JaHOI0 HANPSIMKY
aocaiukeHHsl.  AHami3  CydacHOi  HAayKOBO-TEXHIYHOI  Jiiteparypu (B
OCHOBHOMY, aHTJIOMOBHOi) [1,2] moka3aB, IO TEOPETUYHE JOCIIHKCHHS
OypWJIBHHMX KOJIOH Y KaHalax KpPUBONIHIWHMX CBEPJIOBUH 3BOIJHUTHCS IO
PO3TISITY CHOPOIIECHUX MOojeNell OyMiBeTbHOI MEXaHIKH pyXy aOCONOTHO
THYYKOi HUTKH 1 HAUNPOCTINIMX TPAEeKTOPil CBEPAJIOBHUH, IO CKJIAJAIOTHCS 3
MPSMONIHIHHAX JIUITHOK, 3’€HAHUX JyraMd Kill a®o JaHIIOTOBUX JIiHIH.
Taxuii migxig Moxxe OyTH BUKOPHCTAHUH JIMIIE JUTS CBEPJUIOBHH 3 i/1€aIbHOIO
TEOMETPIEI0 1 He MPUIATHHMN JIJIS peaIbHUX CBEPTOBHH [3].

Oco0MBOCTI IPOOIEMH TEOPETUIHOTO MOJICITFOBAHHS MEXAHIKH TTOBETIHKH
KPHUBOJIIHIMHUX OYpWJIBHHX KOJIOH IIOJISITAlOTh B TOMY, IO IIpH ii po3riisii
HEeoOXiHO OOYMCIIOBATH SIK BHYTPIIIHI ITO3/0OBXHI Ta TONEPEYHi CWIN 1
MOMEHTH, TaK 1 30BHIIIHI CHJIM KOHTAaKTHOI Ta (PPUKLINHHOI B3a€EMOJIii KOJIOHH
31 CTIHKOIO CBepAJIOBUHM. J[J1s1 BH3HAUEHHS BHYTPILIHIX CWJI, SIK IIPaBHIIO,
CTaBJIATHLCS TPsMI 3a7adi OyaiBeTbHOI MEXaHIKH, y TON Yac sSIK 30BHIIIHI CYITU
OOYHMCITIOIOTBCSL IIUIIXOM TIOCTAHOBKM OOEpHEHHMX 3amad. Y poboTax
aBTopcekoro koiektuBy B.I. I'ymseB, B.B. Taiimaiiuyk, JI.B. JleBkiBChKa
(I'moeau), C.M. Xymomi#i, I.JI. ComoBiioB [5, 6] moka3aHo, IO I 3amadi
TIOBUHHI CTABUTHCS CIUJIBHO 3 BUKOPHCTAHHIM TEOPii THYYKHX KPUBOITiIHIHHNX
cTepxHiB [4].
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B nyGmikamisx [7, 8] BHKOHaHI JOCIHI/PKEHHS TPOIECIB TEPEMilllCHHS
(crrycky, migiioMy, (QYHKI[IOHYBaHHS) OYPHJIBHHX KOJOH Y KPHBOJIHIHHKX
CBEpAJIOBHHAX, TPEJICTABIEHA METOJMKA OOUNCIIEHHSI CHJI ONOPY PyXY Ta CHI
KOHTaKTHOI B3a€MOJIii Mi>K TPYOOIO KOJIOHH i CTIHKOIO CBEP/IJIOBHHH.

JlaHa craTTsl IpHUCBsUYEHA BJOCKOHAJIEHHIO PO3pO0JIEHOI paHille aBTopaMu
MaTeMaTH4HOI MOAENI TPYKHOro HelniHiiiHOro aedopMyBaHHS OYpPHIBHUX
KOJIOH Yy KaHaJlaX KpUBOJNIHIHHMX CBEpIUIOBHMH [5 — 8] IUIIXOM BiZIMOBH Bif
BUKOPHCTAaHHS B PO3B’S3YBAJbHUX PIBHSHHSAX I'€OMETPUYHUX XapaKTEPUCTHK,
MOB'SI3aHUX 3 pajiycaMM KPUBHHHM Ta CKPYTY OCHOBOi JIiHIi CBEpJIOBMHU 1
nepexofy A0 (GpyHKII KpUBUHM Ta CKPYTY. TaKuii MMiaXia JO3BOJISIE CIIPOCTUTH
CTPYKTYpY PO3B’SI3YBaJbHUX PIBHSHb 1 BHUKIIOUUTH 3 PO3MIIALY PO3PHBHI
(YHKIIT reOMETPUYHHUX XapaKTEPUCTHK.

3. MeToanka MOJeJII0BaHHS NMPY’KHOT0 3THHAHHS OypUJIBHOI KOJIOHH y
KaHadi KpuBoOJdiHiliHOI cBepmIoBuHHM. [IpM MozjemoBaHHI TPYKHOTO
nepopMyBaHHS TPyOoUYacTol OYPHILHOI KOJIOHH B KPUBOJIHIMHIN CBEpJIOBHHI 3
BiJIOMOIO TE€OMETpI€I0 B Tpoleci OYpiHHS Ta BUKOHAHHS CITyCKO-IiTHOMHHX
omnepauiil, 31HCHIOBAHUX IIiJ| Ii€l0 MO3A0BXKHBOI cuiid F, B Touwi 11 miABicy i

KPYTHOrO MOMEHTY M _, a TaKoX PO3MOJUIEHHX CHIl TsKiHHA f&, cun f€
KOHTaKkTHOI B3aemozii Mixk bBK Ta crinkoro cBepanoBunH, cun f 7| MmomenriB

m’ ix (puxuiiinoi B3aemoxii, mpHMeEMO, IO OCHOBA IIiHis GYPHUILHOL
KOJIOHH 30ira€ThCsi 3 OCHOBOIO JIIHIEIO CBEPIOBMHM. TOMY MOXHa BBaXkaTw,
o npyxHa JiHist x(s), y(s), z(s) OypHIbHOI KOJIOHM TaKOXK BiJioMa i MOXKHA

3HAWTHU BCi 1 TEOMETPHUYHI XapaKTepUCTUKU. TyT § — HaTypaJbHUI mapamerp,
SIKMH BUMIPIOETHCSI JIOB)KMHOIO KOJIOHM BiJl JIEIKOI IMOYAaTKOBOI TOYKH JIO
IIOTOYHOI.

Bynemo BBakaTh, [0 BHACHIJOK JEIKHX IPUYUH TEXHOJOTIYHOTO
xXapakTepy, B OOpHC OChOBOI JIiHIi CBEpJJIOBUHM BHECEHI JIOKaJTi30BaHi
TEOMETPUYHI CIIOTBOPEHHS, IPUYOMY CIOTBOPEHHSI IIPOEKTHOI TPaeKTOpii
CBEp/JIOBMHM HE MOXKE CYIPOBOJDKYBATHUCS YTBOPEHHSM 3iaMiB ii OChOBOL
JiHi1, 1 BOHA € MU(ePEHINIOBHOO 110 TapaMeTpy s . [Ipu 1ipoMy, OTHAK, KO
i HEIOCKOHAIOCTI € JpiOHOMacmTaOHUMH, TO (YHKIIT KPHUBH3HM KPHBOL
kg (s) 1 Kpy4eHHS kT(s) MOXYTh HaOyBaTH YMMalMX 3HAY€HHb. bynemo

BBaYKAaTH TaKOX, 1[0 OCHOBI JIiHIT CBEPJIOBUHH 1 KOJIOHH 30iratoThCsl.
HaBenemo OCHOBHI CHiBBiJIHOIIEHHS, 110 BU3HAYAIOTh F€OMETPII0 OCHOBOI
JIHIT KPUBOJIHIHHOT CBEPUIOBUHHU.
Hexaii piBHSHHS OCHOBOI JIiHIi CBEpJIOBUHM B JIEKapTOBIH cHcTeMi
KoopauHAT Oxyz MaroTh BUTIIS

x=x(s),  y=yls). z=z(s) (M

abo
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p=pls). )
Tyr p=xi+y j+zk,nei, j,k —optu cucteMu koopauHat Oxyz .

Bunumemo OCHOBHI reOMeTpHYHI CHiBBi/IHOIICHHS, 10
BHUKOPHCTOBYIOTHCS JUIS TTIOCTAHOBKHM 3ajadi mpo AeopMyBaHHS OypHIBHOL
KOJIOHH B KPUBOJIHIHHINA CBEpAJIOBUHI 1 MOOYAOBH An(epeHialbHIX PiIBHIHb
1l 3TUHAHHA.

Jlns 3ajaHHs Opi€eHTalil 30BHIMIHIX 1 BHYTPIIIHIX CHJI, NPUKIAACHHX 0
KOJIOHM BBEIEMO pPyXOMHI TpurpaHHuk ®PpeHe t, n, b, 1e T — OAUHUYHUI
JIOTUYHHHN BEKTOp, HANPSMIIEHHH y OIK 3pOCTaHHS S ; OJMHUYHHUNA BEKTOp M,
HaNpsIMIICHUH TI0 TOJOBHIM HOpMalli /10 KPUBOi Ta OAMHWUYHHUH BEKTOp b,
HanpsMIIeHUH 1o OiHOpMaii Tak, o0 7, m 1 b CTAaHOBWIU NPaBy CUCTEMY

BEKTOPIB.
OpT 7 miApaxoBYEThCA 3a (HOPMYIO0
T=dp/ds. 3)
BuxopucroByrouu apyry HOXifiHy Bil p 10 §, IoOyxyeMo dhopMyiy
d’plds* =k -n, @)
ne kp — KpUBUHA OCHOBOI JIiHii, 1110 BU3HAYAETHCS CIiBBIJHOICHHAM
"2 M2 (o
b =GP + (7 4 ®)

Tyt mTpuxom mo3HaveHo JUQepeHIiFoBaHHs 10 § .
Bekrop b BU3Ha4YaeTHCS 3 YMOBH OPTOTOHAJIBHOCTI CUCTEMU T, B, b
b=txn. (6)
Moro KOMITOHEHTH 3HAXOIATHCS 13 CIIBBiIHOIMICHD

by=—| T L2 O 2 (7)

INopsx i3 KPUBUHOIO kj, BaXJIUBOIO I'€OMETPUYHOI XapaKTEPUCTHUKONO

OCbOBOI JIiHIT CBEPIJIOBHHH € Takox i1 ckpyT k. Ing Horo oO4ucieHHS

szr-[nxﬂj. ®)

ds

BHKOPUCTOBYETHCS (hopMyIia

[Tpn npoBeneHHI po3paxyHKIB MPOCTIllE 3aCTOCOBYBAaTH CKAJSIpHY (hopma
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piBHOCTI (8)

! ! !

x oy oz
ky = };2 x"y" 2. 9)

B npomeci nedpopmyBaHHS OypWiIBHOI KOJOHM Ta TMiJi Yac pyxy
HATYpadbHOTO TpieApa IO HOro OChOBIA JIiHIT B3MOBX KOODJWHATH S
JIOBOJIUTUCST BpPaxoByBaTH oOepTaHHs. BOHO XapakTepu3yeTbcsi BEKTOPOM
HapOy

Q=kp,b+k; 7, (10)
SKMH TIpeNCTaBisie COOOI0 BEKTOp TOBHOI KPHWBHHHM OCHOBiM JiHII Ta
BHU3HAYAETHCSI K BEKTOP KYTOBOI IIBHIKOCTI OOEpTaHHS HATYpaJbHOTO
TPUTPaHHHUKA BiITHOCHO CBOT'O ITOYATKY IIPU PYCi OCTAHHBOTO B3JIOBXK HPYKHOL
JIiHii B OiK 3pOCTaHHS § 3 OAWHUYHOIO JIIHIHHOIO IBHUIKICTIO.

HeoOxinmHO Bif3HAUWTH TaKOX, LIO0 TPH BUKOpHCTaHHI Oa3zucy Ppene
MOTPiOHO BPaxOBYBaTH BaXKJIMBY POJIb MEPIINX IHTErpajIiB

|‘r|=l, |n|=1, t-n=0, 7Txn=b, (11)
SIKI BUTUTUBAIOTH 3 YMOBH OPTOHOPMOBAHOCTI OPTIiB 7, 1, b .

BBeziemo 1oB’s3aHy 3 MONEPEYHUM IIEPEPi30oM KOJIOHH CHCTEMY T'OJIOBHHX
oceif inepuii (u, v, w ), B sIKiii Bicb W HampsiMJIeHa B3JIOBX OpTa T, @ OCi U, V
Opi€EHTOBaHI B3JI0BX T'OJIOBHUX OCEH 3rMHY OCHOBOI JIiHII, IO SIBJISIIOTH COOOIO
JiHIT MepeTuHy IUIOMMHKA MONEPEeYHOro Mnepepisy 3 TOJOBHUMH ILIOIIMHAMHU
sruHy. Tak camo, K i OpTH n, b, BOHU JeKaTh B HOPMAJBHIA IUIONIMHI Ta
MIPOBEPHYTI Ha KYT y , BiAJIiYyBaHWH Bix opTa # 10 OCi U .

Bekrop kyropoi wmBHAKOCTI @, romoBHoro Tpieapa  (u,v,w)

. dy
BU3HAYAETHCS CIIiBBIAHOUICHHIM @, = £ +—S-r .

IIpoekmii BekTopa @, Ha OCi u, Vv, W SBISIOTH COOOK, BiJIIOBiTHO,

x
KPUBHHH MpOEKILi enementa ds wa mwiomman (v,w) i (u,w) i ckpyr ochoBoi
ninii. [TpuiiMemMo uIs TX MO3HAYCHHS CUMBOJIU p, ¢, F 1 OOYHCIHMO iX 3a
dbopmynamu

p=kgsiny, g=kgcosy, r=kT+‘2—Z. (12)
s

CriBBigaomenus (1) — (12) TOBHICTIO BH3HAYalOTh TI'€OMETPHUYHI
XapaKTEePUCTUKHU OCHOBOI JIiHIT CBEP/JIOBUHH I MIPYXKHOT JIiHiT KOJIOHH.

PosrmnsinemMo siBUIE 3rvHAaHHS OYpHWIBHOI KOJOHM MpH ii pyci B KaHaii
CBEp/UIOBMHH B Tporeci OypiHHS a00 BUKOHAHHS CITYCKO-ITIHOMHHX
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omepauiil. Bynemo BBakaTtu, mo kpuBuHa kp Ta CKpyT k; kpusoi (2)
HACTLIBKU MaJi, 0 Ae(OpMYBaHHs KOJIOHH BiJIOYBAa€THCS B MPYKHIH CTaii.
HampyxeHuii cTaH KOXKHOrO yYMOBHO BHJIUIEHOTO eJieMEHTa OypuIIbHOI
KOJIOHM BHM3HAYa€ThCs TOJIOBHUMM BEKTOpaMu BHYTpimHIX cun F(s) i
MOMEHTIB M(s) y mepeTuHax OypWIbHOI KOJOHM ¥ PO3MOIIICHUMU

BEKTOpaMH 30BHIMIHIX CHJI | MOMCHTIB iHTCHCUBHICTIO f(s) 1 m(s) . Cumu f
BKIIIOYAIOTE y cebe cwiu Tsokinasa  f¢(s), a TakoX CHIM KOHTaKTHOI

B3aemonii f°(s) U cunu Tepra f r ($) MiX 30BHIIIHBOIO MOBEPXHEIO TPYOH
BK Ta criHKOIO CcBepAsIOBUHH. 3OBHIIIHIA pO3MOAUIEHHH MOMEHT mi(s)

CKJIAZIA€ThCSl TUTBKM 3 MOMEHTY CHJI TEpTs m’” (s). Y 3B’S3Ky 3 UM MOXXHa
3arMcaTH BEKTOPHI piBHSIHHS piBHOBaru
dF M
_:_fgr_fc_ffr’ =—1'><F—mfr, (13)
ds ds
sIKi 1HBapiaHTHI 10 BiJHOIICHHIO JO OyIb-SKOi CHCTEMH KOOpJHWHAT. Y
3araJbHOMY BHIIQJIKy HaWOIJIbII 3pYYHO iX 3alicyBaTH y PYXOMil cHcTeMi
oceit (u,v,w). OCKIIBKM BOHa IIOBEPTAETBCA IO Mipl pPyXy Y3JOBXK
KOOpAMHATH s, HeoOXixHO MoBHI moximui dF/ds, dM/ds npencraButu B
pyxomiti cucremi. Tomi
dF dF aM  dM
= te, xF, ="
ds ds ds ds
TyT 3HaUKOM ~ TIO3HAYEHA ONEpaLlisl JIOKATEHOTO () epEHIIFOBaHHS.
[TixcraBnsroun npasi yactuau piBHOCTEH (14) B piBHsHHS (13), oTpuMaemMo

+to, xM . (14)

d_F:_szF_fgr_fc_ffV’
A)
dd—];l=—wl><M—‘r><F—mfr. (15)

Bunuinemo BiANOBiMHI TNEpHIOMY PIBHSHHIO TPH CKaJSPHUX PIBHSIHHS
piBHOBaru cui

dF,
L =p-F,—kgcosy-F,—f&—ff,
s
F .
%:kRSIHZ'Fw_r'Fu_fvgr—fvc, (16)
s
dF,,

T yeos 1, ~hysin g F~ ]
A)
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3 ocraHHbOI piBHOCTI cucTemu (12) Oynemo mMaTH

dx
—“=r—k;,. 17
s r—Kr a7

BpaxoBytoun, mo oci (u#,v,w) € TOJIOBHUMH OCSMH 3THHY Ta CKpPYTY
eJIeMeHTa KONOHH, ckinamosi M,, M,, M, MomeHTy M TNpeACTaBUMO Y
BUTJIISII

M,=Ap=Akgsiny, M,=Aq=Akzcosy, M, =Cr, (18)
ne A=FEl; C=Gl,; E,G — momynmi NnpyXHOCTi Martepiany OypuIbHOI
KOJIOHH TpH PO3TATY # 3cyBi; [, [, — OCbOBMH 1 MONAPHUIA MOMEHTH iHepLil

TIONIEPEYHOT 0 TIepepizy TpyOH OYpHIIbHOI KOJIOHH.
3a ponomororo piBHocteit (18) i (17) nmpyre BekTopHe piBHSIHHS (15)
3BEIEMO JI0 CHCTEMH TPhOX CKAIIIPHHUX PiBHSIHb PIBHOBATW MOMEHTIB

—Lsiny+kpcosy-\r—kr)=——ky,cos y-r+—2—,
osin g kg cos - (r—kp )= —=ky cos g1+ —

—Lcosy—kpsiny-\r—k;)=——-k r——, 19
ocos y —kysiny-(r—kp) === kysinz-r—— (19)
dr__mj
ds C

SIkmio reoMeTpisi 0chOBOI JIiHIT cBepIOBUHM Binoma, piBHAHHA (16), (19)
JIO3BOJISIIOTE C(hOPMYITIOBATH 337124y MPO KOHTAKTHOMY B3aeMoii OypHIbHOL
KOJIOHH 3 Ti CTIHKOIO B Ipomeci OypiHHS M BHUKOHAHHS CITYCKO-IiJHOMHHX
oreparrii.

Cucrema mecty piBHAHb (16), (19) MicTHTb TiBKU TP QyHKLIT cun F, (s) ,

F (s), F, (s) i (hyHKIIIO KyTa MPYKHOTO CKPYTY ¥ , Uepe3 SIKy MpH 3aJaHUX

v
krp 1 k; obOuucmororbcs MomeHTd (18). Tum He MeHmI, BoHa €
HEIOBU3HAYCHOI, OCKUIBKMA JIO HEl BXOJATH TaKOX 3OBHIIIHI PO3MOALICHI

CIJIM KOHTAKTHOI B3aeMOZil f, (s), Iy (s), IO MMiJISraloTh BU3HAUCHHIO, W

cuma f7(s), a takox moment m! (s) cun Teprs. Haramaemo, mo 3amaui

OyniBeNmbHOI MEXaHIKH, Y SKHX BHYTpIlIHI cwid (200 MOMEHTH) YacTKOBO
BiJIOMi, a JIesiKi 30BHIIIHI CHJIH (3a3BHYaii 1le KOHTAKTHI CHJIM a00 CHJIM TEpPTs)
I ISIratoTh BU3HAYEHHIO, HA3UBAIOTHCSI OOEpPHEHUMH.

st opmyiroBaHHST OOCPHEHOI 3a/1avi B TAHOMY BHITAJKy 3BEJIEMO MEpIITi
nBa piBHSHHS cuctemu (19) no Burmsmy
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F, =—Addﬁcos;(—AkR kpsin y+Ckgrsiny,
s

u

(20)

F=A dkg

s
[IpomudepentiiroemMo o s 0OUIBI YACTUHH IIET CHCTEMU
dF, d? kp dk, . dy AdkR

=—A cos ¥y + A—=L sin
ds ds> x ds Xas ds

siny—Akgpkpcosy+Ckprcosy.

kp sin y —

— Aky dky sin y — Akp kp cos%d—Z+C%rsin;(+
ds ds ds

+CkR%sin;(+C kg rcos;(z—z,

dF, d kg dkp dy dkpg
—r= +A4A—* -4 k -
= 2 ——=sin y n cos y —— s = 7 COS ¥
—Aky dky cos;(+AkRkTs1n;(i—+Cd; rcos y +
s

+CkR62—cos;( —Cersin;(L;—l.
s s

[Ticnst woro npupiBHAEMO iX TpaBi YACTWHHM /IO MPABUX YACTHH JIBOX IIEPIINX
piBHOCTe#t cuctemu (16). 3 ypaxyBaHHsIM piBHOCTel cuctemu (20) orpumMaeMo
d (dk
fi = Ad— d_R cos y — AkRk% cos y + Ckpkyrcos y +
s\ ds

AﬁkT sin y +AkR&sin;( —Cﬁrsin;( +
s ds ds

+m! ke sin y — F kg cos y — ££7,

21)
fi=-4 di[dd&jsin X+ AkRk% sin y — Ckgkyprsin y +
s\ ds

+2AﬁkT cos y +AkR&cos;( —Cﬁrcosz +
ds ds ds

S ; gr
+m;, kg cos y + F, kpsin y— f5.
3a pmoromororo piBHocTeil (21) mispaxyeMo MOBHY CHIIy KOHTAKTHOI
B3a€MOJIi{ OypUIbHOI KOJIOHM H CTIHKM CBEpAJIOBUHU

sl Py 22)
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Bynemo BBaxaru, mo mnpu OypiHHI ¥ BHKOHAaHHI CIYCKO-IiJHOMHHX
oreparliii OypruIbHOT KOJIOHH OJJHOYACHO 3]IIHCHIOE OCBOBHUH PYX 31 IIBHUIIKICTIO
W 1 obepTraeTbcsi 3 KyTOBOIO MIBUAKICTIO @ . Toxmi MOBHY cHily TepTs

f = - f¢ MOXKHA PO3KIIACTH HA JIBi B3a€MHO TIEPIICHIUKY/ISIPHI CKIa0Bi

. . W
Jr ey L —
W +(wd/2)
J Ny L 23)

20 +(@d/2p

SIKI TIPOTIOPLiHHI BiAIIOBITHUM KOMITOHEHTaM MIBUAKOCTEH W Ta @ d /2. Tyt

U — xoediuieHT TepTs; d — 30BHILIHIN IiaMeTp TpyOu OypHIbHOI KOJIOHH.
INepmia 3 MUX CUJI NEPEIIKOKAE OCBOBOMY PYXY OypHIBbHOI KOJIOHH, Ipyra

COpsAMOBaHAa B KOJOBOMY HampsMKy H MNPU3BOAUTb [0 BHUHUKHEHHS
PO3IIOAIIEHOTO MOMEHTY CHJI TEPTS

wd?

r r d c
mll = f) '3=iﬂ'f =
4w? +(0 d12)

3uaku «t» B ¢opmynax (23), (24) BUOHMpAIOTBCA B 3aIEKHOCTI Bix
HaINpsIMKIB pyxy i oOepTaHHs OypHIIEHOI KOJIOHH.

BuBeneHi criBBiAHOIIEHHS A03BOJSIIOTH COOPMYJIIOBATH CUCTEMY PiBHSHb
MIPY>KHOTO 3TMHAHHS OypWIJIBHOI KOJIOHH B CBEPJUIOBHHI i3 33JJaHOI0 OCHOBOIO
JIHIEI0 B OCTATOYHOMY BUTJISIL

24)

d_%:,,_kT’ ﬂz_im.‘/ﬁ’
ds ds C
dF,,

=kycos y-F, —kgsiny-F,— f& - fI

ds
dkg . .
F, =—Ad—cos;(—AkR kpsin y+C kg rsiny,
s

szALZC—Rsin;(—AkR kpcosy+Ckprcosy,
s

7=l f e (e f —2—

w2 +(od/2)

= sue f ol —=2L4 )

w2 +(wd/2)
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2
fczAMcos;(—Ak k% cos y +C kg ky rcos y +
u dsz R "T R ™T

+2 4 d kg kpsiny + A kg d kr sin;(—C—dkR rsiny +
ds ds ds
+m!" kysin y — F, kpcos y — f5,

2

fi=-4 ddsz sin y + A kp kfsin y —C ky ky rsin y +
s

kr

+24 ddkR ky cos y + A kg ddkT cos;(—Cd rcos y +
s

s
+m!" kycos y+F, kg siny— f5.

[MoOynoBaHa cucTeMa pIiBHAHb Ja€ MOXIUBICTH Ha KOXHOMY eTarli
BUKOHAHHS TEXHOJIOTIYHUX oOrepamii OypiHHS BU3HAYUTH NapameTpu
HAINpPYXEHOTo CTaHy OypHIBHOI KOJIOHH Ta CHJI ONOpPY, 10 TeHEPYIOThCS TpH il
0CBOBOMY 1 00epTaJIbHOMY pyXax.

I[Ipy TakoMy MiAXOAI TOJOBHOI CKJIAJMHICTIO € 3ajJada OOYUCIICHHS
TCOMETPUYHUX XapPaKTEPUCTHUK OCHOBOI JIiHII OYpHIbHOI KOJTOHHU. OCKITBKU
OocbOBa  JIiHIS  CBEpAJIOBMHM 3  JIOKANTI30BaHUMH  TE€OMETPUYHUMHU
HEJIOCKOHAJIOCTSIMH OIHMCYETHCS IOCUTH CKJIAJHUMH aHAJITHYHUMH BHpa3aMy,
Ui oOuuciIeHHA (QYHKUII KpUBUHU kp(s) Ta CKpyTy KpuBoi k,(s) 1 IXHIX
MOXITHAX MOXKHA BHKOPHCTOBYBATH METOJ CKiHYEHHMX pi3HuIb. s
JIOCSITHEHHSI TIPUHHATHOI TOYHOCTI TPH iX 3HAXOMKEHHI HEOOXiJHO KpPOK
nudepeHIiFoBaHHs Ta IHTerpyBaHH AsS BHOMPATH JOCHUTH MaJIUM.

4. Pe3yabTaTH 4YHCJIOBHX J0CJHiAKeHb. 3 JOMOMOrOI0 pO3pOOIEHOI
YIIOCKOHAJIEHOI METOJHMKH IPOBOAMIOCH IOCII/DKEHHS BIUIMBY CITiPaJbHUX 1
KOCHHYCOIIaJIbHUX HEJOCKOHAJIOCTEH OCHOBOI JIiHIT CBEpJIOBUHH Ha 3HAYEHHS
CHJI OTIOpY OCBOBOMY PYXY OYPMIJIBHOI KOJIOHM Ta PEXKHUM BHKOHAHHS CITYCKO-
migiiManeHux — omepamid. Jlo posrisgy Opanmch  HWKHI  (parMeHTH
CBEpJIOBUH, OChOBA JIiHIS SKUX € YMOBHO IPSMONIHIHHOIO Ta HAXHUJICHOIO J10
TOPU30HTAJILHOI IUIOIIMHM i JEIKUM KyTOM f[3, a TakoX Il KOMOiHOBaHi

CBEpJIOBHHM, IO CKJIAJAIOThCS 3 BEPXHHOI KPUBONIHIHHOI MIISIHKKA Ta
HIDKHBOT YMOBHO NpsIMOJiHIAHOI (puc. 1). B 000X Bumagkax BBa)ajoch, IIO
Ha TPSAMOINIHIMHUX JISTHKaX Ha OCHOBY JIHIIO HAKIaZeHI TeOMETpHYHI
HETOCKOHANIOCTI Y (opMi KpPyroBoi IIMIIHIPUYHOI cmipani ado IIoCKol
TapMOHIKH 3 OIHAKOBUMH 3HAYEHHSIMH iX aMIUTITY/IHUX BEJIMYMH d Ta JOBXUH
XBWIb A .
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Puc. 1. T'eomerprdHa cxema Tpa€eKkTOpil 0CHOBOI JiHIT CBEPATOBUHH,
YTBOPEHOI 3 IBOX YaCTHH

PiBHSHHST OCBOBOI JIiHIi CBEP/UIOBUHHM 3 HEIOCKOHAIOCTSMH Y (opmi
LWJTIHJPUYHOI CITipajli BUOMPAJIMCh Y BUTIISII
x=s-sina-cos f§ +[asin(s-cosa/a)]-sin §
y=a'cos(s'cosa/a), (26)
z=-s-sinq-sin § + [asin(s'cosa/a)]'cosﬁ ,
JIe a — pajiyc crmipaii; ¢ — KyT MiJHOMY CITipaJti.
PiBHSHHST ~ OCbOBOi  JIiHII ~ CBEPUIOBMHH 3  KOCHHYCOiJaJbHUMH
HEJIOCKOHAIOCTSIMHA MaJIil BUJL
x=A8cos B/2n+acosIsinff, y=0,
z=-A9sin /2w +acosIcos 3, 27)
e @ — aMIUTITyJa HEJOCKOHAJIOCTI; A — KPOK HEMOCKOHAJIOCTI; ¢ — HOBHIA
HEe3aJIeKHUM apameTp.
Po3paxyHnku cui ormopy s OypHIEHOI KOJIOHU Y CBEPJUIOBHHI, YTBOPEHIH
3 JUISHKA JOyrH Kojla Ta YMOBHO MpPSMOJIHIMHOI  JISIHKH 3
KOCHHYCOIIaJJbHUMH HEJIOCKOHAJOCTSMH (pHc. 1), BUKOHaHI NMpW 3HAYEHHSX
Kyra Haxwily JO0 TOpPHM30HTaNi KOJOHM Ha Jpyrid ginsHoi S =0,
B =09arctgu=0,18pao., P =arctgu=0,2pao., P =1,1arctgu =0,22pao. i
napamerpiB a, A, mo Bu3Ha4daroTh ammityny 0,1 <a <5 M i 1OBXHHY XBHII
100<A<400m TapMOHIKM KOCHHYCOINAJIBHOIO BIIXWJICHHS TeOMETPIi
CBEp/JIOBHHHU BiJ NPSIMOJIIHIMHOI ()OPMU ITOKA3ajH, 10 y BHUIAJAKY HixdomMy
KOJIOHU IpU JOBXHUHI XxBWI A>200m, cuma F,(0), 3 £[KOWO KOJIOHA
MATPUMYETHCSL B TOYLI ii MiABICY 10 OYpMIIBHOI YCTAHOBKHM, MaJiO 3aJI€KHTh
Bix a 1 He nepeBuulye G 3i 3miHo0 S . [Ipu A =100 BIUIMB BETUYUHU ¢ Ha
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cuny F,(0) crae Oimbmr BiguyTHuM, a npu A <100m 1 BenuuuHa B3araii
CTa€ JIyXe YyTIHMBOIO JI0 @ , IIBHAKO 3pocTace i nepesuinye G.

F.(0),H F(0),H

4'1057 4'1057 /
il 1 2 13 1

3 2
210 /’ 210° T\ /’
0 0
2:10° | 2:10° |
a, m A, m
0 2 4 6 8 ™ 20 40 60 80 77
Puc. 2. I'padik 3a1e:KHOCTI MO310BXHBOT Puc. 3. I'padix 3a1e:KHOCTI MO310BXHBOT
cum Fw(0) B To4Ii MiABiCY BiX aMILTITyau cum Fw(0) B TodLi HiJBicy BiJ JOBXUHU
XBUJI @ TEOMETPHYHOI HEJTOCKOHAIOCTI XBUJI A T€OMETPUYHOI HEJJOCKOHATIOCTI

106 miniOpatn 3Ha4YeHHS KyTa [, pH SIKOMY OypuIIbHAa KOJOHA Morjia 0
CITyCKaTHCSI B CBEPJUIOBHHY Wi JI€I0 CHJI TSOKIHHA O3 MiTIITOBXYBaHHS 1i
3BEpXYy, OyJIU TPOBENEHI PO3paxXyHKH MPH BEIUYMHI f3 , MO JISOKUTH B OKOJI
3HAuUeHHA KyTa TepTs arctgu . Ha puc. 2 nokasani rpadiku 3anexsocti F,,(0)
Bix a mpu A=100m mns Bumankis fB =09arctgu (xpusa 1), B =arctgu
(xpuBa 2) i B =Llarctgu (xpusa 3). Moxna 6auury, mo npu S = 0,9 arctgu
3HaueHHa F (0) BusBnsgeTbcss HabGararo MeHmIMM G 1 Ha IPOMDKKY

2,5<a<3,6m BOHO WIBWJAKO CIafia€ 10 HYJsl, HaOyBalO4M MOTIM Bil’ €MHHX
3Ha4YeHb. TOMY MpOIEC CIYCKY OYPHIBHOI KOJIOHH 3 TAKUM KYTOM 3 HaXWIy

il apyroi AiISTHKM MOXKe OYTH peasli3oBaHU JIMIIE NPU 3HAYEHHSX aMIUTITYIx
HelocKoHanocTe a<3,6m. 30imblieHHS Kyra [ [0 BEIWYMHH arctgu
IpU3BOAUTH 110 30unbieHHs cunu £, (0) i rpaHUYHOrO 3Ha4eHHA a 10 6,2M.
Haii6inpim cnpusTianBuM U1l peaizalii Ipolecy CIyCKy BUSIBUBCS BHIAJIOK
B =1larctgu , npu IKOMY TpaHUYHE 3HAUYEHHS a gocsrae 8,25u.

Ha puc. 3. mpexcraBneni rpadiku 3anexHocTi cuau omopy £,(0) Big
JIOBXKUHHU XBHJII HEOCKOHAIOCTI A TpU a =1m JUIsl aHAJOTiYHUX 3HAYCHB
KyTiB [ . 3 HaBeneHux rpadikiB BUAHO, IO BUMAAOK [ =1,larctgu 3HOBY €

HAKOINBII CIPUATIUBUM ISl peajtizallii mporecy CIycKy, MPHYOMY TPaHUYHE
3HAYCHHSA BeNWMYUHM A TmiepeOyBae B okomi 50m. 3i 3MeHImEHHsIM A
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CIOCTEPIrafoThCs 1X KPUTHYHI 3HAYEHHS, NMPU SKUX PyX OYpHIBHOI KOJOHH
CTa€ HEMOXKIIMBUM.

Pe3ysnpraT po3paxyHKiB TaKOX IOKa3alld, 10 MPU BEIUKUX MIBUAKOCTIX
00epTambHOrO0  PyXy KOJOHM CHJIM  ONOpY Uil  CHIpAIBHHX — Ta
KOCHHYCOIZaJJbHUX  HEIOCKOHAJOCTEH TNpakTHYHO CIiBNAAal0Th, a 31
3MEHILIEHHIM IBHIKOCTI 00EpPTANIBHOTO PYXY Ii CHIIM IIBUJIKO 3pPOCTAIOTh, 1110
0COOJIMBO TIOMITHO y BUITAJKY CITipaJbHUX HEAOCKOHAJIOCTEH.

5. BucHoBku. Po3po0iieHa BlIOCKOHaIeHa MaTeMaTHYHA MOJENb IPYXHOTO
HeqliHiiHOTO AedopMyBaHHS OYpWIIBHMX KOJIOH Y KaHalax KPHUBOJIHIHHHX
CBEp/JIOBHH, SIKa 3aCHOBaHA Ha BiJIMOBI Bi/I BUKOPHCTAHHS B PO3B’S3yBaJbHUX
PIBHSIHHSX T€OMETPHUYHHMX XapaKTEepHCTHK, MOB'SI3aHUX 3 pajiiycaMu KPUBHHU
Ta CKpPYTy OCBHOBOi JIiHII CBEpJIOBHHM 1 mepexoay Ao (GYHKIiH KpUBHUHU Ta
CKpPYTY 3 METOI0 CIpOINEHHS CTPYKTYPH pPO3B’S3yBalIbHUX pIBHAHB 1
YHUKHEHHS! CHHTYJSIPHOCTEH, ITOB'S3aHUX 31 3BEPHEHHSIM y HECKIHYEHHICTh
paniyciB KpUBHHH Ta CKPYTY.

Ha ocHOBiI po3po0ieHoi METOAMKY TOCTaBlIeHa 3a/ava Mpo TOCIiHKEHHS
MIPY)KHOTO 3TMHAHHS Ta BUHUKHEHHS KPUTUYHUX CTaHIB OYPHWIBHUX KOJIOH y
KPUBOJIHIMHUX CBEPJIOBUHAX, OCHOBA JIiHIS SKUX Ma€ MOIATKOBI JIOKAJIBHI
BUKPHBJIEHHS, BUKJIMKaHI JpiOHOMACIITAOHUMH KOCHHYCOIalbHUMH (TIJIOCKA
3amaya) 1 cmipasbHUMH  (IPOCTOpPOBAa  3ajlaya)  ICOMETPUYHUMU
HEJTOCKOHAJIOCTSIMH.

[TizpaxoBaHi cuiu oropy, 10 BUHUKAIOTH y TPOLECi 3/iHCHEHHS CITyCKO-
migidManeHUX ONepamiil mpy pi3HUX 3HAYEHHSIX KyTa HaXWiy CBEpAJIOBHUHH 1
BiJJHOIICHHSX MK IMapamMeTpamMH MIBUAKOCTEH OChOBOIO Ta 00EpTalbHOTO
pyxiB. BusiBneHi KpUTHYHI PEXXKUMHU MTPOLIECIB, SKi POTIILAAIOTHCS.
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Gaidaichuk V.V., Levkivska L.V., Kovalchyk Y.I.
MATHEMATICAL MODELING OF THE DRILL STRING BENDING ELASTIC
CHANNEL CURVILINEAR OIL AND GAS BOREHOLES

Using the theory of curvilinear flexible rods, the problem of elastic bending of drill strings in
the channels of curvilinear boreholes with geometric imperfections of their axial lines when
performing the drilling operation is posed. The improved mathematical model of non-linear elastic
deforming of drill strings in the channels of curvilinear boreholes is created. In the model, the
stiffnesses in bending, inhomogeneous gravity forces as well as forces of contact and friction
interaction of the drill columns with the bore-hole wall are taken into consideration. On the basis
of usage of a specially chosen movable reference frame, the simplified constitutive equations are
elaborated. They differ by absence of singularities connected with transformation of the radii of
curvature and twist into infinity.

Through the use of computer simulation methods the problems about determining the
resistance forces and moments in performing lifting-lowering operations are solved. The
investigation of the forces sensitivity to the bore-hole trajectory shape is carried out.

The problems about modeling of elastic bending and origin of critical states for drill strings in
curvilinear bore-holes with spiral and cosinusoidal imperfections are solved.To the consideration
were taken lower fragments of wells, the axial line of which is conventionally straight and inclined
to the horizontal plane at an angle, as well as whole composite wells, consisting of the upper
curvilinear section and the lower conditionally rectilinear. In both cases, it was considered that
geometric imperfections in the form of a circular cylindrical spiral or flat harmonic with the same
values of their amplitude values and wavelengths were imposed on straight lines on the axial line.
The diapasons of geometry and imperfection parameters corresponding to favorable and
unfavorable regimes of functioning are found; their critical values corresponding to the drill
columns sticking are calculated.

Key words: drill string, curvilinear bore-hole, direct and inverse problems, geometric
imperfections, internal and external forces.

Tatioatiuyk B.B., Jleexoeckas JI.B., Kosarvuuk S.U.
MATEMATHUYECKOE MOJIEJIMPOBAHUE YIIPYI'OI'O U3r'MBAHUSI BYPUJIBHOM
KOJIOHHbI B KAHAJIE KPUBOJIMHEMHOMN HE®TE - TA30BOI CKBAYKHUHbBI
HVcnonp3yst TeOpUro TMOKMX KPHBOJIMHEWHBIX CTEpXKHEH, MOCTaBlieHa 3agada o0 yrnpyrom
u3rn0anu OypWIIBHBIX KOJOHH B KaHaJlaX KPHBOJIMHEHHBIX CKBaXHH C TEOMETPUYCCKHMHU
HECOBEPILICHCTBAMU HX OCEBBIX JIMHUI TPH BBINOJHEHUH TEXHOJIOTMYECKUX OIepanuii OypeHus.
Co31aH0 MaTeMaTHYeckoe OOecrieueHne JUIs aHaliu3a 3TOro siBJieHHs. UMCICHHBIMH METOJaMHU
HCCJICI0BAHO BIIMSIHUE BHEIIHUX M BHYTPEHHHUX CHJIOBBIX (JaKTOPOB, JCHCTBYIOLIMX HA KOJOHHY,
Ha 3HaYCHHS T€OMETPUYECKHX MapaMeTPOB ATHX HECOBEPILICHCTB, 8 TAKXKE HA PEKUM BBIIOIHCHUS
CIyCKO-MOABEMHBIX orepaiuii. [IpuBe/ieHbl pe3yIbTaThl KOMIIBIOTEPHOTO MOJICIIPOBAHHSI.
KarueBble ciaoBa: OypuibHas KOJIOHHA, KPUBOJMHEHHAs CKBaKMHA, MPSMbIe U 00OpaTHBIE
3aJ1a4M, FeOMETPUICCKUE HECOBEPIICHCTBA, BHYTPCHHUE U BHEIIHUE CHIIBI.
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Tauoaiiuyk B.B., Jlesxiscvra JI.B., Kogamvuux A.1. MaTeMaTH4He MOJeTIOBAHHS NPY’KHOTO
3ruHaHHSA GYPUIBLHOI KOJOHH y KaHATI KPHBOIiHilHOT HadTO - ra3oBoi cBepaaoBuHM // Omip
MartepiaiB i Teopis copya. — 2016. — Bum. 97. — C. 43 — 58.

Buxopucmosyrouu meopito eHyukux KpusOniHiiHUX CMepIICHI8, NOCMAGIEHO 3a0ayy npo npysicHe
3UHAHHA ~ OYPUNLHUX KOJOH Y  KAHANAX —KPUBOMIHIUHUX —CEEPONOGUH 3 2eOMempudHUMU
HEeOOCKOHANOCMAMU IX 0CbOBUX JIHI NPU GUKOHAHHI MEXHOIOSIYHUX ONepayit Oy pIHHSIL.

Gaidaichuk V.V., Levkivska L.V., Kovalchyk Y. I. Mathematical modeling of the drill string
bending elastic channel curvilinear oil and gas boreholes // Strength of Materials and Theory of
Structures. —2016. — Issue. 97. — P. 43 — 58.

Using the theory of curvilinear flexible rods, the problem of elastic bending of drill strings in the
channels of curvilinear boreholes with geometric imperfections of their axial lines when
performing the drilling operation is posed.

Tauoaiiuyk  B.B., Jlesxoscxaa JI.B., Koeamvuux A.M. MareMaTHueckoe MOAeJHPOBaHUE
yHpyroro u3rudanusi OypujbHOH KOJIOHHBI B KaHajle KPUBOJIMHeliHOW HedTe — ra3oBoii
CKBaxHHbI // CONPOTUBIIEHNE MAaTEPHATIOB U TeOpUsl coopyxeHuid. — 2016. — Bom. 97. — C. 43 —
58.

Hcnonvzys meopuio 2ubKkux KpUBOIUHeUHbIX CMmepoicHell, Nocmasiena 3aoaua 06 ynpy2om
useubanuu  OypunbHbIX KOJIOHH 6 KAHANAX KPUBONUHEUHBIX CKBUAJICUH C 2e0MempuiecKumu
HeCOBepUIeHCMEAMU UX OCEGbIX TUHULL NPU GbINOTHEHUY MEXHON02UYeCKUX Onepayutl OypeHus.
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JOCIIKEHHS BIIVIMBY ®OPMU ITEPEPI3Y HA
JOBI'OBIYHICTBH CTPUKHIB B ATPECUBHOMY CEPEJIOBUIIII
IIPU CKUIATHOMY BUTUHI

AL 31062’
JI-p TEXH. HayK, Mpod.,

0.A. 131062’

1 . o . o . . . .
Jninponemposcvkuil nayionanshuil ynisepcumem im. O. I'onuapa, [{ninponemposcuvk, Ykpaina

IToOynoBaHO aJTOPUTM KOMII'IOTEPHOI'O MOJEIIOBAHHS KOpO3iiHOI Ierpanamii moBepxHi
CTeP)KHEBHX EJIEMEHTIB B yMOBaX OJHOYACHOTO BIUIMBY arpeCHBHOIO CEPEIOBHINA Ta CKJIAJHOTO
BUTHHY 3 BHKODHCTAaHHSM MaTEMaTHYHUX MoJelell KOpo3ii, IO BpaxOBYIOTh B3a€MO3B’SI30K
HAaIpPyXeHO-Ie(OPMOBAHOTr0 CTaHy Ta IIBHAKOCTI KOPO3IHHOro ypaskeHHs. J[OCHipKeHO BILIMB
3IUTHOCTI IEPeTUHY, IO XapaKTepH3ye BEJIIMYHUHY BiTKPHTOI MOBEPXHI MaTepially, ska KOHTaKTy€e
3 arpecHBHHM CEPEIOBHUINEM, Ha TApaMETPHU JTOBrOBIYHOCTI CTEpKHEBOro eneMeHTa. [IpuBeneni ta
IpOaHai30BaHi KapTHHU KOPO3IHHOr0 ypaskeHHs Ta 3aJIeKHOCTI, 0 XapaKTePH3yIOTh 3MEHIICHHS
IUIONL, 30LIBIIEHHS HANIPYXKEHb 1 3MiHy TepHMeTpa IepeTHHIB Pi3HOI KoHirypanii B gaci.

KorouoBi cioBa: koposiifHe ypakeHHs, CTEp)KHEBI €IEMEHTH, aJIrOPHTM KOMII IOTEPHOrO
MOJISITIOBaHHSL.

Beryn. IMoctanoBka 3amadi. JlocnmipkeHHS MIIHOCTI Ta HaJiHHOCTI
€JIEMEHTIB KOHCTPYKIIH CydYacHOI TEXHIKH, 5IKi (YHKIIOHYIOTH B yMOBax
OMHOYacHOI Jii  eKCTPEMAaJbHOrO TEPMOCHIIOBOTO HABaHT@KEHHS Ta
arpecHBHOTO CEPEIOBHINA, € JOCUTh akTyaabHUMU [1 — 5]. OcobnuBicTiO i€l
po0JIeMH € Te, 0 Y HABAaHTAXXEHOMY eJIEMEHTI KOHCTPYKIii B yMOBax Kopo3ii
ICHye JBa B3a€MOIOB’S3aHUX KIHETWYHUX TMpolecH — aAedOopMyBaHHS Ta
Kopo3iiiHoro 3HouryBaHHsi [6, 7]. Tlpum 1bOMy HampyXeHHsS Ha ITOBEPXHI
MaTepialy BUKJIUKA€E MPUCKOPEHHs KOPO3iHHOI Aerpaaii, 1o Npu3BOAUTH 10
3MiHHM (3MEHILIEHHS) TEOMETPUYHHUX PO3MIpiB IIepepisy, a Iie, B CBOIO Uepry,
BeJIC 70 Mepepo3noaiTy (y CTOPOHY 301IbIIICHHS) HANIPYKEHb 1 TedopMariiid B
eJleMEHTaxX KOHCTPYKIiil. BoueBuap Takoxk, 1m0 4uM OLTBIIOI0 € MOBEPXHS
(mepumeTtp mepepizy), TUM OUTBILIOIO BUSIBISIETHCS BTpaTa MaTepially eeMeHTa
KOHCTPYKLii, a OTKe, 1 mpuckopeHHs (y dYaci) 30UIBIIEHHS HANpPYyXeHb 1
MOAAJIBIIOr0 KOPO3iiHOTrO ypakeHHsI KOHCTPYKIIii.

TakuM YMHOM, JTOBrOBIYHICTH KOHCTPYKIIH, B3a€EMO/IIIOUYHX i3 arpeCHBHUM
CepeloBUINEM, Y 3HAayHIH Mipl 3aJIeKUTh BiJl KOHCTPYKTHBHOI (opmu ii
OKpEMHUX €JIEMEHTIB 1 Yy IIbOMY BHIAJKY JIOTIYHUM Oyiao O 3acTocyBaHHS
€JIEMEHTIB KOHCTPYKIIH 3 SKOMOra MEHIIOK IUIOMICI0 TMoBepxHi (abo
TIepUMETpy Tepepisy), i, BIBAIIOBIIHO, 13 MEHIIOK BTPATOI0 MaTepiajly y Jaci,
BHACJIIIOK KOPO31iHOI ierpaarii.

© JI3106a AL, JI3106a O.A.
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VY TOM ke Yac IMPOKO 3aCTOCOBYBAHI CTEPIKHEBI €IEMEHTH KOHCTPYKILH
YacTO MaloTh IIE€pepi3H pamioHalbHOI (OPMHU 3 TOYKH 30py 3abe3nedeHHs
MIIIHOCTI MpY MiHIMyMi BHTpaT MaTepiajly y BHIJISAI JBYTPaBpiB, IIBEJEPIB,
KYTHUKIB Ta 1HIIMX TOHKOCTIHHHMX NPOQiTiB, SKi y 3a3HAUYEHOMY BHIIE CEHCI
HEJIOCTaTHhO CTiKi JO BIUIMBY arpecMBHOTO OTOYYIOUOTO CEpEeNOBHINA,
OCKIJIbKM MaIOTh OLIBIITY TUIOLTY ITOBEPXHi.

O4YEeBHIHOIO B TAKMX yMOBaX € HEOOXIIHICTh MPOBEICHHS BiIOBITHOTO
MOPIBHSUIBHOTO ~ aHaJli3y  palioHanbHUX (opM  mepepi3iB 1  OLIHKH
JIOBIOBIYHOCTI €JIEMEHTIB KOHCTPYKILiH, (YHKI[IOHYIOUHX B arpecCHBHOMY
CEepPEeIOBHIIIL.

Y nopmaHii cTaTTi JOCH/DKEHHS 3a3HAaY€HHX AacleKTiB IMpoliemMu
3IIHCHIOETBCS IIUIIXOM PO3POOKH aJrOPUTMY KOMII IOTEPHOTO MOJIEIIOBAHHS
KOpO3iiHOI jerpajaiii MOBEpXHI CTPIKHIB, SKi 3HaXOIATHCS B YyMOBax
arpecMBHOIO CEpE/IOBUINA i CKJIQJHOTO BUTHHY, Ta IMOAAJIBIIOT0 YHCEITHLHOTO
aHaJIi3y BIUIMBY 3JIMTHOCTI Iepepisy (L0 XapaKTepu3ye BEIUYUHY BiAKPHUTOL
TOBEpXHI MaTepialy, KOHTaKTYOUOro 3 arpecCHBHHM CEpEIOBHIIEM, 1
npeactapise cobor [6] BimHomeHHsS mepuMerpa L mo miomi F mepepisy y
Burisini C=L/F) Ha mapameTpu OBrOBIYHOCTI €JIEMEHTIB KOHCTPYKIIii.

AJITOPUTM YHCEJILHOT0 MOJEJIOBAHHS KOPO3iiHOI aerpagamii. Y
3araJbHOMY BHIIAJKy MaTeMaTHdHa MOJIeJIb KOPO3iMHOr'0 3HONIYBAaHHS, IO
BpaxoBye BIUIMB HaNpyXeHO-Ie(OPMOBAHOIO CTaHy Ha IPOIEC KOPO3iHHOro
pyHHYBaHHS, IPUHMAETHCS Y BUTIISII

dd SO
e f(3,0,V.X,t); 8|t:t0 =0, (1)

e G(}, ) HampYXEHHS, a 8(},1) IIMOWHA TIapy KOPO3iHHOTO ypakKeHHS Y

Touni X (x,y,z) Ha MOBEPXHI JOCIHIPKyBAaHOTO €JIEMEHTY, BiANOBIgHO; V —
BEKTOp TMapaMeTpiB, SIKi XapaKTepH3ylOThb CTYIIHb KOPO3iHHOro oropy
MaTepiajiy Ta piBeHb arpeCHBHOCTI 30BHILITHBOT'O CEPEIOBHIIa; { — Yac.

Haii6inpi BiJOMMMH MOJIENSIMH, SIKi BPaxOBYIOTh BIUIMB HAalpyXeHb Ha
HIBHJKICTH KOPO3il Y pO3paxyHKax Ha MilHiCTb, € Mozeni B.M. JlonuHCcbKOrO
ta €. M. 'yrmana [1, 2, 6], sKi TOJAIOTHCS, BITIOBIIHO, Y BUTIISI:

DB o1+ Ko: .a)

dt

dd

E = V(t) eXp('}/G) ’ (256)
ne o), W) — Bimomi ¢yHkmii (gki, y 3B’SA3Ky 31 CKIQAHICTIO iX

EKCIICPUMCHTAIFHOTO BHU3HAYCHHS, Yy OUIBIIOCTI BWITAJKIB ITONAIOTHCS

JIOBIJIKOBUMHU CTaJMMK V[ ), IO XapaKTepu3yrTh KOPO3iiiHE 3HOIIYBaHHS
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KOHKPETHOT'O HAIpY)XKEHOI'0 MaTtepially y IIeBHOMY arpeCMBHOMY CEpEIOBHIIIL;
K, y — koeQilieHTH, IIO BHPaXKarOTh CTYNiHb BIUIMBY HAIPYy)KE€Hb Ha
HIBHJKICTH KOPO3ii.

TakuM 4YMHOM, 3aJa4a pPO3pPaxyHKy JOBTOBIYHOCTI KOHCTPYKTHBHOI'O
€JIEMEHTY 3BONUTHCS 70 IHTETPYBaHHS pPIBHSIHHS MaTeMaTHYHOI Mogeni
KOpO3iifHOTO ypakeHHs y BUIIsiAl (2,a) abo (2,0) 3 MeToro BiAUIyKaHHS 3MiH

8(}, t) TMONOXKEHHS KOXXHOI TOYkW X(X,y,z) TOBEpXHI Marepialy (KOHTYpY

TIepeTUHy) B TIpoIeci KOpo3iifHOi Jerpajanmii BiJ MOYaTKOBOIO =1, [0

JCAKOro KIHICBOI'O (KpI/ITI/I‘IHOFO) t=t YaCy 1CHYBAHHA KOHCTPYKIIIL.
KpI/ITI/I‘IHI/Iﬁ CTaH KOHCprKHﬁ BHU3HAYAETHCA NOCATHCHHSAM I'PAaHUYHOTIO O Kp

JUIs JIAaHOTO MaTepially 3HaueHHS MaKCHMMaJIBHOTO HampykeHHs o(X,t) y

pe3ynbTaTi 3MEHIIEHHS JKOPCKICHHX IapaMeTpiB Iepepidy, BHACIiI0K
KOpO31HOT'0 MMOIIKOKEHHSI.
OpuH k—1i KpOK iHTErpyBaHHS ITOYATKOBOI 3a1aui (2) Moxe OyTH MOAaHUH
Y BUTJISAI:
§F =8k 4+ £y, X Ry AL (k=1,2,3,..). 3)
Crip 3a3HaumTH, M0 BUOIp METOLY pO3B’I3YBaHHs ITOYATKOBOI 3a/1adi s
PIBHSIHP MaTeMaTHYHOI Mojeni Kopo3ii (2) NpPUHIMIIOBOrO BIUIMBY Ha
CTPYKTYpY a@IrOpUTMY HE Ma€, OCKUIbKH Ha KOXXKHOMY  KpoIli
BHUKOPHCTOBYETHCSl JIMIIE PE3YJAbTAT HBOTO IHTETPYBAaHHA Y BUIVISAI 3MiHH

k _ sk _ sk-1 L
AS; =8; -6 HOIOXKEHHA JEAKOI [—oi TOYKM 3 KOOpAMHATAMHU

X+ (x;,¥;,z;) Ha TIOBEPXHi MaTepially 3a uyac Af Juii OOUMCIEHHS HOBOI

KoH(QIrypanii moBepxHi (KOHTYpY Nepepi3y) B 3aJ€KHOCTI BiJ BEIWYMHH Ta
HaIpsIMKY KOpO31i{HOr0 3HOIIYBaHHSL.

[MoOymoBa anropuTMy KOMIT FOTEPHOTO MOJICTIOBAHHS — KOPO3iIHHOTO
3HOUIYBaHHS IIOBEPXHI PO3IJIINAETBCS Jami ISl  BUIAAKY IIACKOrO
TIONIEPEYHOT 0 TIepepi3y AOBLIBHOI (POpPMHU.

Jlist oOuMCIIeHHSI TEOMETPUYHNX XapaKTEPHUCTHK 1 HANPYXKeHb, SIKi Jaii B
pe3ynbTati Aii Kopo3ii 3MIiHIOIOTBCS y 4aci, KOHTYp ITOIIEPEYHOr0 HEPETHUHY
CTPIDKHS JMCKPETH3YETHCS LUISIXOM HOro piBHOMIPHOTO B IOYaTKOBHIM
MOMEHT 4acy ! =1, pO30UTTA KiHIEBUM HAOOpPOM 7 TOYOK 3 KOOpJHMHATAMH

(x,y), (i=Ln), ne x,,=x; y,,=») Ta HACTYMHOI anpokcHUManii
KOHTYpYy JiHiliHUMH craiinamu 8, 9].  KinbkicTh  BY3JI0BHX — TOYOK
BHU3HAYAETHCSl  HEPETYISIPHICTIO  CaMOro  KOHTYpPY,  HEPiBHOMIPHICTIO
KOpO31HOT0 BIUIMBY Ta JII0YNX HAIIPYXKEHb.

Ilpn npomy mnepepi3 pO3MILIYETbCS Yy TEPUIOMY KBaJpaHTi JAesKOi
HEpyXoMoi JeKkapToBoi cucreMu XOY, 1m0 poO3TAalIOBYETHCS Y IUIOMIMHI
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MIepeTHHY, a KOHTYPHI TOYKH IIEPETUHY HYMEPYIOThCS ITPpH 00XO0/Ii KOHTYpY 3a
TOIMHHUKOBOIO CTPIJIKOIO TakK, 100 MaTepiasl MepeTHHY BECh Yac 3aJIMIIABCS
npaBopyd. [Ipu HasiBHOCTI OTBOpIB 1 TEXHOJIOTIYHUX TTOPOKHUH CTBOPIOIOTHCS
ySIBHI pO3pi3N 1 aHAJIOTIYHUM UYHHOM BHMKOHYETHCS ITOCITIJIOBHHNA 00Xif
KOHTYpY LIUX OTBOPIB.

Takuii miaxig A03BOJIsSE MOOYAyBaTH €(EKTUBHHUHA aJTOPUTM BiIIIyKaHHS
yCiX TEOMETPUYHUX XapaKTEPUCTHUK MEPETUHY JOBUILHOI KoHirypamii [8, 9].

O4YeBHIHO, MO PYHKIIIMU KOOPIMHAT TOYOK KOHTYPY (xf , yf ), (i=Ln), mo
3MIHIOIOTECSL Y Yaci B cucTteMi koopauHat XOY, OymayTh NIpHU IBOMY ILIOMIA

. k . k k k k
MONEepevyHoro mnepepizy £, MOMEHTH 1HEpIii Ix,ly,lxy,lkp, KOOpAUHATU

LIEHTPY Baru mnepepisy (xé , y(l)‘) Ta KyT HaXWIy FOJOBHHUX LEHTPAJIbHUX OCEH
ak.

[puiiMaeTbes, WO HAa k-OMY KpOLi IHTETpyBaHHS KOXXHAa OKpeMa TOdYKa
KOHTYpY OTpUMYy€ 3MillIeHHS Yy TJIMOMHY Marepiany NeprIeHIuKYIIpHO
KOHTYpY NepeTHHY, a BeJIMYMHA KOpo3ii B OKpeMill Touli NOBEpXHI He
3aJIeKUTh BiJ BEJIMYMHM KOpO3ii y CyCiIHIX Toukax. BpaxoByrouu, ImI0
BiJICTaHb Mi)X BY3JIOBUMH TOYKaMH € JOCTATHHO MAJIOIO, & KOHTYP MK HUMH
aNpOKCUMYETHCS JIIHIMHUMH CIUTaifHAMH, MOXKHA MPUIYCTUTH, IO 1 Micis
KOpO31HOT0 3HONIYBAaHHS Ha k-My KPOI JIiHIT allpOKCHUMYIOYOTr0 KOHTYPY MiX
BY3JIOBUMH TOYKAMH 3JIHMIIATHCSA NPSIMUMHU. Y [bOMY BHUNAAKY PE3YIbTYyIOUE
3MIIIEHHS BY3JIOBUX TOYOK Oyzae 3[iiCHIOBATHCS 3a TONAHOK Ha pHC. |
CXEMOIO.

A(S‘f]:—W/

(A/i o

EREE)

,Tlmi’il

(x51.0%)

Puc.1. Po3paxyHkoBa cxema JJist 00UMCIICHHS BETMYMHA
Ta HaIpsMy KOPO3iHHOT0 ypaXKeHHs y JOBUIBHIN TOUI KOHTYpPY
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Tyr ASF =38! (xl-,yl-)—éf-‘*l(xl-,yl-),{i =l,_n} , @ TiJICYMKOBA BEJIMYMHA Ta

. *foo. .. .
HanpsIMOK 3MilleHHA AJ;" [ -0i TOUKM KOHTYpY 3a 4ac Af Ha k -OMy Kpoli

IHTETpYBaHHS OOYMCIIIOETBCS 3 TEOMETPUYHMX CIiBBiAHOIIEHb [9] 3
ypaxyBaHHSM BiZIoMoi (B IIpoIeci 00YMCIIEHHS! TEOMETPUIHNX XapaKTEPUCTHK

k o
nepeTHHy) BCJIIMYNHU KyTa ﬂi , YTBOPEHOI'O JBOMa JIIHIMHUMHA

aNpOKCUMYIOUMX KOHTYp MPSMHUMH, SK (QYHKLISIMH KOOPAWHAT BY3JIOBUX
TOYOK KOHTYDY.

Crijn 3a3HaYMTH, 0 JOBXXKMHA KOHTYPY HEPETHHY B NpoIeci KOpOo3iidHOro
3HOUTYBAaHHS 3MIHIOETBCS. Tak, 30BHIMIHIM NEpUMETp OMYyKIOro IEpeTHHY
3MEHIIYETHCS, a JIOBKMHA KOHTYpPY BHYTPIIIHIX KYTiB, NMOPOXKHUH, BHPI3iB,
OTBOpIB, SK NpaBWiIoO, 30iibmIyeThes. IIpy 1bOMYy pIBHOMipHE pPO3OHTTS
KOHTYpY NEpeTHHY B MOYATKOBMH MOMEHT 4Yacy BXKE€ Ha IepIIMX KpOKax
ITOPUTMY CTa€ HEPIBHOMIPHHM Y 3B'SI3KY 3 HEPIBHOMIpPHICTIO KOPO3iHHOTO
3HOUIYBAaHHS 1, SIK HACTiJOK, 3MIHOIO BiJICTAHI MDK BY3JIOBUMH TOYKaMH
KOHTYDY.

Tyt B mporpamHiii peamizamii po3B’si3yBaHHs 3a]a4di BUHUKAE psi poOIieMm,
MOB'sI3aHUX 3 HEOOXIiMHICTIO BUKIIOYCHHS 3 PO3MIISAAY B MPOIEci podoTH
aNropuTMy Ha Kk -My KpoOIi TOYOK KOHTYPY, BiJICTAaHb MiX SKHMHU CTa€
MEHIIOI0 CyMapHOi BEJIIMYMHHM KOPO3IMHOrO YpakKeHHs CYCIIHIX TOYOK,
OCKIJIbKM B MOJANBLIOMY I MOXKe (B 3aJIEKHOCTI BiJl BEJIMYMHH 1 HAIPSIMKY

k . . .
A8; ) TNpUBECTH 10 MOXIMBOCTI «3a0iraHHS» BY3JIOBHX TOYOK 32 YSBHHUMH

KOHTYp HACTYHNHOTO HaOMWKeHHS. 3 IHIIOro OOKy, MOMJIMBOIO MOXeE
BHUSIBUTHUCS 1 HCOOXIJIHICTh BBEJICHHS HOBUX KOHTYPHHX TOYOK, SIKIIO BiJICTaHb
MiXK HUMH 30UTBIITYETHCS, OCKUTBKHU 1€ MOYKE IIPU3BECTU JIO BTPATU HEOOX1THOT
TOYHOCTI IMCKPETHOTO TIOJIaHHS KOHTYPY.

3a3HaveHi TPYAHOII B peai3allii mporecy MuxX MepeTBOPSHbB, BKIIOYAI0UN
ineHTH(IKaiio i IepeHOMepaliio BiJMMOBITHAX TOYOK KOHTYPY, JIOJTAIOTHCS
MIPOrpaMHUM IIIISIXOM 1, SIK pe3yJIbTaT, o0y10BaHi B poOOTI 3acodu peanizarii
aITOPUTMY JTO3BOJISIIOTH MOJIENIIOBATH KOPO3iMHHE 3HOLIYBAaHHS CTPHKHS
JTIOBUTLHOT'O TIONIEPEYHOTO TIepepi3y A0 HOro MOBHOI Aerpajartii.

HopmanbHi HanpyxkeHHs B Toukax (x;,);), (i=1,n) mnomepedyHoro

MIepEeTUHY CTPIDKHS TIPH CKJIaJHOMY 3TMHAaHHI (JUIS OOYMCIIEHHS CKJIaJIOBHX
npaBoi yactuHM (3)) OOYMCIIIOIOTBCS B TOJOBHUX OCAX iHepUii 3
BHUKOPHCTAHHSM BiJJOMHX 3aJIEKHOCTEH:

_ My (X, y)u(X;,y;) +MU(Xl-,yl-)v(Xl-,yl-) + N(Xi)Yi)|
Iy (x;,¥,) Iy (x,,Y;) F(x;.y,)|

IMpn HeoOXimHOCTI (3 METOI, HANpPHKIAJ, BpaxyBaHHS KOHIIEHTpAIii
HanpyXeHb a00 IHIIMX MOMJIMBHUX OCOOJIMBOCTEH PO3MOALIY HamlpyXeHb B

N C))
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mepepiszi), OOYUCIICHHS HANPYKCHb Ha KOHTYpi Tepepi3y CIij 3IiHCHIOBaTH
MeToJIaMH Teopii npyxHocTi abo 3a gornomoroo MCE.
Tyr My, M,,, N — 3TUHajIbHi MOMEHTH B TOJIOBHUX OCAX 1 MO3/10BXKHE

) _ 2 ) . ) _ -2 2
syewnnst; Iy =1, cos"a+l, sin“a+1,  sin2o; [, =1, sin"a+1, cos”or—

~1,, sin2e; tg(20) =21, /(Iy -1, ); I, 1,,1

X0V Xo)o X Xo¥o ? Iy, [V — LCHTpaJILHI

i TOJIOBHI MOMEHTH iHepIii B ocsix X OY u UO,V , BinnosiaHo; [ % =1 - ygF ;
2 .
L, =1, -xF; I, =1, =X)F; Xy, — KOOPJAMHATH LIEHTPY Baru nepepisy B

moyatkoBux ocsax XOY ; F — mwioma mepepidy; u;, V; — KOOpIUHATU

i° i
BY3JIOBUX TOYOK IIEPETUHY B TOJIOBHIN CI/ICTeMi, SIK1 TTOB'sI3aH1 3 KoOpAHaTaMu

TOYOK BUXIJHOI CHCTEMH Y BUTJISIIL:
u; = (x; —xg)cosa+(y; —yp)siner; v, =—(x; —xg )sina+(y; - yy )cosa. (5)
BpaxoByeThes, 110 3HAYEHHS 3TMHATBHUX MOMEHTIB, SIKi OOYHCITIOIOTHCS 3
BHUKOPUCTAHHSAM BIJJOMUX 3aJICKHOCTEH:
My =M, cosa+M, sina; My, =-M, sina+M, cosa, (6)

TaKOX 3MIHIOIOTHCS B TIPOIECi pOOOTH ajIrOpUTMY, OCKIJIbKH PO3TAllyBaHHS
LEHTPY Baru nepepisy X, Y, , AK MOYaTKy KOOPANHAT EHTPAIIBHOI i TOMOBHOT
CHCTEMH, a TaKOX KYT ITOBOPOTY TOJIOBHUX OCEil € QYHKIISIMU 3MIHHHUX B 4aci
KOOPJIMHAT KOHTYPHUX TOYOK (X;,);),(i :L_n) . ¥ cniBBigHouenHi (6) M, ,

M, - 3TUHAJIFHI MOMEHTHU B IIEHTPAJIBHUX OCSX, SKi JONATHI TPU MOBOPOTI
0ci 33 TOJJMHHUKOBOIO CTPLJIKOIO.
TakuM 4MHOM, BCI TEOMETPUYHI XapaKTEPUCTHKH MTOIEPEYHOr0 Tepepizy, y

3araJbHOMY BHIIQJIKYy JOBLIbHOI (OPMH, 1 HampyKeHHsS B HOro KOHTYPHHX
TOUKaX BHUSBIANOTBCA BiloMumu QyHKuisMu (x;,y;),(i=1,n), mo nossouse

OOYMCITUTH BEJIMYMHM 1 HaNpsSMK{A KOPO31MHOTO TOIIKO/DKEHHS B KOXHIN 3
BY3JIOBUX TOYOK KOHTYpPY TNEpEeTHHY (TTOBEpPXHi) CTPH)KHEBOTO eJeMEeHTa i
BHU3HAYUTH HOro HOBY KOH(Irypaliro Ha HAaCTYITHOMY KpOIll iHTErpyBaHHS
BIJIMOBITHOTO PiBHSHHS 00paHOI MOIEIi KOpo3ii 32 YacoM BiamoBigHo 110 (3).

[Ipy miAroTOBII M0 HACTYIHOI'O KPOKY aJITOPUTMY BiANIYKaHHS 3MiHH
PO3MIpIiB TIONEPEYHOro IIEpPeTHHY B pE3yabTaTi KOPO3iWHOI Jerpasaamii
HEeoOXiTHO BUKOHATH 3BOPOTHI NEPETBOPEHHS I OOYMCIIEHHS KOOpPIMHAT
BY3JIOBHX TOYOK Y BHXI1JHIH cucTeMi koopauHat XOY :

k_ ko ok k_ ko k_ koo ko k
xF = xb +uf cosa® —vEsina® s yF = yb +uf sina® +vf cosa® (7
1 IOBTOPUTH TIPOLIEC.

Takum 4YMHOM, I BH3HAYEHHS OCHOBHHX IIapaMeTpiB  IPOLECY

KOMH’IOTepHOFO MOOCIHOBAHHSA KOpOo3 1MHOr O ITOIIKOJKCHHA I10B erHi
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HOIIEPEUHOro Iepepidy 3iHCHIOETbCA CUHXPOHHUM (Ha KOXHOMY Kpoli 3a
yacoM) TIepexiZi BiJl BUXiJAHOI HEPYXOMOi CHCTeMH KoopauHaT XOY no
nenrpanbHoi X0, Y, i nani no ronoroi UOQyV cuctemu, po3TauryBaHHs SKOi

3rOZIOM 3MIHIOETBCS, 1 IMICHs OOYMCIEHHsS pO3Mipy 1 HalpsiMy KOpO3iHHOTO
YpakeHHsI B TOYKaxX KOHTYPY MONEPEYHOro nepepizy A-ro KpoKy iHTErpyBaHHs,
B 3BOPOTHOMY HAIpsIMKY.

Pe3ynbraTH 49HMCI0BHX AOCTIMKEHb. 3 BHUKOPHCTAHHSAM PO3POOJIICHOrO
aNropuTMy Oy OTPUMaHi YUCJIOBI pe3yNbTaTH 1 MPOBEIEHO MOPIBHSIBHUH
aHayi3 3MIHM B Yaci MaKCHMaJbHHX HaIlpYy)XeHb, IEpUMETpa 1 IUIONI
(WBHOKOCTI  BTpaTH MaTepialy) mepeTuHiB pi3Hoi dopmu  (puc. 2)
CTPIDKHEBOTO EJIEMEHTa, IO 3HAaXOJWTHCS B YMOBax CKJAIHOrO (KOCOro)
BUTHHY 1 OIHOYACHOTO BIUIMBY arpeCUBHOTO CEPEIOBHIIA: @) JUISl BHITAJIKY iX
piBHOI ToOYaTkoBOi IWIomi i ©) 3 pPIBHUMH 3HAYEHHSIMH MaKCHMaJbHUX
HaIpY)XeHb B TIOYATKOBUI MOMEHT 4acy.

Ha puc. 2 npuBeneHi kapTuHH 3MiHM B 4aci B pe3ynbTaTi KOpO3iHHOro

. cu . . . . *
NOUIKO/KEHHs.  KOH(Dirypauiii mepernnis pisHoi miomi F = 1470 mn’
NPSIMOKYTHOI, KpyrJoi, KopoO4aroi, JBOTaBpOBOi 1 mBelepHOi (opMH B

YMOBax CKJIaJHOIO BUIMHY IiJ{ €0 3TMHAIBHAX MOMEHTiB M, = 9-10° H*u;

Myo =3-10° H*u 1 TO3/I0BXKHBOT CHITH N=1,5-104H.

3
Puc. 2. KapTiau KOpo3iiHOr0 ypaxkeHHs OBEPXHi MaTepialy MepeTHHIB pi3HOI (opMHU piBHOI y

MMOYaTKOBUH MOMEHT qgacy l'IJ'IOIJ_[i Ipu CKIaJHOMY 3TUHAHHL

Jis nemoHcTpamii mifXomy NpHHHATA MOJENb KOPO3iHHOro ypakeHHS
B.M. JonuHChKOTO (2, @) T IESKOT0 "YMOBHOTO" arpeCHBHOIO CepeOBHINA
3 mapamerpamu V, = 0,001 m/pix; K =0,02 IMa™" 3a wac OS!SI*; =4
poku. BrianeHi KOHTYpH TIEPETHHIB Ha PHC.2 300paKyIOTh KOH(DIryparmii 1mwx
IEPETUHIB y IIOCHIZIOBHI MOMEHTH 4acy f =kt /8, {kzﬁ}, TOOTO Yepe3
KOKHI MiBpoKy. OCHOBHI pO3MipH TIEpeTHHIB OOpaHi HACTYINHUMHU: HIMpUHA 1
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BHUCOTa TMPAMOKYTHOI'O MEPCTUHY

a, =0,0297u;

b, =0,0495x; niamerp

kpyrioro: d, =0,0432u; mmpuHa, BUCOTAa 1 TOBI[MHA CTIHKU ITYCTOTLIOrO
2 )

NPSIMOKYTHOTO TepeTuHy: a;=0,0575m, b;=0,0703m, hy=0,0064m; BHUCOTA

JIBOTAaBpa 1 TOBILIMHA CTIHKM, INIMPUHA 1 TOBIMHA Horo momumi: a, = 0,0545M,

hy=0,005x, by =0,099m; S, =0,010m; BucoTa mBenepa i TOBIIMHA CTiHKH,

MIUpHHA 1 ToBIIMHA Horo momuii as =0,0446mm, hs=0,0075m b5 =0,099m,

05=0,0098n, BianoBigHO. JlNs KPUTUYHOrO HampyKEeHHA OyNO NPUHHATO

3HauCHHs O, = 200MTla .

16
14
1.2

08
0,6
04

40 -

0,5

0,3+

0,2

0,1+

F*10° (m?)

‘ ‘ ‘ ‘ t(POKVI‘)
0 05 1 1,5 2 25 3 35 4
6
L*103(m)
~
5/
1
k/
/
2 t (pokn)

0 05 1 15 2 25 3 35 4

Puc. 3. I'padixu 3minu B vaci: (a) - mwiomi F;
(6) - MaKCUMAJIBHUX HAIPY)XeHb Ha KOHTYDI;
(8) - mepumetpa L neperuHiB (puc. 2) piBHOI (B
MMOYAaTKOBHI MOMEHT) TUIOLIL

Ha puc. 3,4, 6, 6 nonaHi,
BiJIOBITHO, 3aJI€KHOCTI
3MiHM B yaci miomi F,
MAaKCHMAJIbHUX  HAMpYKEHb
Omax 1 HOepumerpa L
nepeTuHiB (puc. 2) piBHOI y
[TOYATKOBUHA MOMEHT ILIOIII

* 3 2
F'=1,47-10" 2%, ze

HOMEpH JiHI Ha puc. 3

BiJIMOBIIAIOTh HOMepaM
TIepEeTHHIB Ha puc. 2.
KoedimienTn 3IIUTHOCTI

C=L/F nansa nomauux Ha
pHC. 2 TIEpeTHHIB BUSIBHUIHUCS
HACTYIHUMU: ¢, =0,109;
C, =0,095; C; =0,324;
C,=0,278; C5=0,248.
AHasnoriuHi  pe3ynpTaTti
JUIs  BHIIQJKY  TEpPETHHIB
Takoi x (opmu (IUB. puc. 2),
aje 3 OJHAKOBUMH B
MOYAaTKOBUH MOMEHT dacy
3HAYEHHSIMH MaKCHMaJIbHUX
HOPMaJbHUX Halpy>XeHb

Omax HA KOHTYpI NEPETUHIB

noxani Ha puc. 4. Po3mipu
nepeTuHiB Oynu miniOpaHi i3
YMOBHU PIBHOCTI TTOYaTKOBUX
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3HaYE€Hb o =60MIla 2: F*10° (m?) 2

MaKCUMAJbHUX  HAIMPYXEHb 5 £ =

(muB. puc.4, 6) 1 BUSABHIHCH, 15 T

BI/ITIOBiHO, HACTYIHUMU: ’ N

a, =0,0384n, b =0,0639x, 05 3 tﬁg;)

d, =0,0568m, a;=0,0562m, O P S

by=0,0688x,  hy=0,00641, 4 & oy “ y

a, =0,0545m,  hy=0,005m, 160 53— %4

b, =0,09x; 5, =0,010m, 20 "

as =0,0413m;  hs=0,0067m;  *| / /\

bs =0,092x, 55=0,0094x. ° ¥ i
I3 oTpuMaHuX pe3yinbTaTiB 00 @5 o is 20 25 30 35 4o

BHJHO, IIIO, SK 1 ciig Oyro . — 6

OYiKyBaTH, HalOIIbIIA BTpaTa
MaTtepiaiy (IUIomii) B pe3yib-
TaTi KOpPO3IMHOTrO IOLIKOA-
XKeHHs (puc. 3, a) BUSBIISIE-
TBCSL JUI TIEPETHHIB 3 OlTb-
oMM riepuMeTpoM (puc. 3, 8).
[pn BOMY TIepeTHHH
CTEpP)KHEBHUX  E€JIIEMEHTIB, B ¢

3aJIeKHOCTI BiJ| KOH(Iryparii,
JUIs  OOpaHUX  «YMOBHHX)
mapaMmeTpiB koposii 3a 2,2 —

Puc. 4. I'padixu 3minu B gaci: (a) - wiomi F;
(6) - MaKCUMaJIBHUX HAIPY>XeHb Ha KOHTYDI;
(8) - mepumMetpa L mepeTHHiB (puc. 2) 3 pIBHUMHI

(B MOYaTKOBUI MOMEHT) MaKCUMaJlbHUMHU

3 pokH BTpavaroTh BiJ 25 10 HaIpY>XeHHSIMH Ha KOHTYpi

40% wmarepiany (mromi), a
MaKCHMaJIbHI HAalpY)KeHHS Ha iX KOHTYpi 3pocTatoTs B 1,5 — 3 pasu.

s oOpaHnX po3MipiB MEpETHHIB PIiBHOI IUIONII 1 MPUHHATHX MapaMerpis
KOpO31HOr0o cepefoBHIla BUsBHIOCS (puc. 3, 6), 10 KPUTHYHI HANpPYKEHHS
pasimie Bcix (MpuOIM3HO Yepe3 2,5 pokn) Oyiau AOCATHYTI IS MPSIMOKYTHOT O
niepepizy (miHis 1), mam (depe3 3 poku), He JOCATHYBIIM KPUTHYHHUX 3HAYCHB

O,, BTPaTWB CyUUIBHICTb KOpOOuaTHii mneperuH (iiHist 3). HaiGinbm

(OKUBYYUMH», B JaHOMY BHIIQJKy HABaHTaKEHHS, BHSBWINCS CTPWXHI 3
nepernHoM y ¢opMi mmBenepa (JMiHiSA 5) 1 KPYIJIoro momnepevyHoro mepepisy
(oriHist 2), mo 36eperau (Ipu pi3HOMY piBHI MaKCUMaJbHUX HalpyXeHb (IHB.
puc. 3, 6)) cBOIO Hecydy 3AaTHICTH 4depe3 4 pOKHM, Ha BiIMIHY BiJl CTPHIKHS
JIBOTaBPOBOI'O IIONEPEYHOTO Tepepizy, ML AKOro uepe3 4 poku crajnacsa BTpara
CYIUTBHOCTI CTIHKHM B MICIIi 3'€THAHHS 3 BEPXHBOIO MTOJIHIEIO.



68 ISSN 2410-2547. Omip matepiaiis i Teopis copya. 2016. Ne 97

3 pe3ynbTartiB, MONAHUX Ha puUC. 4, 6, BUILUTUBAE, M0 i3 PO3MNIAHYTUX
MIEpETHHIB 3 PIBHUMH MOYATKOBUMH HANPYKEHHSMH, KOe(iI[ieHTOM 3aracy
minHocti 3,3 Ta koedimienramu 3mautHOcTi: C; =0,085; C, =0,072;
G, =0332; C,=0,278; C;=0,267, BiANOBiAHO, OLIBII <(GKUBYYUMHI)
BUSIBWINCS CTPW)KHI KPYIJIOTO 1 NPSIMOKYTHOTO Mepepidy, Xoda BHUTpaTa
MaTepiaiy Ha iX BUTOTOBJICHHS (TUIOIIA TIEPETHHY) BUSIBUIIMCS Maiike B 2 pa3u
OIMBIIMMHU, HIDX JUI TOHKOCTIHHHMX mpodiniB (puc. 4,a). B crpmwxHsIx
TOHKOCTIHHOrO Tpo¢imo: KopoO4aroro, mBejaepa i JByTaBpa KpPHUTHYHI
HaTpYXKeHHs Oynu gocsruyTi 4epes 3; 3,2 i 3,8 pokiB, BiIIOBITHO.

BucnoBku: VY TmonmaHiii cTarTi BHUKIAJEHO JOCHTH YHiBEpPCAIbHUM
aITOPUTM KOMIT'IOTEPHOI'O MOJIENIOBAHHS KOPO3iMHOI Jerpajamii MOBEpxHi
CTPIKHEBUX €JIEMEHTIB B YMOBaX OJHOYACHOI Jii arpeCHBHOTO CEpeI0BHIIA Ta
CKJIaJIHOT'O BUTMHY. AJITOPUTM JO3BOJISIE 31HCHIOBATH OOYMCIICHHS BEIUYNHH
1 HampsMKy 3MiHM TOJOXEHHS KOXXKHOI 3 KOHTYpHHX (BY3JIOBHX) TOYOK
MIEPETUHY B MPOIECi KOPO3IHHOrO 3HOITYBaHHS, a TakKoX KOH(pirypariro i
OCHOBHI T€OMETPHYHI XapaKTEePUCTHKH IONEPEYHOro Mepepizy B JOBIIbHUM
MOMEHT 4Yacy 3 BHKOPUCTaHHAM Oyab-sikoi 3 (OAHi€T 3 ICHYIOUHX)
MaTeMaTU4HOI MOJIEIi KOPO3iHHOr 0 MOIIKO/KEHHS TIOBEPXHI MaTepiaiy.

HaBezneHo pe3ynbraTy YMCIOBOTO €KCIEPHMEHTY 1 MOPIBHSJIBHOI'O aHAIIZY
3MiH MaKCUMaJIbHUX Halpy>KeHb, IO 1 IepUMeTpa IepeTHHIB pi3Hoi Gopmu
B MPOIECi KOPO3iHHOT'O MONIKO/HKCHHS JIIS BUITAJKIB PIBHUX B MOYATKOBUU
MOMEHT Yacy IUIONI i PIBHUX B IOYaTKOBMHA MOMEHT 4acy MaKCUMaJIbHHX
Halpy)XeHb Ha KOHTYpi mnepeTwHiB. OTpuMaHi pe3ynbTaTH BKa3ylOTh Ha
HEeOoOXiHICTh aHaji3y BIUIMBY (DOPMH TEPETHHIB CHIIOBUX €JIEMEHTIB Ha iX
JIOBIOBIYHICTB NPH NPOEKTYBAaHHI KOHCTPYKIIIH, 1110 EKCILTYaTYIOThCSl B yMOBax
BIUIMBY arpecHMBHOTO CEPEAOBHIIIA.
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Dzyuba A.P., Dzyuba O.A.
ANALYSIS OF THE EFFECTS OF THE CROSS SECTION FORM FOR DURABILITY
OF BARS UNDER COMPLEX BENDING IN THE AGGRESSIVE ENVIRONMENT

An algorithm for computer simulation of corrosion degradation of the rod elements surface
under conditions of simultaneous influence of aggressive medium and complex bending was
constructed. Mathematical models of corrosion taking into account the relationship between the
stress-strain state parameters and the corrosion damage rate was used. To calculate the cross
section geometrical characteristics and stress values that are change in time as a result of corrosion,
the rod cross section contour is discretized by its uniform splitting of a finite set of points and the
subsequent approximation of the contour by linear splines. The problem of calculating of structural
element durability is solved by integrating of the mathematical model equation of corrosion
damage. In this case, the change of the position of the each surface point of the material (cross-
section) in the process of corrosion degradation is determined. At each integration step it is
assumed that each individual point of the contour get dislocation in the depth of the material in
direction perpendicular to the cross section contour and the corrosion magnitude at a single point of
the surface does not depend on the corrosion magnitude at adjacent points. The means of algorithm
realization constructed in the work allow to model corrosive deterioration of a rod of arbitrary
cross-section to its complete degradation. Numerical results, obtained using of the developed
algorithm, allows to make a comparative analysis of changes in time of maximum stresses,
perimeter and area (material loss rate) of a rod element of various cross section shapes
(rectangular, round, square box, channel, and two-tailed) for the case of their equal initial area and
with equal values of maximum stresses at the initial time moment. It is shown that the greatest loss
of material (cross section area) as a result of corrosion damage is inherent to cross sections with a
larger perimeter.

Key words: corrosion damage, bar elements, computer simulation algorithm.
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SIMULATION OF FORMING A SPATIAL THIN ROD LOCATED IN A
CONTINUOUS DEFORMABLE SOLID
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Authors describe the derivation of equations to determine the deformation parameters of the
longitudinal axis of a thin rod for a given strain tensor continuum. A single wire of a steel rope is
subject to complex deformation when machining, its form and internal stresses are changing as a
result. Application of an equations which reflect the most general laws describing form changing
of a thin rod requires sophisticated analytical transformations and engaging visual picture of
spatial displacements of single points of a rod. It making difficult to conclude calculation
formulas. The problem is solved in the framework of a small displacement and deformation
hypothesis using tensor analysis. Formulas derived from the new equations coincide with the
known results previously obtained on the basis of Clebsch equations and principle of kinematic
analogy. On one hand, it confirms the validity of the proposed method and on the other hand it is
an additional verification of known formulas. Some examples have been given to illustrate the
efficiency of the general equations in tensor form: analyzing the sinusoid forming on a
deformable plane, as well as for calculating the deformations of thin helical elements while
stretching and twisting helical wire rope. Now there is no need to use a visual picture to describe
the displacement of the spatially curved axis of a wire, and all the analysis is carried out by a
uniform algorithm. The proposed method to calculate small deformations of a thin rod for a given
strain tensor of continuum might be further applied when improving the existing and developing
new software for the design of production processes in manufacturing of wire rope and cable.

Keywords: strain tensor, continuous deformable solid, spatial line, thin rod, helical wire rope

1. Introduction
A single wire of a steel rope is subject to complex deformation when
machining, its form and internal stresses are changing as a result. During
kinematic analysis of such operations one can apply vector equations [1-3]
relating the increments of elongation € and curvature vector 8Q with
displacement vector # and rotation angle ¢ of an arbitrary axis of a wire
(Clebsch equations)
dii _ == =
Z==QXT+e T,
ds ¢

© Khromov V.G., Khromov I.V., Khromov O.V.
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~ d(f)
Q= 75
where T - unit tangent vector, s - arc length of the longitudinal axis of a wire.

These equations reflect the most general laws describing form changing of
a thin rod. However, their application requires sophisticated analytical
transformations and engaging visual picture of spatial displacements of single
points of a rod, making it difficult to conclude calculation formulas.

The purpose of this article is to review the known formulas and propose the
additional ones for mathematical modelling of changes in the size and shape of
a spatial curve which is located in a continuous deformable solid (continuum).
The problem is solved in the framework of a small displacement and
deformation hypothesis using tensor analysis.

2. General equations to calculate small deformations of a thin rod for a
given strain tensor of continuum

Let us consider a continuous deformable solid (continuum), which is rigidly
connected to the coordinate system X{X;X; (Fig. 1). Spatial curve is given

inside of the body, it is described by parametric equations X/(s), where i

takes integer values from 1 to 3; s- scalar parameter (are length). Here and
below we use the tensor notation of a vector, as well as the rules of tensor
summation over repeated index.

deformable solid

Fig. 1. Deformation scheme of an infinitesimal segment of a spatial line
in the vicinity of a given point of a continuum
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Assume that in the fixed coordinate system X{X;X3 the small deformation
tensor of a continuum is set as follows

’

ou
&i}:ﬁz%}+®fja (1
J

where u; — displacement vector of an arbitrary point of a continuum; ej; —

symmetric tensor of pure deformation; mlfj — antisymmetric tensor of
continuum rotation in the vicinity of a given point [4, 5].

One needs to obtain the formula to calculate the deformation parameters of
the spatial line: elongation € and increment of the curvature vector 8€2; at an
arbitrary point M.

Let us introduce a natural coordinate system X;X,X; (Fig. 1) with unit

vectors T;, n;, b, (tangent, normal and binormal to a given curve). The unit

i°
vectors of the natural trihedron are determined by the known formulas [5]

’r __ dxi’ ’r _ 1 dTZ’ ’r _ 1 dnl, ’
= oy e Moy e T ) @

where Q5, € — curvature and rotation angle per unit length of a spatial line.

Having known vector components T;, n;/, b/ projected on a fixed
coordinate system one can write down the matrix of the linear transformation

4; to move from the fixed coordinate system X{X7X3 to the natural one
T T
Ay =|nl nyn3|. 3)
b by b3
Using the matrix (3) let us determine the strain tensor components in the
natural coordinate system

&= AwAubly s e =Agdyel, ©y= Ay 4,00 C))

Elongation of a given line in the vicinity of an arbitrary point M is evidently

equal to elongation of a continuum in the axis X direction, i.e. €=¢;;. Then
taking into account (4) and (3), we obtain the known formula [5]:

&= Ay Ayer; =T Ten =TT - ®)

To analyse the changes in the curvature vector 8€; of a given line let us

consider the rotation scheme of an infinitesimal tangent vector dx; in the

vicinity of an arbitrary point M (Fig. 1). The small angle of rotation around the
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axis X is due to rotation of continuum as a whole rigid and is determined by
tensor w;; [4, 5]

1 1 _ _
8¢, = ~H 8k = —5(3123(’323 + 31320332) =03 =03,
where €, ;, — Kronecker symbol.
1jk ym

Taking into account (3) and (4) the last expression can be transformed as
follows

8(p1 = A3iA2i('0i,j = bl’n;(l)l’] . (6)
The small angle of rotation of the vector dx; around the axis X, (Fig. 1)is
d . .
equal to the partial derivative 8¢, = _8_23 . According to definition of the total
1

d
strain tensor the following equality holds B_Z? =&, . Using (3) and (4) one can

obtain a formula
8¢, =83y =454 ,&); =D&} . (7

Similarly, considering rotation around the axis X3 on the Fig. 1, one can
get one more relationship

au ’ 2’ ’
3¢3 = a_xf =8y = Ay 4 ;&) =nt'E] . (®)

Then let us analyse the change in curvature and torsion of a rod. Curvature
vector of a space curve is determined by the rotation intensity of the natural
axis XX, X; when moving along the arc s . In the original (undeformed) state
of the continuum the natural axis rotates by the angle of d¢,, while moving
along the line for the length of ds, so that the vector is equal to the initial

ds -~

During the deformation the arc length @s of a spatial line increases by the
amount of &(ds)=¢€-ds whereas rotation angle of the natural trihedron is

curvature Qio

incremented by 8¢, . Then the new value of the line curvature is equal to

do;, | d(5¢;) d(5¢;)
O = do; d(o;, +59,) ds + ds Qi+ ds

1T ds] ds+e-ds I+e B I+e
Multiplying the numerator and denominator of the last equality by (1—¢)

and disregarding the second-order terms in comparison to ¢ one can obtain
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Q=0,(- e)+d( (pl).

Subtract from the last equality initial curvature €. , we obtain the formula

10 °
for calculating the change in curvature vector
_d@®y;)
ds
In the last formula the following notations are applied
o the change in vector of a spatial line curvature due to rotation together
with the continuum

SQ Q Q Qio = Squ) +89i8 . (10)

d@dg;) _ d(3o,
SQi(p = (d;pz) — (d;pz) +€iijj8(Pk ’ (11)
where % — local derivative of the vector 8¢;; €, 8¢, — vector

product of Q; and 8¢, ;

e the change in curvature vector due to strain deformation of the line
0Q;, =—¢€-Q,,. (12)
Set of formulas (2) and (5) - (12) is the general solution of the problem
which allows to define all the deformation parameters of a line, located in a
continuum.
3. Examples of using the general equations to solve applied problems

Example 1. The curve in the form of a sinusoid X{ = p, X; =sinp (p—a
5 scalar) is in the plane X[X)
+ # (Fig. 2). The deformation of

the plane is described by a
symmetric tensor (plane strain)

— g, 0
\ v o &l’]:((l)l . ),then ;=0
T 01/ % N X gy 22 ’
—
N

7 and e =&},
\ > One needs to obtain the

formulas for calculating the
deformation parameters of a

Xz’ll

*322 given line.
Sequentially ~ performing
Fig. 2. Plane deformation scheme of a sinusoid mathematical transformations

according to (2) and further (5)
- (12), in this example one can get the following set of finite relationships:
o for elongation
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8_811+C052p'€22 .
=

1+ cos? P
e for changing line in torsion and its curvature around the axis X,
891 = 5Q2 = O N

o for changing line curvature around the axis X3

sign(sin p)-sin3 p
- > 57 (e
(1+cos” p)
502, = sign(sin ;;)-sSin
(1+cos” p)
Example 2. Simultaneous tension and torsion of a helical wire rope.
In order to  describe
geometrical characteristics of a
longitudinal axis for an arbitrary
wire one applies parametric
equations of spiral line [1,3]
(Fig. 3):
X{=s-cosa,

oQ

3 +€5),

2
(—811 + 822 - COS p) .

X;=r-cosy,
X3 =r-siny, (13)

where y=3-sino, - angle
r

coordinate of spiral line points.
Substituting (13) in (2) one
can obtain the components for
unit vectors of natural trihedron
as projections on the fixed

Fig. 3. Coordinate system of a cross section
coordinate system X{X;X3 of a wire rope

(1) =(cos o, —sino-siny, sinocos y),
(n])=(0, —cosy, —siny),
(b/)=(sina, coso-siny, —cosoicos ).
Let the extensional strain and rotation angle to be set as &’ = const and

8Q, =const, respectively. According to [1] we use plain cross section

hypothesis, then a wire rope might be considered as a solid cylindrical body
with embedded thin spiral wires. It is not difficult to show that in this case
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components of displacement vector for an arbitrary point of a body are
determined by formulas [4]:
ul =€'X{, uy =0Q X/ X35, uz =8Q[X/X; (14)
Hence according to (1) one can put down deformation tensors of a
continuum in the fixed coordinate system
g 0 0
(&) =] -dQix; o -dQix7|,
0Q[X; 8Q{X] 0
-0Q[ X3 —-0Q[X;

’

2 2
(¢5)= -ang)(} 0 o |, (15)
—892{X§ . .
0 SQ;Xé —8Q X}
(wj)= % 0 —-8QX{
%—SQ{X{ 0

Then using (5) and taking into account (10) and (15) one gets the
elongation of an arbitrary point of a wire spiral axis

e="1/1}e] =cosza-8’+rsinacos0c5§2{. (16)

Using the expressions (6), (7), (8) it is possible to find rotation angles for an

infinitesimal segment of a spiral line
d¢, =b/n’;m]; = cosoX{0Q] ,
1 it i 1 1

8¢, =-bT'E" _——sinoccosoc-s+rcos20c8£2’, 17
2 ivjoi 1

093 = n1’ &}, = sinaX{8Q .
3 (Al 1 1

Substituting (17) into (10) and disregarding the curvature change due to
elongation of an axis we have the following formulas

d(d in>
3Q, :%:%cosa-&tcos“&-ﬁﬁ{,

sgzz%zo, (18)

8Q, = d(8¢3) __sin*acos’ o

y g+ sino.cos o1+ cos o) - 8Q .
s r
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4. Conclusions

1. Formulas derived from the new equations coincide with the known
results previously obtained on the basis of Clebsch equations and principle of
kinematic analogy. On one hand, it confirms the validity of the proposed
method and on the other hand it is an additional verification of known
formulas.

2. The examples mentioned above illustrate the efficiency of the general
equations in tensor form — now there is no need to use a visual picture to
describe the displacement of the spatially curved axis of a wire, and all the
analysis is carried out by a uniform algorithm.

3. The proposed method to calculate small deformations of a thin rod for a
given strain tensor of continuum might be further applied when improving the
existing and developing new software for the design of production processes in
manufacturing of wire rope and cable.
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Xpomos B.I'., Xpomos I.B., Xpomos O.B.
MOJEJIOBAHHS ®OPMO3MIHHU IPOCTOPOBOI'O TOHKOI'O CTEPXKHSI, 11O
3HAXOAUTHCS Y CYHIJIBHOMY JE®OPMIBHOMY CEPEJIOBUIII

Po3risinaeTbest BUBSIEHHS PIBHSHB JUIsl BU3HAYEHHs IapaMeTpiB JedopMarii MO3I0BKHBOI OcCi
TOHKOTrO CTEp)KHsI 10 33/laHOMy TEH30py JAedopmarlii CYLIbHOrO cepenoBuiia. HaBeneHi mpukiamau
BUKOPUCTAHHS 3araJIbHUX PIBHSHB JUIL aHaNi3y (hOPMO3MIHM CHHYCOIIM Ha NedopMiBHIl IuionmHi, a
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HAOYHOI KapTUHH IIepeMillleHb IPOCTOpoBOi JiHIl i MOOyAyBAaTH 3arajlbHUM aIrOPUTM aHATITHIHUX
IePETBOPEHb JUIS PO3B’I3aHHS MPUKIIAJHHX 33124,

KurouoBi cioBa: tensop nedopmanii, cyminsHe e opMiBHE CepelOBUIIE, IIPOCTOPOBA JiHis,
TOHKHUIT CTepIKeHb, CIipaIbHUIT KaHAaT.

Xpomos B.I'., Xpomoe U.B., Xpomos O.B.
MOJAEJUPOBAHUE ®OPMOU3SMEHEHHUS NPOCTPAHCTBEHHOI'O TOHKOI'O
CTEPKHS, HAXOJSAIIEIOCS B CILIOIIHOM JE®OPMUPYEMOM CPEJIE
PaccmaTpuBaeTcst BBIBOJ] ypaBHEHHMIT 111 OMPEENICHHUs [TapaMeTpoB Ae(hopMaIiH MPOI0JIBHONW OCH
TOHKOrO CTEp)KHSI 110 3aJlaHHOMY TEH30py Je(opMaluy CIUIOMHON cpefbl. [IpuBeneHbl mpuMeps
HCTIOJIE30BaHMsI OOIIMX YpaBHEHUH JUisl aHaM3a (POPMOM3MEHEHHUSI CHHYCOMIBI Ha Je(hopMUpyeMOid
IUIOCKOCTH, @ TaKKe JUisl pacdera Je)OopMali TOHKMX BHUHTOBBIX 3JIEMEHTOB IPH OJHOBPEMEHHOM
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MOCTPOUTH OOLIIHI aJITOPUTM aHAJMTHYECKUX MPeoOpa30BaHMIA [Tl PEILICHHUS TPUKJIAIHBIX 3a/1a4.
KawoueBble ciaoBa:  TeH30p  Jgedopmaiud, —CIUIOIHas — jaedopmupyemas — cpena,
MPOCTPAHCTBEHHAS JIMHUSI, TOHKUIl CTEPXKEHb, CIIUPAIbHBIIA KaHAT.
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VJIK 539.3, 539.4

AHAJII3 HAIIPYKEHO-JTE®OPMOBAHOTI'O CTAHY
OYHIAMEHTHOI IINIMTU BATATOIIOBEPXOBOI'O BYJIUHKY

C.O. MuckyHos',
JI-p TEXH. HayK, npodecop

Aub-Xycceiin K.'

1 . o . o . . . . .
Kuiscxuii nayionansnuil ynisepcumem 6yoienuymea i apximexmypu, Kuis
Hogimpogromcvkuii npocn., 31, m. Kuis. 03680

B crarri mpexcraBieHi pe3yiNbTaTH BU3HAUCHHS HANPYXKEHO-Ie(OPMOBAHOTO CTaHY
(yHIaMEHTHOI IUIMTH Ha IaJbOBiif OCHOBI 13 BHMKOPUCTAHHSAM HAIiBaHATITUYHOIO METOAA
ckingennx enemenTiB (HMCE). IlpoBeneHo HOpIBHSHHS pe3yJbTAaTiB, OTPHUMAHHX JUISL BHIIAIKY
OJIHIOPITHOTO Ta HEOJHOPIIHOTO IPYHTOBOIO MACHBY Ta B [JBOMIpDHIH Ta IIPOCTOPOBIit
IIOCTAHOBKAX.

KurouoBi cioBa: HaniBanamitiHunuii Meron ckindenux enemeHTiB (HMCE), dynnamentna
IUINTAa, HEONHODPIMHMII TIPYHTOBHII MacCHB, HampyXeHO-Ie(OPMOBAHUII CTaH, MpPYKHE
nehopMyBaHHSL.

Beryn. ®OyHpaMeHT € OfHIEIO 3 HAWOUTBII BaXUIMBHX Ta BiJIOBiTaTbHIX
CKJIaZIOBUX KOHCTpYKWii OymiBenb 1 cropyd. Ilomwnku, pgomymieHi mnpu
MPOCKTYBaHHI Ta 3aKJIaJICHHI (DYHIIAMCHTIB, 3aBJIAIOTh BEJTMKOI PYHHIBHOI IITKOH
OyIiBii i TMM caMUM YCKJIQJHIOIOTH ii ekcrutyartamito. HaBiTe pi3Hi MerTomu
TiacuiIeHHs: QyHIaMeHTy He JaloTh TapaHTii HOro MoJaibIol 6e3rneyHoi podoTH, a
MOXYTh JIMIIE Ha SKOMYCh €Talll NPHU3YyNMHHUTH Tpolec pylHyBaHHS. Tomy
BU3HAYCHHSA  HANpPYXXeHO-IeopMOBaHOro CTaHy (YHIAMEHTIB  TOTpedye
0COOJIMBOI PeTENBHOCTI 1 yBar.

OpHieto 13 mpoOieM, sKi MalOTh Miclie TpU NMPOEKTYBaHHI (yHIAMEHTIB €
KOPEKTHE ypaxyBaHHs (Di3MKO-MEXaHIYHMX BJIACTHBOCTEH IPYHTOBOI'O MacHBY, 110
orouye (yHIaMEHT, 30KpeMa BiIMIHHOCTEH BJIACTHBOCTEH IIApiB IPYyHTY, SIKi
3aJIATAI0Th HA PI3HUX TITHOMHAX.

3aranpHUA MAXiA 10 BUpIMIEHHS Hi€l MpoOJeMU MOXIIMBHHA TiJIbKH Ha
OCHOBI YHCEIBHUX METO/iB, HalOiNbIIe PO3MOBCIOKEHHS Cepell SKHUX TpH
PO3B's3aHHI 3aJa4 MEXaHIKA JNe(OPMIBHOrO TBEPJOrO Tijia 3M00yB METO.
ckingeHHux enementiB (MCE).

IocTaHoBKa 3amadi i MeTomuKa mociimxkeHHsl. MeToro AaHOi poboOTH €
JIOCITI/PKEHHST BIUTMBY ypaxyBaHHS HEOIHOPIJHOCTI I'PYHTOBOTO MAacHBY, IO
orouye (YHIAMEHT Ha TaJbOBUN OCHOBI, Ta BUSIBICHHS BiJMIiHHOCTEH
pe3yABTATIB PO3PaXyHKy B JBOBHMIpHIM (B MexXax IUTOCKOI 3ajadi) Ta
MIPOCTOPOBI MOCTAHOBKAX.

© Tinckynos C.0., Amp-Xycceiin K.
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Po3paxynkoBa Mozenp (yHAaMeHTHOI IUMTH po3mipamu 30X20m 3
naysivu riepepizoM 400 X 400 i, sKi po3MITIEHI 3 KPOKOM 3 u, TIpEJCTaBICHA
Yy BUIVIAJl BIJHOCHO >KOPCTKOTO (TIOPIBHSIHO i3 OTOUYIOUMM IPYHTOM) TiJa,
puc. 1. Lleii 00’exT Moxe OyTH MOJAHUIA SIK MPOCTOPOBE MPU3MATHYHE TiJIO,
OTpUMaHe pPYXOM TeoMeTpu4yHoi  (Qirypu, KOHTYp SKOi BiAIOBimae
TIONIEpEeYHOMY IEpeTHHY IUIUTH 1 (parMeHTa IpyHTa, B3/IOBXK NPSMONiHIHHOT
yrBOpIotouoi (puc. 1). 3Bakaroun Ha 1i 0COONMMBOCTI (OPMHU JIOCIIIKYBAHOTO
00’€eKTy MOOYIOBY BiIIOBITHUX JTUCKPETHUX MOJEIICH JOIITHHO MPOBOIUTH Ha
OCHOBI HaITliBaHATITUYHOTO MeToay ckinueHHuUX enemeHtiB (HMCE). Ile
nependavyae 3aCTOCYBaHHS OHOTO CKIHYEHHOT'O €JIEMEHTY ISl arnpoKcHMallii
00’€KTy B3JOBX XapaKTEPHOI KOOpAMHATH (YTBOPIOIOUOi) B CIONy4EHHI i3
PO3KJIaoM INyKaHWX 1 33JaHUX IapaMeTpiB 3a UM HamnpsMKOM B psij 3a
CHUCTEMOI0 O€3MEepepBHUX OPTOTOHATBHUX TIAJKHX Oa3UCHUX (PYHKITIH
Buxopucrannst HMCE 103Bos1sI€ CYyTTEBO CKOPOTUTH KIIBKICTh HEBIIOMUX TPH

. pPO3B'sI3aHHI  TIPOCTOPO-
/” BHX 337124, HE 3MEHIIYIO-

YU TOYHOCTI OTPUMYBa-
HOTO PO3B 53Ky, 0COOJIH-
BO y BHITIQJIKaX PO3TIISILY
00‘€xTIB 13 3MIHHUMH
77" BO3JIOBX YTBOpPpPIOUOi (i-
A 3UKO-MEXaHIYHUMH Xapa-
KTepucTHKami [2, 3, 4 Ta

0 iH.].
Jnst mobymoBu aucK-
peTHOi Mozneni y JaHii
pobOTi  BUKOpUCTAaHHHA

i

50

ann HEOMHOPINHMI  IpH3Ma-
Puc.1. PozpaxyHkoBa cxema (yH/IaMEHTHOT [IUTA TUYHUN CKIHYCHUH
3 MajsAMHU Ta (parMeHToM JBOLMIAPOBOrO IPYHTY ememenr (CE),  sxwi

MOJIEIIIOE TTO€THAHHS
pI3HUX MaTepiajiB HUIIXOM 3MIHEHHS MOIYJS HPYXHOCTI Y3JI0BX TBIpHOI.
Pospaxynkosi cniBBigHomeHHs CE 0a3yloTbcss Ha BHKOpHCTaHi PiBHSHB
MIPOCTOPOBOI 3a/1a4i TeOpii MPYKHOCTI.

Posnonin mepemimens B Mexax nonepeunoro nepepizy CE ommcyerbes
JHIMHUIM 3aKOHOM:

_ o 1,1 2 1.2 1
U= D, um,(SISQ)(Eslx + 3 Sx 5 SpxxT + o). (1)
Si=t1 S,=%1
VY HanpsiIMKy TBipHOI NepeMilleHHs anmpoKCHUMYIOThCS PO3KIIAJaHHAM I10
cHcTeMi KOOpAMHATHUX QYHKIIN - noniHomu Jlarpamka i MixJina.
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< 1 !
=Y ite") . 2)
1=0

BimnoBimHi  po3B’sA3yBaNbHI  CHIBBIAHONMICHHS JUIS  HEOIHOPIIHOTO
MPU3MATHIHOTO CKIHYCHOTO €JIeMEHTa HaBeIeHi B [2, 3].

JociiixeHHs] BINIMBY YPaXyBAHHS HEOHOPiTHOT'0 IPYHTOBOI0 MACHBY
HAa HamnpyxKeHuii ctan ¢yngamenrty. SIk Oyno 3a3HauyeHO BUIIE, 3 METOIO
00’€KTHBHOI OIIIHKM HECy4Oi 3JaTHOCTI IUIMTH HEOOXIAHWUM € TIPOBEACHHS
aHayi3y il HampyXeHo-1e(OpMOBAaHOTO CTaHy B IIPOCTOPOBIM ITOCTAHOBILI 3
ypaxyBaHHSIM HEOIHOPIJHOCTI (hi3UKO-MEXaHIYHUX BIIACTUBOCTEH IIapiB
IpyHTYy. 71 BUpIMIEHHS MOCTABICHOrO IATAHHS Oyna POSTIAHYTA HeTBEpTa
YacTMHA KOHCTPYKIii (dyHmamenty. Ilnommmn z'=0 Ta z'=0 € MIOMMHAMK
CcHMeTpii, B3JIOBX SKHUX BCTAHOBJIEHI BIJIOBIIHI TpaHW4Hi ymoBH. Jlis
JIOCII/DKEHHST BIIIMIHHOCTEH pO3IIOJUICHHS HanpyXeHb 3 OJHOPITHUM 1
HEO/IHOPITHUM IPYHTOM DPO3TJISIHYTO (parMeHT (yJaMeHTy B OJHOPITHOMY i
JIBOIIAPOBOMY I'PYHTOBOMY MACHBIi.

| B J Al

N
2

Puc. 2. 3aranpHuii Burisig quckperHoi Mmogeni MCE

Ha mepuromy erarti po3paxyHOK HPOBEIEHO B JBOBUMIPHIH MTOCTAHOBIII i3
BukopuctanHsiM MCE. [lpu mpomy posriissHyro ¢parMeHT (GyHIAMEHTY 3
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OTHMM psiioM Taib. J[MCKpeTHa Monenp sBisie cOO00I0 (parMeHT IUIHTH 3
HaJsIMU 13 OTOYYIOUMM (PparMEeHTOM IPYHTOBOIO MacuBy po3mipoMm Al 1 Al
B HANPAMKAX z M z° BiAnoBiaHO [IIs BU3HAUYEHHs 3GiKHOCTI pe3yNbTaTiB B
3aJIeKHOCTI BiJl PO3MIPIB PO3MIIAAYBaHOTO ()parMEeHTy I'PYHTOBOI'O MAacHBY
OTpUMaHO cepito po3B’s3kiB mpu Aly = 10, 20 a6o 30 m 1 Al =6, 16 abo 26 u
(puc. 2).

3BakaroyM, IO TOYHICTH OOYMCIICHHS HaNpyXeHb IPYHTYETbCS Ha
CHIBBIIHOIIEHHAX IS JedopMalliif, sIKi B CBOIO Yepry BHU3HAYArOTHCS
PI3HUIIMH BEIMYUH TIEPEMIllleHb, I aHaji3y 301KHOCTI PO3TIISIHYTO
3aJIeKHICTh PI3HMI MepeMimieHs B Toukax 1 1 2 ta 3 1 4, orpuMaHux npu
pi3HuX po3mipax Al, (puc. 3).

o5 AUz TOYKM 1-2 13 AUz TOYKM 3-4
L N
B N 125
22 I
| —
12 \T
2:15
- Al 115 Al

0 2 4 6 8 10 12 14 16 18 20 22 24 26 0 2 4 6 8 1012 14 16 18 20 22 24 26

Puc. 3. 3MiHeHHS pi3HUIB epeMillleHb IPH 30 UIbIIEHHI PO3Mipy
OTOYYIOUOro (hparMeHTy IpyHTa

SIx BHAHO TpW 30UIBIIEHHI XapaKTEpHUX PO3MIpIB (parMeHTa IPYHTY 3a
MexxamMu (GyHIameHTy moHax 10w pi3HHOS TepeMillleHb B XapaKTepHHHX
TOYKax (yHIAMEHTY CTa6lJ‘Il3y€TBCH TakuM 4MHOM PO3MIp PO3IJISTYBAHOTO
dparmenra B mrommHi z' — 2 nopisHioe 31 X 35Mm.

Jlts mocmipKeHHs BIIMIHHOCTEH PO3IOALIEHHS HAIPY)KEHb 3 OTHOPIJHUM i
HEO/IHOPITHUM IPYHTOM DPO3IJIIHYTO (parMeHT (ydaMeHTy B OJHOPITHOMY i
JIBOIIAPOBOMY IpyHTOBOMY MacuBi (puc.4). Otpumani pe3yabTaTh
pO3paxyHKy INOAaHi y BUIUIAAl rpadikiB 3rMHAIBHUX HANpPYXeHb (G,ipr)
B3JIOBX psiy Iaslb 1O BEpXHiM Ta HwkHIN (mepepiz 1-1 i 2-2 BiamosigHo,
puc. 6) moBepxHAX QyHIaMEHTHOI IIuTH. Brubip mepepi3iB 00yMOBICHUH THM,
IO caMe B HHUX BEJIMYMHU HAIPYXEHb JOCSTaloTh CBOIX MaKCHMaJIbHHX
3Ha4YeHb, BU3HAYEHHS SIKMX BUKIIMKA€ HAHOLIbIIE 3aliKaBIeHHS, 1 SKi JAI0Th
HAMOUIBII TOYHY OIIHKY pe3ynbTariB. 3 TpadikiB pO3MOIUTY 3rHHAIBHUX
HaINpyXeHb, 300paK€HNX Ha pHC. 6 BHIHO, IO YpaxyBaHHS HEOIHOPIIHOCTI
NIPU3BOJUTL JI0 BiJMIHHOCTEH HampyxkeHb B Mexax 15-20% Ilpu npomy
HAWOIIbIA PI3HUIA CIIOCTEPITAETHCS HA JUISHIN MK MaIIMA ONMK4Ye 0
IeHTpY (QYHIAMEHTHOI IUTUTH, a TMPH HAONMKCHHI O Kparo IUTUTH Pi3HHUIT
HATIPY)KEHb 3MCHIIYETHCS, 5K 1 1X a0COTIOTHI BETHYHHU.
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BuzHaueHHsI NPOCTOPOBOrO  HANPY/KEHO-Ae(OPMOBAHOTO  CTAHY
¢pynnamenTHoi mummTH. [ MiATBEpIKEHHS TOCTOBIPHOCTI BHUKOPUCTAHHS
HMCE B 3agayax Takoro kiacy OyJo NpOBEIEHO MOpIBHSHHS PE3yJbTaTiB,
oTpuMaHuX B ABOBHMIpHIA moctanoBui MCE mist posrisHyToro ¢parmMeHt
(yHIAMEHTY 3 OJJHAM PSIOM NaJb 3 aHAJIOTIYHUM PE3YJIbTaTOM, OTPUMaHHM i3
BukopuctanHsm HMCE.

4
15 :_ =
L
v i,
% H
M
. s
10—+ IR
¥ 3
. .
- I
3B/_y 4
R " 2w
0 3 B 9 12 15 3
a
Il Beron  rnuma [] cyrnunox
E=30000 MMa E=150 MMa E=72MMa

Puc. 4. luckperHa Mozienb (parMeHTa GpyHIaMEHTHOI INTUTH
3 OJIHUM PSI0OM TaJb B IBOBUMIiPHii MOCTaHOBIII Mpu 3actocyBanHi MC:
(a) onHOpPINHUI IPYHT (6) HEONHOPITHHUN IPYHT

Puc. 5. Po3MileHHs XapaKTepHUX HepepisiB
ULt T00Y10BH Tpa(hikiB PO3HOIUICHHS 3THHAIBHUX HAIPYKEHb
TI0 JIOBXKHUHI ()parMeHTa IUTUTH
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Puc. 6. Po3noisieHHs 3ruHAIbBHUX HANPYXKEHb B3JI0OBXK ANy Halib 10 BEpXHiii (a) Ta HUXHIM (6)
MOBEpXHAX (PyHIAMEHTHOI IUTMTH, OTPUMaHI B IBOBUMIpHiii mocTaHOBII 3 BUKOprcTaHHsM MCE

Puc. 7. Quckpetna mopens HMCE st ¢pparmenTa
(yHIaMEHTHOT TIMTH 3 OJHUM PSIOM Ialh

[opiBHSHHSA TIPOBEAECHO IS
BUTIAJIKY HEO/IHOP1THOTO
I'PYHTOBOrO MacuBy. Binnosigna
nuckpetrHa  Mmozxenr ~ HMCE
HaBeneHa Ha  puc. 7. Ha
muckpetHiit momeni HMCE s
anpoKCUMallii TepeMillleHb B
HaNpsIMKY TBIpHOI BUKOPHUCTaHO
30 uneniB psany (2). Bennunnu
MOIyJs TIPYKHOCTI 3amaHi B
TOYKAax IHTETPYBAHHS B3JOBX
TBIpPHO1, BiANIOBIJaI0Th MOJIEIIO-
BaHHIO IUTUTH 3 IPYHTOM, IUIUTH
3 manel Ta TIpyHTOM, abo
IpyHTY. SIK 1 B HonepemHbOMY
BUIAJKy IIOPiBHSHHS peE3yib-
TaTiB BUKOHAHO 33 BEIMYMHAMH
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3TUHAIBHUX HAlPY)XEHb B3IO0BX BEPXHBbOI I HW)KHBOI IMOBEPXHI IUIUTH. 3
rpadikiB po3nojiy 3rHHANBHUX HANpYXXeHb, 300pakeHnuX Ha pHc. 6,a Ta 6,6
BU/IHO, II0 OTPHMAaHi JBOMa METOJAaMU 3HAYEHHS! HANPYXEHb B3JIOBXK Psay
TaJib TI0 BEpXHil Ta HWKHIHM MoBepXHAX (pyHAaMEHTHOI IInTH 30iratorecs. Lle
CBIIYHMTH MPO JIOCTOBIPHICTH PE3yJIbTaTIB, O/IEPKAHUX IIPU PO3B’SA3aHHI 3a1aui
3a pgomomororo HMCE: BigMiHHICTH BiNIOBIAHMX 3HAa4Y€Hb HAINpPYKEHb,
orpumannx MCE i HMCE nexurs B mexax 3%. OTxe, MOXXHa 3pOOHTH
BHCHOBOK IIPO T€, II0 BUKOPHCTAHHS HAIBaHATITHYHOTO METOJa CKIHYEHHHX
€JIEMEHTIB € LIJIKOM JIOCTOBIPHUM JUIS PO3B’SI3aHHS 3a3HA4YEHOI 3ajadi Ta
OOTPYHTOBaHMM IIPECTaBICHUMH PE3YJIbTaTaAMH.
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Puc. 8. Po3nopineHHs 3ruHaIbHAX HAIPYKEHb B3IOBXK Py MaJlb 110 BEPXHil (a) Ta HIDKHIH (0)
MOBEepXHSX (hyHIaMEHTHOI IUTHTH, OTPUMAaHI B IBOBUMIpHIi ocTaHOBI] 3 BUKopucTaHHIM MCE

Hacrynmaum  kpokoM Oyno BHKOHaHO pO3B’s3aHHS — 3aj4adi  Ipo
nedpopMyBaHHS BCi€l (yHIaMEHTHOI TUTUTH 32 JOIIOMOTOI0 HAIliBAHAI THIHOTO
MeTo/la CKIHYEHHHMX €JIEMEHTIB B IPOCTOPOBIH MOCTaHOBII. B muckperHiit
moneni HMCE (puc. 9), ananoriyno Bumanky ¢parmenta QyHoaMeHty 3
OHMM DSJOM TMayb, 33JaHO 3aKOH PO3IMOJUTY MEXaHIYHHX XapaKTEPHCTHK
B3/IOBX TBIpPHOI, IO BIANOBia€ MOJAENIOBAHHIO  (I3UKO-MEXaHIYHUX
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Puc. 9. JluckperHa MOzieNb JIOCIIPKYBaHOT0 00’ €KTa
nipu BukopucranHi HMCE

Puc. 10. Po3mileHHst niepepisis 1i1s mo0yIoBr
rpa¢ikiB pO3IOALTY HOPMAJIBHHX HAIPY>KEHb 110
TOBIWMHI (DYHIAMEHTHOI IUTHTH

XapaKTepPUCTUK TUIUTH, IUTUTH
TaJiero Ta IPYHTOM, Ta IPYHTY.

OTtpumani rpadiku
pO3IIOAINy  HampyKeHb 10
TOBIIMHI (yHIAMEHTHOI IUINTH
y BKa3aHUX Iepepizax, OTpuMaHi
B TPOCTOPOBIA  IMOCTAHOBIII,
npesacTaBieHi Ha puc. 11 Ta
puc. 12. SIx BHUIHO, BEIUYUHU
PO3TATYIOUHX HaIpYyXeHb,
oTpUMaHi B MIPOCTOPOBIi
mocraHoBi  Ha  15-20 %
MEPEBUILYIOTh BIJIMTOB1THI
3HAYEHHS, oTpuMaHi B
JIBOBUMIPHIl IMOCTaHOBIII, B TOU
Yyac SK BEIWYMHH CTHUCKAIOUHX
HaInpyXeHb 3aJTUIIAIOTHCS
MPaKTHYHO i1eHTHYHUMH. [Ipu
LIOMY 3MIHEHHsS HalpyXeHb B
mepepizax  HaJg ~ HAlAMH €
OUTBIIIMU.
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Puc. 11. Po3nonin HOpMaJIBHIX HANPY>KEHb 110 TOBIIHMHI (DYHJaMEHTHOI ITHTH, OTPHMAHUN B
JIBOBHUMIpHIii Ta mpocToposiii moctanoBkax HMCE Haj mamsivu
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Puc. 12. Po3nonin HOpMaJIBHIX HANIPY>KEHb 10 TOBIIHMHI (DYHIaMEHTHOI IUTHTH, OTPHMAHUH B
JIBOBUMIpHIii Ta mpocTopoiif mocranoBkax HMCE Mik masivu

BucnoBok HamiBaHamiTHIHMH MeETON CKIHYEHHMX EJIEMEHTIB JIO3BOJISIE
TIPOBO/IMTH MOJIEIIIOBAHHS TIPOCTOPOBOTO  HANPYXKEHO-1e(OpPMOBAaHOTO CTaHy
CYTTEBO HEOTHOPIIHHUX NPHU3MATHYHMX TUI. B naHOMy BHMaiKy 3acTOCYBaHHS
MPOCTOPOBOI  TIOCTAHOBKK 3ayadi  J03BOMWI0 110 20% YTOYHUTH BETHYAHH
HaIpy>XeHb B HAWOUTBII HABAHTAXKEHUX 001acTIX (DYHIaMEHTHOI IUTUTH.
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Pyskunov S., Al-Khussein K.
AN ANALYSIS OF STRESS-STRAIN STATE OF THE BASE OF HIGH RISE BUILDING

The determination of the stress-strain state of the foundation plate on a pile-base basis using the
traditional FEM of the semianalytic finite element method (SFEM) has been carried out in the article. The
study of the results convergence with a consistent increase of the size of the fragment of the soil mass,
considered together with the pile foundation was carried out to select the size of the fragment.
Displacement values on the direction perpendicular to the foundation plate surface are used as the
criterion. The appearance of a soil fragment with a pile foundation allows us to represent it as a prismatic
body. Accordingly, in order to construct a spatial discrete model, inhomogeneous prismatic finite
elements (FE) are used which represent itself a quadrangular prism. The length of the FE coincides with
the characteristic size of the considered "foundation-ground massif" fragment, and the dimensions of the
cross-section are determined when constructing a discrete model. The variation of the mechanical
properties of the soil massif and the foundation is taken into account by modifying of the material
elasticity module along the FE forming. Obtained calculation results are presented in the form of graphs
of bending stresses along the upper and lower surfaces of the foundation plate. The results obtained for a
single row of piles using FEM in the two-dimensional formulation and the SFEM in the spatial
formulation coincide with an error less to 3%. Taking into account the heterogeneity of the soil massif,
consisting of riveting and clay, leads to differences in the bending stresses values in the range of 15-20%
compared with the consideration of the foundation in a homogeneous soil massif. When comparing the
solutions results obtained for a quarter of the foundation plate with adjacent piles, it is shown that the
values of the tensile bending stresses on lower surfaces of the base plate obtained in the spatial
formulation exceed by 15-20% the corresponding values obtained in the two-dimensional formulation.
The values of the compressive bending stresses (obtained on upper surfaces of the base plate) remain
practically identical.

Key words: semianalytic finite element method (SFEM), foundation’s grillage, heterogeneous soil,
stress-strain state, elastic deformation.

Tuckynos C.0O., Anv-Xycceiin K.
AHAJIN3 HATIPSIZKEHHO-TE®@OPMUPOBAHHOTI'O COCTOSTHUASA ®YHIAMEHTHOM
IJIMTbI MHOI'O3TAXKHOI'O 3JAHUA
B craThe mpencTaBieHbl pe3ysbTaThl OIPEENCHHUs HAPsHKEHHO-Ie()OPMUPOBAHHOTO COCTOSHUS
(yHIIAMEHTHOH ITHTHI Ha CBAIfHON OCHOBE C HCIIOJIE30BAHHUEM ITOTYaHAIMTHIECKOr0 METO1a KOHEUHBIX
anementoB (IIMKD).IIpoBeneHo cpaBHEHHE peE3yNbTaTOB IOIYy4YEHHBIX Ui OJHOPOIAHOIO MU
HEOIHOPOJIHOr'0 IPYHTOBOI'O MaCCUBA,  TAKKE B IBYMEPHOH U IPOCTPAHCTBEHHOM OCTAHOBKAX.
KitioueBble ¢J10Ba: MOTyaHATMTHISCKHIT MeTo] KOHEUHEIX dieMeHToB (IIMKD). dynnamentHas
IUTHTA, HEOJHOPOIHBII IPYHTOBBIH MacCHB, HAIPsDKEHHO-Ie()OPMHPOBAHHOE COCTOSIHHE, YIPYroe
nehopMHpOBaHHE.



ISSN 2410-2547. Onip matepiaiis i Teopis cnopya. 2016. Ne 97 89

VK 539.3

THuckynos C.0O., Anv-Xycceiin K.

AHani3 HanpyxeHo-1e()OpMOBaHOro cTaHy (YHIAMEHTHOI IJIMTH 0araTonoBepXoBOro
oynuHKy // Omip maTepianis i Teopis ciopya. —2016. — Bum. 97. — C. 79-89.

Posenaoaemvcs nocmanogka i pe3yibmamu CKIH4eHO eNeMenmHo20 P36 A3anHs 3a0ayi npo eniue
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Tab6m. 0. In. 12. BiGuiorp. 4 Ha3B.
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Pyskunov S., Al-Khussein K.

An analysis of stress-strain state of the base of high rise building // Strength of Materials and
Theory of Strustures. — 2016. — Issue 97. — P. 79-89.

The statement and finite-element decision of the problem about effect of soil substructure
nonhomogeneity on a stress-strain state of the base of high rise building has been done.

Table 0. Fig. 12. Ref. 4.
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OIIHKA MAKCHUMAJILHOI'O 3HAYEHHSI OCbOBOI CHJINA
CTUCHEHHSA OBOJIOHKHU ITPU HEYITKUX JTAHUX SAK 3AJTAYA
HEBU3HAYEHOI'O TIPOTPAMYBAHHSA

B.O. Bapanenxo',
II-p TeXH. HayK, mpodecop kadenpu OyniBenbHOI MEXaHIKH

JIJI. Bosruox!,
KaHJI. TEXH. HayK, TOLUCHT Kadenpu OyIiBebHOI MEXaHIKH

1 . . . .
Ipuoninposcoka deparcasHa akademis OyOi6HUYMEA Ma apxXimexmypu

Po3risiHyTO 3ajady BH3HAYEHHS MAaKCHMAJIBHOIO 3HA4YEHHS OCHOBOI CHIIM, SIKA CTHCKYE
KPYroBy IMIIHIPHYHY i30TPOIHY OOOJOHKY 3a YMOB CTiHKOCTI Ta MIIHOCTI, IIpH HEYITKOMY
3aBJIaHHI BUXITHHX JaHUX — pajiyci i TOBIMMHI THITY «OJIM3BKO 0», «IpuOim3HO». Da33idikanis
IUX JaHUX BHKOHAHA 3a JJOIIOMOrOI0 YBEIEHHS HediTKuX 4mcen. Jist ix omucy B3sATo (yHKIIIO
HaJIOKHOCTI, SIKa Ma€ TPUKYTHHH Ta rayciB BUrig. PopMyIoeThCs ONTHMIi3aliifiHa 3ajada, ska
Hanexuth g0 kinacy CCP — Mopmenell HeBH3HAYeHOro mporpamyBaHHs. B po0Oori momaerscs
O0YHCITIOBAILHUH alTOPHTM pealti3awii Mojeni, sikuii 6a3yeTbesl Ha BUKOPHCTaHHI MeToxy MoHTe-
Kaprno. HaBemeHo Jekinbka YHCIOBHX EKCIEPUMEHTIB IOJO BUBYEHHS BIUIMBY HEWIiTKOI
iHdopmarii Ha BeTMYHHY OTyKaHOI CHIIH.

KorouoBi ciioBa: mumiHapuuHa 0OOJIOHKA, HEUITKI BEJIMYUHHU, ONTUMAIIBHE IPOEKTYBAHHS
KOHCTPYKIIi}, HEBH3HAUEHE IPOrPaMyBaHHsI, HEUiTKEe MOJICIIOBaHHS.

Beryn

B 3ajgauax mpoeKkTyBaHHS, B TOMY YHCIl W ONTHUMAajbHOIO, Mae Micle
BUNAJOK, KOJIHM II0YAaTKOBI XapaKTEePHUCTHKH 1 IapaMeTpu CHCTEMH €
"HemockoHaMMU" TaHUMH. Taka iH(opMarlist Moxe OyTH OTpUMaHa B YMOBaX
HEYITKOrO YM  HETOYHOrO  ONKCy, BUMIPDIOBaHHS,  CYIEpEwWINBOCTI.
[MpoexTyBanbHUK 3000B's3aHWIT  yTOYHWTH iHQOpMaIil0 Tpo JaHi Yy
BIJIMOBIHOCTI JI0 ICHYIOWMX HOpPM TIIPOECKTyBaHHs. B MexaHili IoMiHye
nerepMiHOBaHWi miaxia. Tyr mae Micue mMoBaXKHE BiJHOMIEHHS JO BCHOTO
TOYHOT'O, CTPOrOro, KiIbKiCHOro. AJie, B JIOBIJIHUKAaX, IIiJpyYHUKAX,
MoHorpadisix 3HauHa YaCTUHA JAaHWX HABOAWTHCS y BHUIUIAAL 1HTEpBAIIB,
HETOYHHX YHCEIL.

BigHomeHHs 10 BCbOr0 HETOYHOr0, HECTPOTOro, HEYITKOT0, BUIIAIKOBOT'O
JIOCUTH JIOBTO Y JIOCIITHHUKIB 1 MPAKTHUKIB 3aJHINAIOCH 3HCBOKIUBHUM. | TiNBKH
HanpukiHni 20 cromitrs A0 wi€i mpoOieMu cTand BiJHOCHTHCH iHAKIIE -
3'SIBUBCS IHTEpEC J0 PO3MIIALY OUIBII 3arajJbHHUX 3a/1ad, Je O BPaxoBYBAJIUChH
TniepestivueHi Buille HeBU3HaUeHOCTI. J{i1s1 hopMyiroBaHHS 1 po3B's3aHH iX CTaB
HEOOXITHUM TaKUii MAaTEMATUYHUH amapaT, SKUM MaB OM MOXKJIHBICTH ampiopi
BpaxoByBaTH HEBHU3HAUEHICTh B 3aBJaHHI TEOMETPUYHUX IapaMeTpiB

© bapanenko B.O., Bomaox JI.J1.
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KOHCTPYKIii,  XapaKTepUCTHK  BJACTHBOCTEH  MaTepialy,  BEIWYHUHH
HABaHTAXXEHb, iX MICIIe IPUKIIaJIeHHS Ta iHime [1].

Takum anmaparom mpu aii GpakTopiB BUIIJAKOBOI MPUPOIU B MEXaHili cTajia
Teopis ¥MoBipHocTedl. Ha 1i ocHOBI HaOynma pO3BUTKY Teopist HaIiiHOCTI
KOHCTpYKLi# [2, 3].

B kiHIi MHHYJIOTO BiKY JUIsS CHIPHUHHSTTS SBUI 1 MPOILECIB, 3MIHHI SKHX
MaloTh J00pe po3pi3HEHY I'PAHUIIIO THX MHOXHH, JI0 SIKUX BOHH HaJleXaTb, OyB
pO3po0JIeHNiT B MaTeMaTWIli HOBHH HAIPSIMOK - TEOpis HEYITKUX MHOXHH
(fuzzy sets theory - FST). FST Oyma 3amymaHa sk MaTeMaTHYHHUH amapat
HEYITKOTO BUBOJY U pOOOTH 31 3MIHHMMH JIIHTBICTHYHOTO BUAy [4, 5], mo
BIJIMOBiJIa€ SBUINAM 1 MpoIlecaM B TYMaHICTHYHHMX 1 TEXHIYHHX CHCTeMax. B
MexaHili Iei armapar 1ie He 3Mir 3HalTH IIUPOKOro 3aCTOCYBaHH! [6].

[Ipore pesynbraTi nogaibmoro po3Butky FST Biakpuiau nuisx 1o podoTu
3 "HEZOCKOHAJIMMHU" YNCIIOBUMH JaHUMU B 0araTboX rajly3siX TEXHIKH.

s pobotu 3 HesicHuM, "TpyOUM" OITMCOM TPaHWIb MHOXHH B CydacHii
MaTteMaruili B KiHii XX BiKy po3po0jeHO HOBHMH amapaT - Teopish HETOYHHX
muOxkHUH RST (Rough Sets Theory) [7].

Jlis cipuiHATTSL HEeAOCTaTHROI iH(pOpMalii Oylno 3anponoHOBaHO MiIXix
[8], cyTs skoro momsArae B ToMy, 10 KO)KHa HETOYHA MHOXKMHA MOXe OyTH
BH3HAY€Ha 3a JIONOMOIOK YITKHMX (Crisp), €JeMEeHTapHHX MHOXHH SIKi
Ha3UBAIOTHCSI HIDKHIM Ta BEPXHIM HaOMMKEeHHSIMU. Teopist HETOYHNX MHOXKHUH
JIOTIOBHIOE TEOPII0 HEYITKUX MHOXHH 1 M'SKHX OO4HCiIeHb [9], a came: mae
CrpaBy 3 HIIMM BHJOM HEBH3HAUEHOCTI Ta CYINEpewIMBOCTi. PazoM 3 Teopiero
FST, RST sBisie o000 MOTYKHUI 1HCTPYMEHT JUIS aHali3y "HeJoCcKOHamX"
JIAaHUX B YMOBaX HEYITKOCTi, HETOYHOCTI, CYIIEPEWINBOCTI 1 HETIOBHOTH.

B naHifi craTTi pO3rNSANAETHCS OfHA 3 3a4ad MEXaHIKH IMTIHAPHYHHX
00OJIOHOK - BH3HA4YEHHS MaKCHMaJIbHO MOXIIMBOTO 3HAYEHHS IPHKJIAJICHOTO
TIOB3/IOB)KHBOI'0 HaBaHTa)XKEHHS 32 YMOBM HECYdYoi 3JaTHOCTI NP 3aBJaHHI
"cupux" BUXIJHUX ITapaMeTPiB - TOBIIMHHU 1 pajiycy 0OOIOHKH.

PosrnsimaeTsess BHJ HEBH3HAYEHOCTI - HEYITKHHA OIMC IapaMmeTpiB.
@dopmynmoeTbesl ONTHMI3alliiHa MOJIENb, sSKa BigHOCUThCs 10 Kiacy CCP-
Mojenell maremaruyHoro nporpamyBaHHsi [10] (CCP - chance constrained
programming - TporpaMyBaHHS 3 OOMEXCHHMH IaHCaMu). B skocTi Mipu
IIaHCIB JJIsl JaHUX HEYiTKOI Mpupoxu B3sita Mipa - MmoxuuBicts (POS -
possibility). s peanmizamii Mojeni BUKOPUCTOBYEThCs MeToz, Monrte-Kapio
(imiTamifiHe MOJIETFOBAHHS).

2. @opmyJoBaHHs 3aa4i

PosrnsmaeThes i30TponHA KpyroBa MWTIHAPUYHA O0OJOHKA, T€OMETPUYHI
XapaKTEepUCTHKUA SKOi pajmiyc R, ToBOMHA A 1 jJoBkuHa L - 3amaHi
BEJIMYUHA. Matepiai 000JOHKH XapaKTepPH3yEThCs MOIyJieM MpykHOCTi FOHTra
i [Iyaccona, BiamoBigHO, £ 1 v, a TAKOXK MIITHICTIO MaTepialy Ha CTUCHEHHS B
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OCHOBOMY HAIIpsIMi, B SIKOMY Ji€ CTHUCKAaroua MO3MOBXKHA cwia N *. YMmoBu
3aKpiIuieHHs] 00OJIOHKH - MapHipHe onupaHHs. J{Jis Takoi MexaHiqYHOI CHCTEMH
npu3HauYuMo (izuyHi oOMexxeHHs y BUrsimi [11]

gX)zu;i=12,3, (1
re u=N'; x={x,x}; x=h; x,=R; x>x,>0; gx)=PR";
g,(x)= Pkpc ;g (x)=Fys PkpM , Pkpc - BIJMOBIHO MicIleBe 1 3arajbHe
KpUTHYHE 3ycWlIsl; P, - MinHicts obomoHku. Tyr Bupasu mns g(x) -
JificHO3HAYHI (QYHKIIi BEKTOPY X .

o M
3anuuieMo HaOMMKEHUI BUPa3 JUIsl KPUTUYIHOTO OCHOBOrO 3ycuuist B, ,
P, pc Y BUIIAJKy IIAPHIPHOTO ONMPaHHS CTEPKHS 3 KUIBIIEBUM Mepepi3oM:
M 2, 2y .
P’ =Dx"; D=2rE/\3(1-v"); 2)

P
E

2 €)

C _ 3. _
F,=Bxx,"; B=

MinHicTh 000IOHKM Ha CTUCK N * ITUIIEMO SIK
P, =Cxx,; C=2n0,. “4)

JIBa oomexeHHst B (1) 3 o3HaueHHsMH (2) - (3) BU3HAYAIOTH MOXJIIMBICTH
MICIIEBOI Ta 3arajbHOI BTPaTH CTIHKOCTI OOOJIOHKH SIK CTEPIKHSI.

Tpere obmexenns B (1) 3 o3HaueHHsM (4) 3abe3nedye MOXIHMBICTH
HepyiiHyBaHHs 00OJIOHKH NPU CTUCKAHHI 1i cuitoro u = N .

HeoOxinHO npH 3a1aHuX 3HAYEHHSX BUXIJHUX T€OMETPHUYHHX IapaMeTpiB
obononku h, R, L, bi3uyHux xapakrepucrukax £, v, o, 3HaliTH Take

MakCHMajlbHe 3HAUCHHS BEIMYMHH u° , TIPU SIKOMY 3aJI0BOJILHSETHCA YMOBA
Hecy4oi 3natHocTi (1)-(4).
BHacitok MaeMo Taxky JeTepMiHOBaHY 3aJlaqy HENiHIHHOT ONTHUMI3alii:

u® :arg{ma())(u|gi(x)2”;i=1a 2, 3}' ®)

B nocranosui (5) ontumizaniiHoi 3agadi Bci napamerpu i, R, E, v, o,
abo ix yactMHa MOXYTh OyTHM YITKUMH ab0 HEBU3HAYCHUMH, 30KpeMa,
BHUIIaIKOBUMH, HEUITKUMH, HETOUYHUMH.

B nawiii po0oTi, HE TOPYIIYIOUX 3araibHICTh MiJXOAY, PO3TIIIAETHCS TOH
BUNAJIOK, KOJM MapaMeTpu i 1 R ONHCYIOTHCS 3a JIOIIOMOTOO CIIOBECHHX
KBaJTi(pikaTopiB, 30KpeMa TOBIIUHA /1 JOPiBHIOE "IpubIM3HO Benuuini A", a

pagiyc R "6nuspkuil" m0 3HaveHHs R . MoxyTh OyTH iHIi omucH -
iHTepBaini", "Tpoxu Oinbie, Hixk", Ta 1HIII.

B
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OnHoYacHe BHKOHAHHS TPHOX (DI3MYHMX YMOB 3 HEUITKOIO BEIHYHHOIO
E=(x;x,) ne x, =h, x, =R € HediTKa noAis
{g(&)zu};i=1,23. ©)

VY 3B's3ky 3 muM MoxHa chopmymoBati 3amady (5), gk 3amady
HEBU3HAYECHOTO MporpamyBaHHs [9]: 3HANTH Take MaKCHMalbHE 3HAYCHHS

OCBOBOI CTHCKYIOYOI CUJIM U , IPU IKOMY BUKOHYEThCS yMOBa

Pos(g, (&) zu)2 B (0< <), (7
ne [ - 3amaHuil piBeHb MOXKJIMBOCTI, TOOTO
ity =arg {maox u(ﬁ)|P0s(gl. & =zu)=2pi=12, 3} . (8)

Uepe3 Pos B (7) - (8) mo3HaveHO Mipy IIAHCIB BUKOHAHHS HEYITKOI MOJii
(6) - MmoxxTUBiICTE. Mae MicIie Take TBEPDKCHHS: JUTA TBOX HEUITKUX yucel A
Ta B (AcR;BcR)3anuc Pos(A=2B); A=g,(§); B=u(f) o3nauae, 1o
MOXIIUBICT, HacTaHHA moxii (6) 3a Oympb-skux A 1 B sBuse coboro
HaKOIIBITY i3 MOXIIMBOCTEH TOTO, IO iCHYE, MPUHAWMHI, OJHa Mapa 3Ha4eHb
xTa y; xeR; yeR, taka, mo x>y, a3HaueHHs 4 Ta B € 3HaAUYECHHSAMHU

X Ta y BIANOBiAHO, TOOTO [9]
Pos(A = B) = Sup {min(u, (), 1, (y))] = v} ©)
X,y€l

VY Bupasi (9) Hewitki yucna 4 i B 3a7aroThCs (QYHKINSMH HAJIEKHOCTI
W, (x):R0;1]; py(y):R[0;1], sxi BiANOBiNAIOTH yMOBaM O3HAYEHHA iX, a
came:
1) Sup p,(x)=1; Sup pyz(y)=1 - HopManbHOCTI;

xeR yeR
2) HeTlepepBHOCTI;
3) omykiocTi: qs Oyab AKUX X, X, € A R; 0< A <1 mae micue

Hy [}’xl +(1- }')xz] = min[/”A (%), 1 (x, )] .
Uucno B € mificHUM i TakuM, o g =1.

3. HeuiTke Moge1r0BaHHSA

[Tix HEYITKMM MOJIENIOBAaHHAM TYT PO3YMIETHCS MPOLEC BUKOHAHHS TaKHX
eTamiB JOCHTI/DKeHH: a) Qas3idikariis; 0) aHami3, iMiTalliiiHe MOJCITIOBAHHS,
ornTuMizanis; B) nedas3idikaris.

CyTHICTH TEpHIOro eramy MoJsra€ B OIMCY IIOYAaTKOBOI BUXIJHOI
iHpopMamii B TepMiHax Teopii HEUITKMX MHOXHH, TOOTO TYyT Uil JaHHX
HEYiTKOI TpPUPOOM YBOOWTHCS BiAnoBigHAa (yHKIis HajmexHocti. [lpm
PO3B'sI3aHHI NMPAaKTUYHHUX 337a4 L (YHKIIS 33aJa€ThCs M03a MeXaMu Teopil
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HEYITKAX MHOXWH, a 11 aJ[CKBaTHICTh HE MOYKHA ITEPEBIPUTH MiAXO0JaMH Camol
Teopii.

Jpyruii eran MOIENIOBaHHS IMOJIATa€ B YCTAHOBJICHHI BiJIIMOBITHOCTI MiXK
HEYITKUMU TaHUMH i IPOCTOPOM BiJTOOPaKCHUX PE3yIIbTaTIB.

Tperiii eran € 3BeACHHAM pPE3yJbTATIB JIPYTOro €Tamy O YiTKUX 3HAYCHb
IIyKaHUX mapamMeTpis. [l 3aaadi, sika po3rIIaeThCs TYT, TAKAM TapaMeTpoM
€ 3MIHHA U, JUIsl 3a/laHOr0 anpiopi piBHs f3 .

3.1. ETan ¢a3sipikamii
Hexaii mapamerpu /2 1 R 3a1al0ThCS HEUITKUMU YUCIAMHU 3 BiJIIIOBITHUMU
(YHKIISIMHA HAJIEXKHOCTI

1 (x): X > [051]; pp(x): X >[0;1]; x={x, =h,x, =R} e X
X R - MHOKHHA JIACHUX YHCE.

AnexBaTHOIO — (hopMastizaili€lo  JIHTBICTUYHUX  OMHCIB  "mpuOIU3HO",
"6mmr3bKo 10" € HewiTki uncna (L — R ) Tumy 3 QyHKuUi€ero HanexHocTi [12, 13]

L(%J x<m
L
u(x) =
R u) x>m,
( Ag

me L,R - mesxi (ymkuii, m- nilice uncro (moxa) Take, mo A(u,(m)=1);

(10)

A,, A, - BIANOBiAHO JIBOOIYHMIA Ta mpaBoOIYHMI po3kun. [Ipu 301abIIeHH]
L> R

poskumiB A;, A, uucno A crae "Oumpm" HewiTkuM. Take umcio A

3anMcyeThbes y BUNIiAL (puc. 1).

A=(m,AL,AR)LR,a=m—AL,b=m+AR. (11)
7
1
[ R
B
/ N
A, Ay \ X

a m b

Puc. 1. O3HaueHHs HEYITKOTO YKCIIa

BUKOPHCTOBYEThCSA TAKOX 1HINIMHA BUTJSI 3allCy HEYITKOTO YHCIa
A :(a,m,b) A
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Hexaii ¢ynkmii L(x) 1 R(x) BUKOHYIOTH BifoOpakeHHS R —>[O;1] i
3aJI0BOJIBHSIIOTH TAKHM YMOBaM:

a) L(=x) = L(x) ; R(=x) = R(x) ;

6) L(0)=1; R(0)=1;

B) pynknii L(x) 1 R(x) € He 3pOCTalOYMMH YHIMOAAJIHHUMH Ha iHTEpBaJIi
(0,+00) .

Jns 3amanoro f - piBHA i3 o3HaueHHS (YHKUIN HaldexXHOCTI 4, (x) 1

HUp(x) dbopMmyroTbes MHOXKMHHE X, C X, x, € X, X <R (puc. 2).

X, =[x (B).x (B) sk =1,2. (12)
7y
1
£,(x) #4,(%)
0<p<l
Yij
"
X ny x; Xy m XX
a 7]

Puc. 2. VTBOpeHHs MHOXHH X |

Sxmo u(x) e dpynkmiero ayca (puc. 2, a)
2
u(x) = exp(—(xz—mz)j ; m, O - MapaMeTpH, (13)
o

TO

X, =m,—o,\2InB; x; =m, +0,2Inp. (13,a)

VY Bunanky, Komu u(x) PpO3IISIIAEThCS Y BHITISNI TpUKyTHUKa (puc. 1,
puc. 2, 6)

xX—

a ,a<x<m
m—a

b—x
b—m

u(x) = (14)

,m<x<bh,

TO
X, =a, +p(m —a.); x; =b, — B(b, —m). (14,2)
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3.2. ETanm imiTaniiinoro MmoaeoBaHHs
Ha ocHoBi iH(opmartii moao GopMyiroBaHHS 3aaa4i, etamy ¢as3idikarii Ta
NoJ0XkeHb MeToay MoHTe-Kapio nponoHyeTbcs Takuil aaropuTM:
ITouaroxk.
1. Ilpy3HaunTU SW=—00; 8§ =+0.
OcHoBHMM nuki: j=1,2,...M .
2. Orpumatu B iHTepBani [0,1] BUIAIKOBI YMCia 3a PIBHOMIPHUM 3aKOHOM
po3moniay
&, =random ; k=12.
3. 3 inrepBanis X, (k =1,2), BusHauenux B (12), (13) a6o (12), (14) 3HaiiTu, B

3aJIEKHOCTI BiJ| QYHKUIT HANEKHOCTI, Bennauun x5 (kK =1,2).

Xy =% (B)+ (x5 (B)—x, (B)E; - (15)
4. O6uucnuTy 3a o3HaueHHsM (2) — (4) pynxuii g =g, (x,); i=1,2,3.
5. 3Haiitn w = rnl_in{gl.j} =123,
6. SIKmo w < ss, TO NPU3HAUUTHU SS = W.

Skimo w > sw, TO IPU3HAYUTH SW=W .

7. j=j+1.TloBTOpuTH O0YUCIEHHS 3 KpOKY 2 M pa3iB (BUIpOOYBaHB).

8. Kinenp muxiy.

9. IlpusHauutH u, =sSS; U, =SW, BIIANOBiAHE JiBOOIUHE Ta mpaBoOiuHE
3HAYCHHS BEJIMIUHU U, .

10. Kineup.
3ayeaocenns. Bubpauni uucna x, () (k =1,2) e takumu, mo u,(x,,x,) = 3,

HUp(x,,x,) = [ TOOTO 3a10BOJILHAIOTH OCHOBHE 0OMEXKeHH: 3aaui (8).

3.3. Jedassidixania
B pesympraTi  peamizamii  moOmepemIHHOrO  €TAy  MOJICTIOBAHHS
OOYHUCITIOIOTBCS YIS KOXKHOTO JHMCKpeTy 3 3HAUEHHS HEYITKOI BEIUYUHH

g ={u, (B),ur(B)} -

MopanbHe 3HaueHHs npuitMae Benuuusa mpu S =1; u, (1) =u,(1).

3 1mX pe3ynbTariB chopMyEMO IOCITIIOBHICTD V = {VJ} ; j=12,..,T nna
n jguckperiB, a came: V, =u,(B); V,=u,(B); ...; V,_,=u, (B, );
Ve=u, (B, =D)=u(B,=1); Vi =ux(B,1) 5 Via =up(B, ) 55
Vo =u,(B); V, =uy(B),ne m=2n-1; B, <p,<B;<..<B, =1.

3 enementiB mocmigoHocTi {V}; i=1,2,..,m Ta o3HayeHHs u;=f3; 3a

JIONIOMOTOI0  orepailii ~ 00’€lHAHHS  3allMIIEeMO  OTpPUMaHy  HEYiTKY
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seuunny u] (),

’ _nﬂ
mwm—zy

J=k 7

s k=121, (16)

ne T, =2n—k .
Jlns nepeTBOpeHHs HeuiTkoro uucia u] (f),, B 4iTKE & CKOPUCTAEMOCH

croco0oM, SIKUH 3aIpOIIOHOBAHO B poOoTi [9], a came:
T
u=)y sV, a7
i=1
Je s, - BaroBi Koe®illieHTH, sfKi BpaxoBylOTh iHdopMmaliro mpo {u;};
i=12,.,T;

1
s, =5{u1 + max ‘u}]_—maxu}]};

1<j<m 1<j<m

1
s, =—{max M;—Max 4+ max 4, + max u»}} st i =2,3,..,m—1; (18)

1<j<i 1<j<i i<j<m i<j<m

s, = l{max M;—Mmax f+ um} .
1<j<m 1<j<m
Crisignomenns (17)-(18) € Bupa3om 04iKyBaHOTO pe3yibTary (aHaJOris B
Teopii KMOBIpHOCTEI — MaTeMaTHYHE CIIOIBAHHS).
IcHyroTh TakoX iHII ciocoOu nedas3idikanii HewiTKuX BenuyuH [12].

4. YncJioBi ekciepuMeHTH

4.1. Ilepa ingopmaniiiHa cuTyauisi OA0 BUXITHUX JAHUX

IIpu Takux 3HAYEHHSIX YUCIOBUX JaHuX: E = 8,16-10° H/CMZ, v=03,
o, = 162-10° H/CMZ, L=300 cm, m =0,07cm, m,=10cm, M = 5-10°,
maHux Tabmumi 1 1 ¢QyHkmii  HamexxHocTi raycoBoro Buay (14) 3a
MIPOMIOHOBAHUM aJTOPUTMOM BUKOHAHO JICKIIbKA YHCIOBHUX EKCICPHUMECHTIB,
pEe3yNbTaTH SIKUX MTOAAHO B TAOMUIAX 2 - 5 1 BiAnoBiqHuX rpadikax (puc. 3, 4).

Tabmums 1
[TapameTpu eKCIIEpUMEHTIB
Ne exciepumeHTy o,,CM % Cp,CM %
1 0,01 14 1 10
2 0,01 14 2 20
3 0,02 28 2 20
4 0,01 14 0,1 1
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B CTOBIIIAX «%o» HaBOAUTHCA BiI[COTOK BCIIMYUHU O

3HaueHHd napamerpiB m, =0,07 1 m, =10.

BiJl TOYHOrO

Po3B’s3anHst nerepMiHOBaHOI 3amadi (5) BMKOHAHO TaKOX 3a METOAOM

Momnre-Kaprio.

OtpuMaHO Takuil pe3yabTaT

u™ =71251 H,

3 SJAKUM

TIOPIBHIOIOTHCS PO3B’SI3KM 3ajJadl onTuUMi3amii Nmpu HEWITKUX JaHuX (mepiia
iHpopMariifHa cuTyaris):
0,07 cm», a paniyc «omusbkuii 10 10 cm».

TOBIIUMHA OOOJIOHKHU

«IIpUOJIN3HO  JTOPIBHIOE

Tabmums 2
OKcnepuMeHT 1

ﬂ ué ug ﬁﬁ Prﬁ,%
0,1 39479 111476 72877 2,3
0,2 44172 105052 - -
0,3 47771 100171 72663 2,0
0,4 50288 95833 - -
0,5 52774 92664 72253 1,4
0,6 55291 89603 - -
0,7 57678 86184 71807 0,8
0,8 60524 82993 71687 0,6
0,9 63742 79279 71488 0,3

1 71251 71251 71251 0
0,95 66021 76773
0,99 68914 73667

Tabmmmg 3
DKCIIepUMEHT 2

yij ué u;; i Pr,, %
0,1 27107 132050 74422 4,4
0,2 34668 121335 - -
0,3 38796 113522 73891 3,7
0,4 42536 107464 73548 3,2
0,5 45968 102136 73168 2,7
0,6 49203 97420 - -
0,7 52415 93241 72508 1,8
0,8 56124 88248 72059 1,1
0,9 60784 82803 71745 0,7
0,95 63819 79260 - -
0,99 67949 74675 - -

0,999 70195 72337 - -
0,9999 71146 71360 - -
1 71251 71251 71251 0
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Ta6nuns 4
DKCHepuMeHT 3
B u g g Pry, %
0,1 15421 162307 77500 8,8
0,2 23167 145512 - -
0,3 28152 132473 76241 7,0
0,4 32679 124862 75778 6,4
0,5 37213 116574 75027 5,3
0,6 41043 108917 - -
0,7 45391 103207 73662 34
0,8 50307 95882 72819 2,2
0,9 56557 87645 72024 1,1
1 71251 71251 71251 0
0,99 66532 76146 71338 0,12
Tabmurst 5
DxcrepuMeHT 4
B u g g Pry, %
0,1 48637 95016 74828 0,25
0,2 52244 90949
0,3 54798 88060 71371 0,17
0,4 56894 85994
0,5 58696 84062 71349 0,14
0,6 60488 82232
0,7 62261 80500
0,8 64150 72488
0,9 66357 76209 71281 0,04
1 71251 71251 71251 0
0,95 67825 74732
0,99 69736 72781
0,9999 71101 71405
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7
1,0 p LT Z, )
fﬁ QE\ ?)
e 7t X G)
raAvip iy AY =
LT A
0,6 I 3 AY
s % y % \ w\\
4 I | \
oA 140 &) AREZN N
par 401N %
A R
02 4 Y "
T A . NN Nl
[
20 40 60 80 100 120 140 U kH
Puc. 3. I'padiune 306paxenns Heuitkux yucen u, (f) i u, ()
7,
0,8
VAW
0,6 \\
\ &
X 7
N
0,4 TN\ A
1K \ .y
HONDR7y
02 "N
) \
%

1 2 3 4 5 6 7 8 9

Puc. 4. Bigxunennst u () Big po3s’s3ky qerepminoBaHoi 3axa4i (B %)

IUIsl TUCKPETIB [, = ,Bl. JUISL YOTHPBOX CKCIIEPUMEHTIB

4.2. lpyra indopmaniiiHa cutyaunisi 1010 BUXiITHUX JAHUX
B nmpaktumi 3acrocyBaHHS HewiTkMx BenwuuH [13]  Haiiwactime
BHUKOPHCTOBYIOTBCS HEYITKI TPUKYTHUKOBI YHCNa 3 (YHKI[€I0 HaJIEKHOCTI
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(14). Hexaii mapamerp R 3aJaeTbcsi TakMM UYWHOM: BEJIMYMHA pajiycy
obomonku "Tpoxu Ounbmie, ynM 10 cu". Dazzidikariro miei curyaiii 31iHCHEHO
3a JIONOMOTOI0 YBEIEHHS MOHATTS HamiBUiTKuX uucen [14] 3 ¢dyHkuiero
HalexHocTi, Hanpuknaz, suny (13) - (14), komu a =m (puc. 1, 2), T00TO 3

KOoe(ILliEHTOM  pO3KHIY
. . H
neuitkocti A, =0. Komn 1,0 2
A, =0 anexkBaTHO oOmHU- \\
cyetbesi  iH(opMariiina 0.8 ¥
cuTyauist "TpOXy MEHIIIe, ’ \
"II/IM" \\
H'a uc. 5. 1 Tabm. 6 (D ([—? N
. puc. J. . 0,6 \/4)_{5} 1\~ -
aZlaHO PE3YNIbTaTH JBOX 1
YHUCIIOBUX  EKCIIEPUMEH- 4 “\
TiB TpH TakUX JaHUX: 0.4 )
my, = 0,07 cam; a N* \
Al =0,01 ca; ” 1
m, =10 cm; ’ \ \
A) AR =0,1cm; )Y |
B) AR =1lcm. 50 60 70 80 90 1 KH
Uepes AZ s Ag Puc. 5. T'padiune 306 paxkenns
MO3HAYEHO TIPaBOOIUHMIA neuitkux wucen uy (B) i up(B)
PO3KUJI TapaMeTpiB 4 Ta R BiIIOBIIHO.
Tabmuws 6
Pe3ysnpraTi UMCIOBUX EKCIIEpUMEHTIB A, B
B Excnepument A Excnepument B
uL uR uL uR
0,0 61144 82189 61385 89442
0,05 61687 81564 61961 88545
0,1 62204 81106 62289 87430
0,3 64217 78874 64291 83827
0,5 66251 76683 66491 80053
0,7 68237 74522 68371 76467
0,8 69240 73421 69309 74701
0,95 70748 71794 70760 72105
1 71251 71251 71251 71251
Pe3yn.I’T.aTH ;g%s =71428.7, mo Ha ;gcés =72934 , mo Ha
nedaszigikarrii o o
0,25% Oinblie Big u; 2,4% OinbIie Big u
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5. Oninka pe3yabratis

Jlis OIIHKM TOYHOCTI OTPHUMAaHHMX YHWCIOBUX PE3YJbTATIB y BHUIIISAIL
CJIOBECHHX BHCIIOBIIIOBAHb CKOPHCTAEMOCH O3HAYEHHSM JIIHIBICTUYHOT 3MiHHOT
«Tounicte» [5]. Ha puc. 6. HaBeneHO TepMH Ta iX XapakTEpUCTUKH Yy (opmi
YUCIOBMX iHTepBadiB. JlaHi IMX iHTEpBaJiB MOXXHA OLIHUTH EKCIIEPTHHM
yuHOM. TyT NPONOHYETHCS aBTOPChKA EKCIepTHa OIiHKa. BoHa Moxke OyTH

IHIIOIO.
To4HiCb
Lyxe | Haonuxero | |Z70/7_L/[/77UMU[]| |/7/7L/[]HH/77HU£]| LAocmomso [ Maixe
HAO/UXEHD Mmoo moYHo
I I I
|>5% || 0%-15% ) [ 5%-10% ) | 15%-5%] |01%-15% (001%-01%)

Puc. 6. Jlinrsictnuna 3MiHHa «To4HicTEY 3 1i TepMaM¥ Ta eKCIEPTHUMH OL[iHKAMU

3a mMM O3HAYEHHSM OTPUMAHO OIIHKM MAaKCHUMAaJIbHOI BEUYMHU CHIIH
ctuckanuas N = Ug Ha OOOIIOHKY JUIsl ACSKUX PIBHIB MOXIIMBOCTI BUKOHAHHS
ymoBH (7). OLiHKY 3ancano B Tabnui 7.
Tabmuus 7
OriHka po3B’SI3KY JUIS ACSIKUX PIBHIB MOXIIUBOCTECH B 3aJISKHOCTI BiJT
HEYITKAX JaHUX

Ne excrie- OuwiHka po3B’s3KY U,

PHMEHTY B=0,1 B=0,7 B=09
1 [puiinsTHO JHocratHbo TouHO | JlOCTaTHBO TOYHO
2 Homyctumo [puiinsTHO JlocTaTHBO TOUHO
3 Homyctumo Homyctumo [puiinsaTHO
4 JlocTaTHBO TOUHO JlocTaTHBO TOUHO Maiixe TOUHO

6. BucHOBKH

1. ApmanToBaHO MaTeMaTHYHHWH amapaT Teopii HEYITKHX MHOXHH [0
chOpMyTBOBAHOI ~ ONTHUMI3AINMHOT 3amavi BU3HAYCHHS MAaKCHUMAaJLHOTO
3HA4YEHHs OCHOBOI CHJIM, IIO Ji€ Ha IIIIHIPUYHY OOOJIOHKY, 3 YpaxyBaHHSIM
oOMeXeHb Hecy4ol 37aTHOCTI 1 HEYITKOro 3aBJaHHS il TI'€OMETPHUYHHX
rapameTpiB — TOBIIUHY 1 paJiycy.

2. Po3po0yieHO aNropuT™M IMITAIlIHHOTO MOJCTIOBAHHS ONTHMi3aIliitHOT
3aJaui Ha OCHOBI BUKOpUCTaHHS MeToay Monre-Kapio.

3. Aunroput™m rmiepenbadae BUKOHAaHHS TpPhOX eramiB — (paszidikarmii,
onTuMizamii 1 ngedaszidikamii  ONTHMaJBHUX  HEYITKHX  pPe3yJbTaTiB.
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BukopucraHno Buj aleKBaTHOCTI ONMUCY HEYITKUX O3HAUYeHb «OJIM3BKO JI0»,
«TIPUOJTU3HOY», «TPOXHU OLIBIIE».

4. BuKOHAHO [EKiNbKa YHCIOBHX EKCIEPHMEHTIB, 3a SIKHMH OTPHUMAaHO
OINITHUMAaJbHI MPOEKTH — MaKCHMaJIbHE 3HAYEHHS MTOB3/I0BXXHBOI CHIIM, IIO i€
Ha KOHCTPYKIIiO, JJIsl KOHKPETHUX PIBHIB MOMJIMBOCTI 3IHCHEHHS HEWiTKOI
nozii — 3aJI0BUIHEHHST YMOB HECY4Ol 31aTHOCTI. IcTOTHO, UnM Oinble piBeHb
MOXIIUBOCTi, THM OJIMDK4Ye HaONMKAEThCS /0 3HAYEHHS CWIIM Y BHIAIKY
JeTepMiHOBaHOI 3afgaul. 3OUIbIICHHA 3HAUYEHb HApaMeIpiB o, 1 O,, A,

MPU3BOJNTL JIO 30UTBIICHHS 3HAYCHHS BIAXWICHb BiJl JCTEPMiHOBAHOTO
PO3B’SI3Ky ONTHMI3aIliifHOl 3a7adi. 3a OTPUMAHUMHU JTAHUMU, HABCICHUMHU B
Taba. 7, MOKHA BHSIBUTU JIONTYCTHMI TPAaHUI 3aBIaHHS «TPYOHMX» BHXITHHX
JTAHUX.
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Baranenko V.A., Volchok D.L.
ESTIMATION OF THE MAXIMUM AXIAL FORCE OF COMPRESSED SHELL WITH
FUZZY DATA AS A PROBLEM OF UNCERTAIN PROGRAMMING

In the theory of structural design, including the optimal one, where the deterministic approach
dominates, it raises interest in considering more general problems in which situations are taken into
account when information about the factors of the system being designed is of an uncertain nature.
Uncertainty can have probable, fuzzy and inaccurate nature. To formulate and solve problems in
these cases, a mathematical apparatus is needed that would have the ability to a priori take into
account any kind of uncertainty. Under the influence of random factors, probability theory became
popular in mechanics. Based on it, the theory of safety was developed. Accounting of the fuzzy
description factors is possible within the framework of fuzzy sets theory. From the standpoint of
this theory, the problem of determining the maximum value of the axial force that compresses a
circular cylindrical isotropic shell under conditions of stability and strength is considered, with a
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fuzzy specification of the initial data - radius and thickness of the type "close to", "approximately".
Under fuzzy modeling is meant the execution of such stages of research as fuzzification, analysis,
simulation modeling, optimization. The fuzzification of these data is accomplished by introducing
fuzzy numbers. For their description, the membership function is used, which has a triangular and
Gaussian form. An optimization problem is formulated that relates to the class of CCP -models of
uncertain programming. A computational algorithm for realizing the model based on the Monte
Carlo method is given in the paper. Several numerical experiments to study the influence of fuzzy
information on which the optimal projects were obtained - the maximum value of the longitudinal
force acting on the structure, for specific levels of the possibility of performing a fuzzy event -
satisfaction of the conditions of the bearing capacity are given. As higher a level of opportunity as
closer result to the case of a deterministic problem. An increase in the values of the parameters
leads to an increase in the deviation from the deterministic calculation results of the optimization
problem. To assess the accuracy of the obtained numerical results in the form of verbal terms, the
definition of the linguistic variable "Accuracy" was introduced as one of the variants of the author's
expert evaluation. From the data obtained, it is possible to identify the permissible limits of the
specification of "rough" initial data.

Keywords: cylindrical shell, fuzzy values, the optimal design of structures, uncertain
programming vague, fuzzy modelling.

bapanenxo B.A., Boauok /[.JI.
OLIEHKA MAKCUMAJIBHOI'O 3HAYEHMSI OCEBOI CUJIbI C:)KATHUS OBOJIOYKHU
PN HEYETKHUX JAHHBIX KAK 3A/IAYA HEONNIPEJAEJEHHOT O
IMPOI'PAMMMUPOBAHUS

PaccMoTpena 3ajadya oOmpeseieHHs MaKCHMaJlbHOTO 3HAYCHHsS OCEBOW CHIIBI, KOTOpas
CKUMaET KPYroBYK LHJIMHIPHYECKYIO H30TPOIHYI O0OJIOYKY B YCIOBHSX YCTOMYHMBOCTH M
MPOYHOCTH, TPH HEUETKOM 3aJ[aHUHM HUCXOJIHBIX JAHHBIX - PaJMyce W TOJIIMHE THIA «OJIM3KO K»,
«rpubM3nuTeNbHOY). Da33uduKanus STUX JAHHBIX BBIIOJHEHA C IMOMOIIBI0 BBEJCHHS HEYCTKHX
gucen. Jis UX ONMUCAaHUs B3ATO (YHKIUIO MPHHAMICKHOCTH, KOTOpas MMEET TPEYTrOJbHBIA U
rayccoB Buj. DopMynupyercs ONTHMH3AIMOHHAS 3ajada, KoTtopas oTHocutcs k kimaccy CCP -
MojIeseil HeolpeIeIeHHOr0 IIporpaMMIpoBaHus. B paboTe mogaercst BHIYHUCIUTENBHBINA alTOPUTM
peanu3anuy MOJCIH, OCHOBAaHHBIM Ha WCIONb30BaHWU MeTona Monte-Kapno. IlpuBeneHs
HECKOJIbKO YHCIJICHHBIX HSKCIICPUMEHTOB [0 HM3YYCHHIO BIMSHHS HEUETKOW WH(pOpMaluu Ha
BEJIMYUHY MCKOMOM CHJIBL.

KarueBble cJIoBa: [WIMHIpPHYECKass O00OJNOYKA, HEYETKHE BEIMYMHBI, ONTHMAIbHOE
MPOCKTHPOBAHUE KOHCTPYKIHMI, HEONPEeICHHOE IIPOrpPaMMHPOBAHHUS, HEYETKOE MOJICIMPOBAHHUE.

VIK 539.3+511.1

bapanenxo B.O., Boauok /[.JI. OniHka MaKCHMMAaJIbHOT0 3HAYEHHSI 0CbOBOI CHJIM CTHCHEHHS
00010HKH NpH HeYiTKHX [JaHHX fIK 3a4a4Ya HeBH3HAYeHOro mnporpamysBamus // Omip
MartepiaiB i Teopist ciopy. — 2016. — Bum. 97. — C. 90 — 106.

Po3risiHyTo 3azady BH3HAUCHHS MaKCHMAIbHOIO 3HAYEHHS OCHOBOI CHIIH, KA CTHCKYE KPYrOBY
IITHIPHYHY 130TPOIHY OOOJNOHKY 3a YMOB CTIMKOCTI Ta MIIHOCTI, IPH HEYITKOMY 3aBIaHHI
BUXIJHHUX JaHHX.

Tab6m. 7. In. 5. Bibmiorp. 14 Ha3s.

Baranenko V.A., Volchok D.L. Estimation of the maximum axial force of compressed shell with
fuzzy data as a problem of uncertain programming // Strength of Materials and Theory of
Structures. —2016. — Issue 97. — P. 90 — 106. — Ukr.

The problem of determining the maximum axial force that compresses isotropic circular cylindrical
shell under the conditions of stability and strength with the fuzzy job output data.
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bapanenxo B.A., Boauok /[.JI. OueHKka MAaKCHMAJIBHOTO 3HAYEHHUS 0CEBOM CHJIbI C/KATHS
000/109KH NPH HeYeTKHX JAHHBIX KaK 3a1a4a Heolpele1eHHOr0 NPorpaMMHpoBaHus //
CorpoTuBIIEHNE MAaTEPUAIIOB U TeOpUsi coopyxeHuit. — 2016. — Beim. 97. — C. 90 — 106.
PaccMoTpeHa 3aada ONpeneNeHuss MaKCHMAaJIbHOIO 3HAUCHUs OCEBOM CHIIBI, KOTOpas CXKUMAeT
KPYTOBYIO IHIMHAPUYECKYI0 H30TPOIHYI0 O0OJIOYKY B YCIOBUSX YCTOMYHBOCTH M IPOYHOCTH,
IIPH HEYETKOM 33/IaHUH HCXONHBIX JaHHBIX.
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YK 539.3

BIIJIMB ITONNEPEJHBOI'O HAI'PIBY TA 3MIHHU YMOB
KOMBIHOBAHOTI'O 3AKPITIJIEHHS KOHTYPY HA CTIMKICTD I
BJIACHI KOJIMBAHHSA MTOJIOT UX IMTAHEJIEM ITPHU JIi TUCKY

O.I1. Kpusenko',
KaHJ. TeXH. HayK

'Kuiscruii nayionansnuii yHigepcumem 0yOiGHUYMEA | apXimekmypu
Hogimpogromcvkuii npocn., 31, m. Kuis. 03680, e-mail: olakop@ukr.net

BuBuaeThes BILTMB MONEPETHHOTO HATPIBY Ha BTPATY CTIHKOCTI Ta BIIACHI KOJMBAHHS MIPYKHOT
OJIOTOi KBaApaTHO! y IIaHi c)epHIHOI IMaHeNi Ipd KOMOIHOBaHOMY 3aKpIiILUICHHI KOHTYpY: OJHA
YacTHHA KOHTYPY XKOPCTKO 3aTHCHYTA, IHIIIa Ma€ MapHipHe onupaHHs. Posrisnaerses mocigosHa
3MiHa OJHOrO TUITy KiHEMAaTHYHUX I'PAaHUYHHX YMOB Ha iHmmii. ITopiBHIOIOThCS Ba BapiaHTH
YaCTKOBOI 3aMiHH JKOPCTKOTO 3aTHCHEHHsS KOHTYpY MaHell Ha mapHipHe onupaHHs. Ha koxHOMY
KpoLli HABAaHTAXKEHHs BIACHI 4acTOTH 1 ()OPMU KONMBAHb NAHEN BH3HAYAIOTHCS 3 YPaXyBaHHIM
HasBHOCTI IONEPeJHbOr0 HANpPYXKEHHs KOHCTPYKWii Bix [ii CTATMYHOrO TEPMOCHIIOBOIO
HaBaHTa)KCHHSL.

KurouoBi ciioBa: npyxxHa 000JIOHKa, HeliHilHe HedopMyBaHHs, CTiKicTb, BIacHAa 4acTOTa,
BiacHa (opMa KOJIMBaHb, TEPMOCHJIOBE HAaBAaHTa)KEHHs, KOMOIHOBaHe 3aKpIiIICHHS] KOHTYPY.

Beryn. ®@opma HemiHiliHOro nedopMyBaHHS Ta Hecyda CHPOMOXHICTb
TIOJIOTUX TIaHEJNIeH 3aJIeXaTh BiJ HU3KHU (DaKTOPIB, JIO SIKMX HAJEXKHTH 1 CIIOCIO
3aKpIiIUICHHsT KOHCTPYKIii [1-7]. ¥ peanbHMX yMOBax OOOJIOHKOBI CHCTEMU
nepe0yBaroTh ITij €0 SIK CHIIOBUX, TaK 1 TEMIIEpaTYpHHX IOJiB. 3a3Buuail 1is
HarpiBy NPUBOJAMTH JO MOSBU JOAATKOBUX TEMIEpaTypHUX jaedopMarii, ski
MOXYTb 3HAYHO 3MIHHUTH >KOPCTKICTh TOHKOI 0000HKH. KpiMm TOro, HasiBHICTH
TEPMOCWJIOBUX CTaTUYHMX HAaBaHTAXXEHb MOXKE ICTOTHO BIUIMHYTH Ha BIIAcHi
yacToTh i (OPMH KOJMBAaHb TOHKOCTIHHOI 00OJOHKOBOi cucremu [8-13].
TakuM YMHOM, /IS TiJBHMIIEHHS JOCTOBIPHOCTI BH3HAYEHHS HAIPY>KEHO-
nepopmoBanoro crany (HJIC) TrHydkux OOOJOHKOBHX KOHCTPYKIIH Yy
pO3paxyHKax HEOOXIJHO BpaXOBYBATH [0 TEMIIEPATYpHOTO HaBaHTaKEHHS, a
JIOCII/DKEHHSI BJIACHUX KOJMBAaHb OOOJOHOK MOTPIOHO TPOBOIUTH 3
ypaxyBaHHSIM  NEpPEIHANPY)KEHOr0  CTaHy, [0 BUKIMKAaHUHA  JIi€I0
TEPMOCHIIOBOT'O HABAHTAXKEHHSL.

AHaJti3 BIUTMBY HarpiBy Ha BTpaTy CTIHKOCTI Ta BJIacHI KOJIMBaHHS THYYKHX
00OJIOHOK TIpH 3MiHI YMOB 3aKpiIUIEHHS KOHTYPY € HEJOCTaTHhO BHBUYEHOIO
MpOOJIEMOI0 Y 3B’S3KY 13 MiJBHINCHOK CKIAIHICTIO PO3B’S3aHHS IMOMIOHHUX
3ajad.

IMocranoBka 3ama4yi. VY poOOTI pO3MISHYTO THTaHHA BIUIUBY
TIONIepeTHHOr0 HarpiBy Ha CTIHKICTh Ta Ha HIDKYI 4acTOTH 1 ()OPMHU BIIACHUX
KOJIMBaHb TOHKHX MOJIOTMX KBaJpaTHUX y IUIaHi CQEepUYHHMX MaHeNeH, MIo

© Kpusenxo O.I1.
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HaBaHTa)XEHI TEMIEPaTypHUM TIOJIeM 1 THCKOM, NpH 3MiHI TMapaMerpiB
KOMOIHOBAaHOT0 3aKpilJIeHHs: KOHTYpy. PoboTa € mpomoBKeHHSIM J10CHiDKEHb
[3, 13]. Jnst po3B's3aHHS IOCTABICHOT 3a[aui BUKOPUCTOBYETHCS KOMILICKCHUN
miaxig, mo 0a3yeTbesi HA TEOMETPUYHO HEJHIHHIN CKiHYEHHOEJIEeMEeHTHIH
Meroauti [1, 2] gocmimxenass HIIC, cTifKOCTI Ta MO3aKPUTUYHOI MTOBEIIHKU
TOHKHX HEOIHOPIMHUX OOOJIOHOK MNpPH TEPMOCWIOBMX HaBaHTAXEHHAX Y
TOETHAHHI 31 CKIHUEHHOEGJIEMEHTHOI Meroaukon [9, 13]  pospaxyHKy
HEOJIHOPIMHUX  OOOJIOHOK Ha  BJACHI KOJMBaHHA 3  ypaxyBaHHSIM
TepeTHaNpPYKEHOTO CTaHy Ha KO)KHOMY KpOILI CTaTUYHOI'O TEPMOCHIIOBOTO
HaBaHTa)KEHHSI.

PosrnsimaeTsest monepeaHpo Harpita Mpy)KHa MaHeNlb CTaloi TOBIIMHH, IO
HaBaHTa)XYETHCSI 30BHIIHIM PiBHOMIpHUM THCKOM (puc. 1, a). OnHa yacTuHa
KOHTYpPY OOOJIOHKH JKOPCTKO 3aTHUCHYTA, 1HIIIA — MapHipHO onepra. [ist pi3HUX
BEJIMYUH HATPIBY JTOCHIHKCHO BILTUB HA CTIHKICTP 1 BIIACHI KOJIMBAHHS THYYKOL
TIaHeNi YaCTKOBOI 3aMiHM OJIHOTO THUITY 3aKpiIuieHHs Ha iHmmH. TepmocuioBe
HaBaHTa)XEHHS OOOJIOHKHM peajli30BYBaJOCh 3a TaKOK CXEMOIO: CIOYaTKy
TIaHeNb ITOCTYIIOBO HarpiBajacsi piBHOMIpHO 32 00’€MOM Ha 3alaHy BEIUYUHY

T°C, a nmoriMm mpu  3aiKCOBAHOMY  TEMIEPATypHOMY  ITOJi

JIOHABaHTAXXYBalach PIBHOMIPHAM HOPMAaJbHHM THCKOM IHTEHCHBHICTIO ¢ .
[Manenb po3risiaiach MPU YOTHPHOX BEUYMHAX IOMEPEIHHOrO HArpiBy Ha
T=0°,10", 20°i 30°C.

Marepian obonoHku — i3orpornHuid. [IpuitHATO HacTymHI BUXiAHI JaHHI:
Monymb mpyxHocTi  E =19.6-10* MIla, xoedinient Ilyaccoma v=0.3,
KOS(II[iEHT JTHIHHOTO  PO3IIUPEHHS a:0.125~1042pa() -1 roBumna
h=0.01 m, cTpina miaiiomy H=4h, po3Mip ormopHOro KoHTypy a=177.2h, paniyc
cepenuHHOi  moBepxHi  R=1968.49h, mapamerp  kpuBM3HM  K=32
(K =242 / (Rh)). Pesynprat JgOCHiPKEHh TIOAAaHI 3 BUKOPHCTAHHSIM

0e3pO3MipHUX TapamMeTpiB HaBaHTAKECHHS q:a4q/ (Eh*y, T=T / 1°C i

’ . .. . ’
r_ MPOTrvH IMaHeI1 B3JJOBXK JCKAPTOBO1 OC1 )Cl . 3a

nporuny u! = ulr/h ,ae u
PO3paxyHKOBY CKIHUEHHOEIEMEHTHY MOJIeNb OYJI0 IPUIHATO YBEPTH MaHeNi 3
PIBHOMIDHOIO CiTKOIO 18x18 CKIHYEHHUX CNEMCHTIB, sKa, SK JOBEIU
JIOCTIKSHHS, 3a0e31euye 301KHICTh PO3B’s3KiB.

KomGiHoBaHe 3akpilieHHS KOHTYpPY MaHedl BH3HAYaJOCh 32 HACTYIHOIO

cxemoro. IllapHipHO omepra YacTHHA KOHTYPY b CKiHUCHHOENEMEHTHOI
Mozeni  OOONOHKHM 3ajaBajach 0e3po3MipHEM mapamerpom b =2b/a .

Po3rmsiHyTO 1Ba BapiaHTH MOCTYHOBOI 3aMiHH KOPCTKOT'O 3aTHCHEHHS! KOHTYPY
00OJIOHKH Ha IApHipHE ONHMPaHHS BiAMOBITHO 10 HANPSMKY 3MiHM IapaMeTpa
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b . Y mepmiomy BapiaHTi
3aMilleHHs BUKOHY-
BaNOCh, MOYHHAIOUH 3
neHTpa  OiyHOi  rpaHi
maneni  (puc. 1,6), 'y
JIPYyroMy — 3 KyTa MaHemi
(puc. 1, 6). I'panmyHi

3HAYCHHS Mmapamerpa b

(0< b<l ) BIIOBITAIOTH
OHOPITHUM  KiHEMAaTH4-

HUM yMOBaM: b=0 e

YMOBOIO JKOPCTKOTO
3aTHUCHCHHA YCbOro
KOHTYpY maHemi (<7777 ), a
_— 1
b=1 - YMOBOIO , S i

. I 1
MIApHIPHOTO  OMHPAHHSA | BapiaHT fro | BaApianT o

==). IMpomixai v b I
(===) p I il AR I S
3HAYCHHSI napamerpa Py 2
0<b <1 7 6
Puc. 1. Cepruna nmanensb 3 iBOMa BapiaHTaMU

XapaIfTepI/ByIOTB KOMOIHOBaHOTO 3aKpINJIEHHS KOHTYPY
KoMOiHOBaHe
3aKpiIUICHHS KOHTYPY

000JIOHKH (777=== ),

TakuM 4MHOM, AOCIIJDKYBaJIOCh TpU (paKTOpH BIUIMBY Ha CTIHKICTh 1 BIacHi
KonuBaHHS  cdepuyHOi mMaHedi: pi3HI TI'paHWYHI  YMOBH, CIOCOOH
KOMOIHOBAaHOT0 3aKpIIJIEHHS KOHTYPY Ta pi3Hi BEJIMYWHH HarpiBy.

Bniue koMOiHOBAaHHMX TIpaHWYHHUX YMOB Ha cTiiikicTh i Baacui
KOJINBAHHS HArpiTol maHesi

1. Pe3ynbTaTé JOCHIKEHHS BIUIMBY 3a3HAYCHUX (DAKTOPIB Ha HeliHiliHe
Odepopmysanns ma empamy cmitkocmi IAaHENI JOKITaTHO HABEJCHO B poOOTax
[3, 14]. AnHami3 pe3yapTaTiB JOCITIPKEHb y3aralbHEHO Y BUTJISII 3aTEKHOCTI

BEIUYMHA BEPXHHOTO KPUTHYHOIO HaBAHTAKCHHS F]fp BiZl mapamerpa
KOMOIHOBaHOTrO 3akpiruieHHs KOHTYpYy b (puc. 2). Lle mosomuio B [3, 14]
3pOOUTH TaKi BUCHOBKHU.

Jns wenarpitoi (7 =0°C) i nHarpitoi Ha 7 =10°C maHemedl mis 060x

BapiaHTiB 3MiHN IPAHUYHKMX YMOB 3AIEKHICTb “ ¢4, — b Onu3bKa J10 JiHIAHOL 3
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e 30°C HE3HAYHHM 3POCTAHHSIM (TIOPIiBHSHO 3i
JKOPCTKUM  3aTUCHCHHSM) BCITHYWHU
o _— . .
s0f 206 q%, TpW INAPHIPHOMY ONMpAHHI,
BimmoBimHO Ha 8.6 i 1.3%). CraOkwii
300 ¢ 10°¢C —g
— BIUIMB Ha BEIMYUHY @, CIOCOOY
L 3MiHH QHUIHUX OB bOM
L NP O Ip ™M y 1bOMy
N BUMAJKy MOXHA TIOSCHUTH MaJIiCTIO
100 — T=0°C TEMITEPaTypH MOMEPETHLOrO HArPIBY.
—o— I BapiaHT : ;
11 BapiaHT K=32 3 MiIBUIICHHSIM BEJTMYUHYA HATPIBY
[] 1 1 1 — o . o
L 1 2 345587813 (T =20 i 30°C) rounHae
5 3 93 3 3 9 3 TIPOSIBIIATHCS PI3HUIIA B CIIOCO01 3aMiHI
Prrrr ==t E=r= .
JKOPCTKOTO 3aTUCHCHHS Ha MIapHIpHE
Puc. 2. 3aNeKHiCTb BEPXHBOTO KPUTHYHOTO OIIMPAaHHsA. II BapiaHT 3MiHN
HaBaHTAXXCHHS BiJl BEIMYUHH ITapaMeTpa T'paHUYHUX YMOB BUSABHUBCA

WApHiPHOr0 ONHPAHHS eexTuBHIMMM. Tak, HATIPUKIA, TIPH

b= 5/9 pisHMI MK BeIMYMHAMM

dip ot 1 1 Il BapiaHTiB 3MiHM TPaHMYHMX YMOB CTaHOBHTH 7.6 i 20.4%
(Bimmoigno mpu 7' = 20° i 30°C). Leii daxr y [3, 14] NOACHIOETBCS TUM, IO Y

11 BapianTi mepexiy Ha caalOKill rpaHMYHI YMOBH BiIOYBA€ThCS 13 HAMXKOPCTKIIION
00yacTi maHeni — NOYMHAIOYH Bix KyTiB. [Ipy IUX BiTHOCHO BENMKHX BEIMYUHAX

HArpiBY 31 3pOCTAHHAM Iapamerpa b BeIWUYWHA ¢° MOCIIiIOBHO 3MEHIIYETHCS Ha
Kp

15.9 Ta na 31.7%, BiaHOBiIHO.
Ha puc. 3 mogano ¢dopmu aehopMyBaHHS MAHEN MICNsA HArpiBy. XapakTep
3MiHM ¢GopMu JedopMyBaHHS OOOJNIOHKM 3aJISKUTh JIMIIE BiJ CIIOCO0Y

3aKpimieHHs KoHTypy (Bix mapamerpa b ). Ilpu mpoMy (WIS KOXKHOrO
3HAUEHHSl TapameTpa b ) BimmoBigHa Qopma aehopMyBaHHS HArpiToi Ha

10°C, 20°C i 30°C mnanemni pi3HUTBCS JIHIIIC 33 BETUYHHOIO MepeMillieHHs i1
TOYOK.

b=0 - bh=2 m== h=1 ===

I BapianHT 11 BapianT

Puc. 3. ®opma nedpopmyBanns naneni micns varpisy 7 =10° +30°C
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2. PesynmbTatél NOCHIDKEHHS BIUIUBY HA GIACHI wacmomu ma Gopmu
Konueawb ~ OOOJIOHKM KOMOIHOBaHMX TpaHUYHUX YMOB Ta  BEIHYUH
TonepeTHHOr0 HarpiBy MoAaHo Ha puc. 4 — puc. 7 ta B Tabm. 1 —tabm. 5.

0y 0y

=n° —4n°
wl T=0"C 0 T=10"C
8 P
0 B0 b=0
40 40
20 20
0 s \ \ \ 1 o \ \ s \ 1
0 100 200 300 400 g 0 100 200 300 400 g
a o
@y ° &9 o
0 T=20"C 0 T=30"C
Ve
b=
60 112 eapl 0 L
== P =
12 eapl
s
40 142 gapl 0
=== 12 eapl
20 - 20 ot
o \ \ 1 o s \ \ \ 1
0 100 200 300 400 g 0 100 200 800 400 g
6 2
Puc. 4. 3anexuicTs niarpam “ o, — ¢ ” Bijl IapaMeTpa rpaHuYHIX YMOB b

JUISL PI3HUX BEIUYHUH HArpiBy

JIy1st 90THpHOX BapiaHTIB TEPMOCHIIOBOrO HaBAaHTAXKEHHsI HAa pHC. 4 HaBeIEHO
€BOJIIOLIIIO JlarpaM “Ieplla BJacHa 4acToTa — HaBaHTaxeHHA (“o;, —¢”) y
3aJIKHOCTI BiJT CITOCO0Y 3aKpiIUIeHHsT KOHTYPY HaHemi. st HeHarpitoi (puc. 4, a)
Ta Harpitoi Ha T =10°C (puc. 4, 6) 000JIOHKH THUI TPAHUYHUX YMOB HPAKTUIHO
He BIUIMBAa€ Ha BUJ JiarpaM “o; — ¢ 7. Takuii camuil pe3ynbTaT MaeMo UL

3QJIEKHOCTI BECPXHBOI'O KPUTUIHOTI'O HABAHTAXKCHHS q_,fp BiI[ BCJIMYWHU IMapaMeTpa

mapripHoro omupauns b (puc. 2). Jits marpitoi o 7 =20° i 30°C mnameni
(puc. 4, 6,2) i ycix 3HaYeHb ¢ BiNOYBAETHCS 3HIDKEHHS 4YacTOTH ; IIpH
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30i1bIIeHHI Mapamerpa b . [Ipu 1boMy 31 3pOCTaHHSAM BEJIMYMHH MTONEPETHBOr0
HarpiBy 30UIBLIYEThCS BIUIMB TPaHMYHMX YMOB Ha 4acToTy ;. Haiibinbiue

3HA4YCHHS 4YaCTOTH () OTPUMAHO IIPHU JKOPCTKOMY 3aTHCHEH1 YCbOIro KOHTYpPY

o6oomkH (b =0), a HaiiMeHIIe — IPH MAPHIPHOMY OMHPAHH 10 YChOMY KOHTYDY
(b =1). Hpu 50% noni mapHiproro ommpassst (b =1/2) xiarpama “o, — ¢ 7, mWo
BI/INOBIIa€ TIEPIIIOMY BapiaHTy 3aMillleHHs], € OIMKYOIO0 10 BiZIIOBITHOI JliarpamMmu
npu b =1, a 115t APYroro BapiaHTa — BOHA € GIIDKUOI0 10 KpuBoi npu b =0. Lle
MOXXKHa TMOSICHUTH THM, IO y JPYroMy BapiaHTi 3MiHM TPaHMYHHX YMOB,

3aMIlllcHHs Ha OUIBIN Cla0Ke 3aKpiluieHHs BinOyBaeThes 3 KyTiB (3 o0macri
T IBUILIEHOT YKOPCTKOCTI TTaHET ).

3y
B0

60

40

10°C
20

.
F=a
=
[Ew1]

By
B0

60

40

20

0

. . . . | 0 . . . .
0 100 200 100 400 g 0 100 200 100 400
6 2
Puc. 5. 3anexHicTs niarpam “ o, — ¢ ” BiJl BENMYMHH TIONEPENHBOTO HATPIBY

=)

JULSL PI3HUX YMOB 3aKPIILICHHS KOHTYPY

Jlis pi3HUX KiHEMaTHYHUX TPAHUYHHUX YMOB (PHC. 5) OTpUMaHO OTHAKOBHUI
XapaKTep 3aJIeKHOCTI BEIMUUHYU BIACHOI YaCTOTU ; BiJ BEIMYUHU HArpiBy.
Maemo, 10 nepexia BiJl )KOPCTKOTO 3aTHCHEHHS YChOTO KOHTYPY OOOJIOHKH
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(b =0, (puc. 5, a)) 10 50% wmapHipHoro ormpanns (b =1/2, (puc. 5, 6)) 3a 11
BapiaHTOM 3MiHM TPaHMYHMX YMOB NPAKTUYHO HE BILIMHYB HA Jiarpamu “ o, —

g ” npu Bimnosimumx snHauenusx T°C. Ile, gk i BuIEe, MOKHA MOSCHUTH

peasizami€ero mocnadaeHHs 3 JKOPCTKUX KYTiB MaHEI.
[MoGymoBani rpadiku (puc. 5) TO3BOIAIOTH 3HAUTH KPUTHYHI HABAHTAKCHHS
3a AUHAMIYHUM KpuTepieM. HaBaHTakeHHs, 10 BiamoBimaroTh Toumi ;=0

1pOro rpadika, BU3HAYaIOTh NIyKaHEe BEPXHE KPUTHYHE HABAHTAKECHHS c:]: _—
Tabn. 1 mpoaHani3oBaHi BEMYMHH KPUTHYHHUX HaBaHTaXXEHb, IO OTPUMaHi 3a
CTaTMMHUM PO3paxyHKoM (gy,) i 3a rpadikom “o; — g ” (c:]: » ). OtpumaHO
rapHUi 30ir pe3ynabTaTiB po3paxyHKy. Ha BinMiHy Bif po3paxyHKY Kpyrosoi y
TaHi maxeni [13] yrouHeHHs BENWYUHA ¢, HE BUSBIEHO.

Tabmuns 1
KpHTHqu HaBaHTA>XCHH, 11O BU3HAYCHO 3a BJIACHUMHU YaCTOTaMU KOJIMBAaHb
b 770 | = 4l | e pls | ==
| 1760 178,0 178,0 190,0
T=0C 2 | 1764 179,5 1788 191,5
A% | 0,23 20.83 20,07 20,78
7., 264, 260,0 262,0 266,0
T ] 2634 259,0 260,9 266,9
A% | 023 0,63 0,42 20,34
7., 372,0 326,0 344,0 312,0
=200 _
7, | 3707 3258 344,1 3119
A% | 035 0.06 0.03 0,03
G| 4980 384,0 4540 340,0
T=30°C _
7, | 4970 3832 454,6 339,
A% | 0,20 0,18 20,13 0,15

3aJeKHICTh BIACHOI YaCTOTH (0, BiJ BEJIMYMHH HATPIBY ISl PI3HUX 3HAYEHD
1

rapaMerpa TpaHWYHUX YMOB b JJIsl HEHaBaHTa)KeHOi THCKoM maHeni (g =0)

NpUBe/ieHa Ha pHC. 6. Y BCiX BHMaJKax OTPHMAHO MaibKe JiHIHHI 3aJeXKHOCTI.

Jlna HeHarpiToi naHesi MaeMo 30ir BeNMYMHN ), BigmosigHo npu b =01 b =1/2
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(3a II Bapianrom) Ta mpu b =1 i b =1/2 (3a 1 Bapianrom). Pizuuns ckianae

MmeHine 1% (tabm. 2).

Lo}
1 q=0
85
—

B0 12eapl

75

70

5

] .

Py
142 pap.l

. T°C

0 5 w15 20

25 30

Puc. 6. 3aeXHICTh BJIACHOI YaCTOTH ®,

BiJ Benmuuuy HarpiBy nipu ¢ =0

LIEH BILUIUB MAa€ MICIIE.

W

T=0%

®q —— [ sapiaHT
---- 1l papianHT
0 L L . L
0 0.2 0.4 0.8 0.8
7 S -

—— lBapiant
---- 1l papianHT
0 L L . L
0 0.2 0.4 0.8 0.8
7 S -

B Tabn.2-5 HaBemeHo 4OTHpPH
HIDKYI BJIACHI YacTOTH KOJIMBaHb TaHell
JUIL  YOTHpPHOX  BapiaHTIB  HarpiBy
O0OJIOHKM TIpW  BiJICYTHOCTI HaBaHTa-
xeHHsT THCKOM (g =0). I'padiuno mi
3aJIeKHOCTI 300pakeHi Ha puc. 6.

Jis BCiX BUMAJKIB IOMEPETHBOTO
HArpiBy OOOJIOHKHM MAa€eMO HE3HAYHUIMA
BIUIUB BapiaHTiB 3MIHM TPaHUYHHX
YMOB Ha 3HAa4YeHHS BJACHHX 4YacTOT

KOJIMBAaHb ®; i ®, . 3 iHIOro GoKy Juis
4acToT KONMBaHb ®, i ®;, WO €

BiI[HOCHO ONM3LKUMU 34 BCJIIMYHUHOILO,

g=o

a0 -

3y )
—— [l eapiaHT
---- 1l papianHT
0 L L . L _
0 0.2 0.4 0.8 0.8 18
7 S - e

—— | BapiaHT
---- Il papianT
0 . . . . _
0 02 04 0B 0B 1 &
7 - e

Puc. 7. 3ajexXHICTh YOTHPHOX HIKINX BIACHUX YACTOT BiJ 3pOCTaHHs 00JNACTi MapHIPHOTO

ONMpPAHHSA JUIsl PI3HUX BENMYKMH HAarpiBy npu ¢ =0
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Tabmuis 2

BB 3MiHM KiHEMaTHYHHUX TPAHUYHUX YMOB Ha HIDKYI BJIACHI YaCTOTH
HEHArpitToi 000JIOHKU

z T=0C,g=0
o,y A7%(1;:0) ®,, 1y 0,1y oy, 1y
77770 62,270 - 110,30 113,06 175,55
R 61,229 -1,67 88,706 98,194 162,19
1/218.
s 62,230 -0.06 106,81 110,09 157,27
17211 B.
=1 61,163 -1,78 87,620 90,074 144,25

Tabmums 3

BB 3MiHM KiHEMaTHYHHUX TPAHUYHUX YMOB Ha HIDKYI BJIACHI YaCTOTH

narpitoi Ha T =10°C o6GonoHku

I; T=10°C,g=0
o,y A7%(1;=0) o, ,Iy oy, 1y o, , Iy
77 () 72,298 — 112,40 116,56 176,72
A== 69,857 -3,38 92,589 102,42 164,19
12 18.
NGarr 71,533 -1,06 111,05 111,92 159,43
1/2 11 B.
=1 68,677 -5,01 91,210 96,194 147,77
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Tab6nurs 4

BruiuB 3MiHM KiHEMaTHYHUX TPAHUYHUX YMOB Ha HIDKYI BJIACHI YaCTOTH

narpiroi Ha 7 =20°C 0060n0HKH

5 T=20°C,qg=0
o,y 7%(1;:0) o, , Iy oy, 1y o,y
7777 () 81,184 — 114,54 120,44 178,30
1/2'1']; 76,180 -6,16 96,434 107,29 166,75
1/2-If- 78,925 -2,78 113,72 116,24 162,43

B.
=1 74,036 -8,80 94,889 103,43 152,28
Tabmurst 5

BruiuB 3MiHM KiHEMaTHYHHUX TPAHUYHUX YMOB Ha HIDKYI BJIACHI YaCTOTH

narpiroi Ha T =30°C 060noHKH

5 T=30°C,qg=0

o,y 7%(1;:0) o,, 1y oy, Iy 0,1y

777 () 88,950 - 116,66 124,57 180,35

21n 81,428 -8,46 100,79 113,02 169,59

12118 86,427 -2,84 115,35 122,10 166,77

B.
=1 77,766 -12,57 98,536 111,10 157,78
BucHoBkH

JlocmipkeHO BIUIMB HA CTIHMKICTh 1 BIACHI KOJWBAaHHSA HaBaHTa)XEHOI

THUCKOM NPYXHOI IONOroi KBaApaTHOI y IUIaHi
croco0iB KOMOIHOBAHOTO 3aKpIIUIEHHS KOHTYPY Ta BEJIUYMH IONEPETHHOTO
HarpiBy. JIJis BUpINICHHS ITOCTABIICHOI MPOOJIEMH 3aCTOCOBAHO KOMIUICKCHUI

chepuvHOl MaHeNi Pi3HUX
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MiAXiA, M0 TOEJHYE METOJN PO3B'SI3yBaHHS CTATHYHHMX 3aJlad T'€OMETPHUYHO
HeJliHiiHOTO JedopMyBaHHS Ta BTPaTH CTIHKOCTI HPYXHHX OOOJOHOK 3
METOJMKOI0 PO3PaxXyHKy TOHKHMX OOOJOHOK Ha BJIACHI KOJIMBaHHS 3
ypaxyBaHHSM IEpeHANPYKEHOr0 CTaHy Ha KOXXKHOMY KpOIli TEPMOCHIIOBOTO
HaBaHTa)KEHHSI.

[IpoBeneHi MOCTIKEHHS JO3BOJMIM BUSIBUTH HENiHIWHI 3aKOHOMipHOCTI
BTpaTU CTIHKOCTI MaHeNi BijJf BEIMYMHHU IONEPEIHLOTO HArpiBy, Mmapamerpa
obnacti KOMOIHOBAHOTO 3aKpiIUIEHHS KOHTYpY Ta [BOX BapiaHTIB 3MiHH
rpaHnYHUX yMoB. [IpoaHaiizoBaHO BIUTMB 3a3HAYEHUX BEJIMYMH Ha YaCTOTH
BJIACHHX KOJIMBaHb HAINPY>KEHOI TOHKOI 00OJIOHKH.

OTpuMaHi HOBI pe3ybTaTH MOXKYTh OYTH BUKOPHCTaHI NPH MPOEKTYBaHHI
€JIEMEHTIB HECyYHX 00OJIOHKOBUX KOHCTPYKIIIH.
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Kpusenxo O.I1.
BJIMSIHUE IPEJIBAPUTEJIBHOI'O HAT'PEBA U YCJIOBUI
KOMBUHHUPOBAHHOI'O 3AKPEIVIEHUSI KOHTYPA HA YCTOMYUBOCTb U
COBCTBEHHBIE KOJIEBAHUS OJIOT X MAHEJEN IPU JEMCTBUU
JABJIEHUS

W3yvaercs BIMsHHE NPEIBApUTEIBHONO HarpeBa Ha IOTEPI0 YCTOWYMBOCTH M COOCTBEHHbIE
KOJIe0aHMsI YIPYT O MOJIOrOH KBaApaTHOM B IUIaHe chepHUecKoil MaHeIu IpH KOMONHHPOBAaHHOM
3aKpeIUIeHHH KOHTypa: OJHA 4YacThb KOHTypa 3allleMJIeHa, [pyras — MApHUPHO OIepTa.
PaccmarpuBaeTcst MOCIEI0BATEIbHOE HM3MEHEHHE OJHOTO THIA KHHEMAaTHYECKHMX TPAaHHYHBIX
yenoBuit Ha Jpyroil. CpaBHMBAIOTCS [1Ba BapHaHTa YaCTHYHOM 3aMEHbl 3all[EMJICHHs KOHTypa
[aHEeJIM Ha [IapHHpHOE onupanue. Ha kaXIoM mare Harpy>KeHusi COGCTBEHHbIE 4aCTOTHI i (POPMBI
KOJICOAHMH [aHEIH ONPEACISIIOTCS C YYeTOM HPHUCYTCTBHs HPEAHANPSDKCHHS OT JeHCTBHS
CTaTHYECKOr0 TEPMOCHIIOBOTO HArPYXKEHHSL.

KiroueBbie ciioBa: ympyras o000j10YKa, HeJIMHEHHOE AeGOpMHUpPOBAaHHE, YCTOWYHBOCTb,
coOCTBeHHast  4acTora, coOcTBeHHas (opma  konebaHHH, TEepMOCWIOBas — Harpyska,
KOMOWHHPOBAHHOE 3aKPEIJICHHE KOHTYpa.

Krivenko O.P.

THE EFFECT OF PRELIMINARY HEATING AND COMBINED FIXATION OF THE
BOUNDARY ON THE STABILITY AND NATURAL VIBRATIONS OF PANELS UNDER
ACTION OF PRESSURE

The work is devoted to usage a unified methodology for solving problems of nonlinear
deformation, buckling and natural vibrations of shells subject to mechanical and thermal loads. The
method of solving static problems of nonlinear deformation, buckling, and postbuckling behavior
of thin elastic inhomogeneous shells is based on the geometrically nonlinear equations of the 3-d
theory thermoelasticity and use is also made the moment finite-element scheme. A unified model
basing on the universal spatial finite element with additional variable parameters has been created.
The model describes geometrical features of structural elements of an inhomogeneous shell: casing
of varying thickness, ribs, cover plates, cavities, channels, holes and sharp bends of the mid-
surface. In problems of natural vibrations we take into account the presence of a pre-stressed state
of the structure from the action of static forces at each step of thermomechanical loading. The
thermomechanical loads significantly affect the spectrum of natural vibrations. Realization of this
method allows determining the bifurcation point and the value of the critical force of buckling by
dynamic criteria.

At the paper the effect of values pre-heating on the buckling and natural vibrations of the
elastic shallow panel with the combined fixation of the boundary is investigated. The panel has one
section of the boundary clamped and the other hinged. The sequential partial replacement of one
kind of kinematical boundary conditions by another is considered. Two modes of a partial
replacement on the panel’s contour of the clamped boundary to the hinged boundary are compared.
At every step of loading eigenfrequencies and eigenmodes of the panel are analyzed taking into
account stress state which is generated by static action of pressure.

Key words: elastic shell, non-linear deformation, stability, eigenfrequency, eigenmode,
thermo-mechanical load, combined fixation of the boundary.
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THE APPLICATION OF JET GROUTING TECHNOLOGY TO
REDUCE GROUND DEFORMATION OF CONSTRUCTION THE
METRO LINE IN HO CHI MINH CITY

Nguyen Anh Tuan',
Tran Duc Chinh27
Nguyen Thanh Dat’

'MSc. Transportation Engineering Falculty, University of Transport HCMC, Viet Nam
’DSc, Prof. (Viet Nam), Academician of ABU Academy, Ukraine
3PhD. Civil Engineering Falculty, University of Transport HCMC, Viet Nam

Abstract: Slump and subsidence of surface deformation are concerned mostly in the process
of construction of the Metro, especially in a weak soil environment, which affects the existence of
buildings on the ground. This article introduces the application of Jet Grouting technology to
reduce deformation of the surface when the Metro tunnel is constructed in the geological condition
of the area of Ho Chi Minh City. Jet Grouting is the mixture of soil and cement (Soilcrete) created
by the method of drilling the high grout pressure. Using Jet Grouting to strengthen the ground
around the tunnel is seen as an effective solution to reduce surface subsidence.

Keywords: Surface subsidence, drilling the high grout pressure, Jet Grouting, Soilcrete,
Metro.

1. Introduction

The underground transportation system is one of the optimal solutions to
use effectively urban land. However, transportation system has become
overloaded with increasing vehicular traffic in Ho Chi Minh City today, so
some Metro lines are proposed to solve these traffic problems. Metro line No. 1
(Ben Thanh - Suoi Tien) - one of these Metro lines, has a total length of
19.7 km, including 2.6 km underground across the city which is constructed
using a Tunnel Boring Machine (TBM)). And the remarkable advantage when
constructing the tunnel by TBM is not to affect traffic and building
constructions on the ground. However, underground construction using the
TBM may cause surface settlement around a construction site. This is a major
influence on major buildings which have high historical significance and
importance to the city. Therefore, the maximum surface settlement should be
less than 10 mm. As a result, the Metro construction must have solutions to
mitigate surface settlement for the buildings. High pressure grout technology
(Jet Grouting) is proposed to minimize surface settlement when the metro goes
beneath.

© Nguyen Anh Tuan, Tran Duc Chinh, Nguyen Thanh Dat
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2. Content
2.1. Introductions

Jet Grouting is a soil improvement technique using high pressure air, water
jet, or cement slurry to erode in-situ soil and mix in-place the soil with cement
slurry to create soil cement columns (soilcrete) which has higher strength than
that of the in-situ soil.

Jet Grouting can create soilcrete blocks to ensure the intensity with
different shapes through factors such as the speed of rotation, the speed of
lifting, the layout, the arrangement of the drilled holes, etc., to serve specific
purposes. The most common shape of Jet Grouting is mortar-column format
created by rotating and lifting during the grout. The other complex structure
can be formed by matching the basic structures mentioned above. These
constructions make the blocks of soilcrete applied in geotechnic engineering to
solve many problems. However, this method requires rigorously about
designing technique and engineering in construction, or if there is any the error,
it will lead to not qualify for the quality of soilcrete.

2.2. Jet Grouting technology in dealing with soft ground

Jet Grouting technology has been widely used in the world. However, this
is still a new technology and not yet widely used in Vietnam. Today, in our
country, Jet Grouting technology is applied in the irrigation sector, which
brings certain success. In addition, the Jet Grouting is also used successfully to
strengthen the concrete base, make diaphragm wall.

Although, Jet Grouting technology has some significant advantages,
widespread application, and has been applied successfully in some projects in
Viet Nam, there are still some difficulties to apply this technology widely in
Viet Naml. One of the reasons is that there is not any procedure to instruct
specifically, especially in Transportation and Building Sector. The majority of
the projects is concentrated in the irrigation sector. There are two industrial
standards of the irrigation sector: 14BC 82-1995 and 14BC 1-2004DD to make
instruction in the injection of cement. To apply the Jet Grouting technology in
Transportation and Building Sector, we need more specific study of this
technology in Vietnam such as process of Designing Technology. Guidelines,
construction, acceptance of work and so on.

- Construction of Jet Grouting

Construction process includes the following basic steps:

+ Step 1: Drilling hole must be drilled deeper than the design of Jet
Grouting, a diameter of about 100-150 mm.

+ Step 2: Inserting the spray head down to the bottom of the hole

+ Step 3: Proceeding to grouting through nozzles with very great pressure,
in order to expand the diameter holes drilled based on erosion. We start to
grout either rotate or draw out the jackrod according to the rotation speed, the
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speed of withdrawal pressure and flow pumps set before. This process includes
the replacement and the mixture of the soil around the stucco sprayer.

€ H.P. Pump (grout)
€ Compressor (air)

Fig. 1. The steps of the Jet Grouting construction

2.3. The application of Jet Grouting technology to reduce subsidence of
surface deformation when constructing the metro tunnel in Ho Chi Minh
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Fig. 2. Average map along Metro No. 1
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- Tunnel cross-section: circular tunnel has a diameter of D = 6.65 m,
thickness d = 0.3 m.
Table 1
Data of tunnel range and digging machine TBM of the Metro line 1 (the 2010
design document, QLDS-DT committee)

Components Unit Value
Inside Diameter m 6.05
Outside diameter m 6.65
The number of tunnel Tunnel 2
Diameter of the TBM m 6.79
Length of the TBM m 7.8
G.L.(+2.49)

9794

15180

| 27080

e LD

Fig. 3. Cross-section tunnel at Km0 + 900
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Table 2
The table of soil general parameters Km0 + 900 (U150 drilled hole)
Unit Filled-up | Class 1: Class 2: Class 3: | Class 4: | Class 5: | Class 6:
soil Soft Silty Fine Sand Sand Hard Danse
Clayey Sand Layer2 | Layer3 | Clayey Sand
Silt Layer 1 Silt
Soil thickness m 0.93 2.17 9.2 6.7 13.5 16.3 1.65
Natural Density y kN/m? 19 17.5 19.5 20 19 21 20.5
Saturated Densify ¥ sa KN/m? 203 19.72 206 203 20.1 21.1 20.8
Young modulus Erer KN/m? 5000 5000 15000 40000 55000 | 180000 | 95000
Poison ratio v 0.35 0.35 03 0.3 0.3 0.3 03
Cohesion ¢ JN/m? 12 12 0 0 0 300 0
Friction angle ¢ degree 0 0 26 31 33 0 36
Dilation angle y degree 0 0 0 0 0 0 0
Horizontal permeability Kx | m/day | 1.728e-2 | 4.32¢-3 | 3.024e-2 | 1.728e-2 | 1.296e-2 | 1.296e-3 | 6.48¢-3
Vertical permeability Ky m/day | 1.728e-2 | 4.32e¢-3 | 3.024e-2 | 1.728e-2 | 1.296e-2 | 1.296e-3 | 6.48¢-3

2.3.2. Jet Grouting applications in dealing with soft soil when constructing

the tunnel on Metro line 1

Building constructions on the ground where the metro tunnel goes through
should be required that the maximum settlement of structure should be the
allowable limit (maximum = 10 mm). The author proposes to limit the
settlement by using Jet Grouting. The alternative using mortar injection is

proposed to wuse the frame
surrounding the 2 -
concentricity tunnel.

2.3.3. The analysis of
deformation of soils around
the tunnel before and after
treated by Jet Grouting
method

In this analysis, surface
settlement is analyzed in the
following cases:

+ Without Jet Grouting.

+ After processing by Jet
Grouting methods.

Applying Finite Element
Method is the major approach to
calculate the surface subsidence.

Changing &

Tunnel 1

Tunnel 2

Jet Grouting

Fig. 4. Alternative using mortar of Jet Grouting at Km0

+900 on the Metro
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2.3.3.1. Calculating the surface subsidence without Jet Grouting:

The Plaxis 2D software is used to modelize the analysis the surface
settlement varying with the characteristics of soilcrete based on volume Vi.
The input parameters are introduced in the section “Jet Grouting applications
in dealing with soft soil when constructing the tunnel on Metro line 1"
With the chosen model calculated according to Mohr-Coulomb model, for
drainage problems (Drain), with mostly core material of sand, soil layers,
without considering types of load effects on the surface.

Soil settlement value depends on the value V| depending on each type of
land values which can be changed in the range from 0.3% to 5.0%. Results of
calculation of the soil settlement below are corresponding to the change in the
value Vi from 0.5%-3.0%. The value V. for sand soil in the case that the
construction methods are guaranteed for good quality insurance and have no
trouble to alter the volume loss so the value Vi is in the range 0.3%-0.8%.
However, to calculate for catastrophic failures, as well as forcing to replace the
blade in the training process, the value V is taken to 3.0% to research. Soil
settlement value results are shown in table 4.

Table 3
Parameters of Jet Grouting used for computational models
Unit Value
Thickness & m Changed
Unsaturated Density Yunsat KN/m’ 20
Saturated Density Y. KN/m’ 22
Young modulus Eger KN/m’ Change
Possions ratio v 0.2
Cohesionc KN/m’ 100
The friction angle @ speed 30
Dilation angle v speed 0
Horizontal permeability K, m/day 0.5
Vertical permeability K, m/day 0.5
Table 4
Soil settlement value changes depending on the % of value Vi
S (mm)
V(%) Surface Siax

0.5 7.42 14.31

1.0 22.41 36.12

1.5 39.82 58.92

2.0 57.39 82.80

2.5 77.27 108.68

O Q0 464 124 A0
\Y 7730 1I0o=.U7

2
I
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From the results of calculating soil settlement value by Finite Element
Method by using the Plaxis 2D software v8.5, the calculation results are
aggregated from the input data of geology and tunnel shell structure shows that
the biggest soil settlement is not in the surface while it is located in the shell
structure around the tunnel. Figure 5 and figure 6 demonstrate the distribution
of subsidence of surface deformation around the background surrounding the
tunnel construction when constructing the tunnels above and below of the
Metro No. 1 line in the case that the value Vi is 1.5% and V. is 3.0%.

-1000 000 10.00 2000 30.00 0.© 5000 €000 7000 8000

E s 1 s =

B H 2 H B H
B B B B e B s Bron

2

Total displacements (Utot)
Extreme Utot 58.92710 m

Fig. 5. The distribution of subsidence of surface deformation aroundthe tunnel (V. = 1.5%)

-1000 000 1000 2000 3000 .00 5000 60.00 7000 80.00

lulgHH\HHls\H\\HH‘S\H\\\IH‘E\HIM\HEH\\HH‘S\H\MI

Total displacements (Utot)
Exireme Utot 134.69°10° m

Fig. 6. The distribution of subsidence of surface deformation around the tunnel (Vi = 3.0%)



128 ISSN 2410-2547. Onip matepiainis i Teopis cnopyx. 2016. Ne 97

2.3.3.2. Calculating the settlemet of surface deformation after processing
by Jet Grouting method:

The use of Plaxis 2D v8.5 is the main method to analyse and calculate the
surface deformation when the involvement of the stucco texture format
rectangular frame surrounding the 2 tunnels.

The parameters for calculating:

+ The change of thickness 6: 0.5 m, 1 m, 1.5 m, 2 m, 2.5 m and 3 m.

+ The change of Young modulus E: 50MPa, 100MPa, S00MPa, 1000MPa,
2000MPa, 3000MPa, 4000MPa.

+ Distance from outer edge to inwall preserved is 2 m.

The depth of 2 tunnels in turn is 16.444 m for the upper tunnel and 28.324
for the lower tunnel. Geology in 2 tunnels is mainly sand of the third, fourth,
fifth class of soil in the drill hole U150 (2010 design document, QLDS-DT
Committee). Because of the fact that the construction of two tunnels in the
geology is mostly sand soil, the value Vi is got about 0.3% to 0.8%. In this
section, the value Vi = 0.5% is used for all calculations.

Fig. 7. Computational models using Plaxis 2D

- Calculation results with E-S relations, fixed o:

With the value 6 = 1.0 m (mortar sprayed piles are commonly used) and the
change of Elastic Young modulus values about 50MPa, 500MPa, 1000MPa,
2000MPa, 3000MPa, 4000MPa, it is to survey the efficiency of limiting
subsidence of surface deformation.
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(mm)

Surface settlement S (mm)

500 1000 2000 3000 4000

(MPa)
Young Modul E (MPa)

Fig. 8. The relation between Modular E and subsidence of surface deformation with § = 1.0 m

- Calculation results with J- S, fixed E:

Fixing the value of Elastic Young modulus E = 500 MPa (this is normally
the value of module used in cases the land is sand soil), changing the wall
thickness of injection mortar 6 about 0.5 m, 1.0 m, 1.5 m, 2.0 m, 2.5 m, 3.0 m),
it is to survey the relationship between the thickness of the wall plaster spray
with limiting the degree of set effectively.

(mm)

7

Surface settlement S (mm)
.

0.5 1 15 2 25 3 (m)
The width of Soilcrete Wall § (m)

Fig. 9. Relation of thickness of wall plaster spray and subsidence of surface deformation with E =

500 MPa
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- Calculation results with 6 — S — E for subsidence of surface deformation:
In this content, the value of E is changed in the range from 50 MPa to 1000
MPa, the subsidence of surface deformation is plummeted strongest. The result

is represented by the curves on the graph below.
(mm)

Surface settlement S (mm)

0 500 1000 2000 3000 4000 (MPa)
Young Modul E (MPa)

Fig. 10. Relationship among E-3-S in the surface corresponding to E changed from 50 MPa to
4000MPa

2.3.4. Observations

The higher the value of volume loss V is, the more subsidence of surface
deformation is increased (table 4), which leads to affect the existing buildings
above. Therefore, to overcome the limitation when using shielded methods
TBM, it should be considered the use of Jet Grouting method to reduce surface
subsidence.

Surface subsidence depends on two factors: the strength of the mortar spray
E and the structural geometry of the wall.

When the injection mortar intensity E is increased highly and gained
maximum efficiency from 50 MPato 1000 Mpa, the subsidence is falling from
7.40 mm down 4.83 mm (figure 8).

When the injection mortar intensity E is increased from 1000 MPato 4000
MPa, the subsidence is felt from 4.83 mm down 3.84 mm (figure 8).

When the fixed intensity E = 500 MPa, the surface subsidence is decreased.
When increasing the thickness of the wall on average each 0.5 m up, it will
reduce the subsidence about 0.75 mm (figure 9).

Thus, the effect of strong subsidence reduction when increasing the
injection mortar intensity E from 50 MPa to 1000 MPa and when increasing
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insignificantly the injection mortar strength E up from 1000MPa to 4000 MPa
(figure 10), while to produce a mixture of great intensity spray mortar, it
becomes difficult and the price will be rising. Therefore, the scope of the study
should be only considered E from 100MPa to 1000 MPa.

3. Conclusions and recommendations
3.1. The conclusion

In accordance with geological drilling hole with the U-150 at KmO + 900
on the Metro line 1 (Ben Thanh — Suoi Tien), surface subsidence when
constructing the tunnel in the two cases is that there is with Jet grouting and
without Jet grouting calculated by finite element method using the Plaxis 2D
v.8.5 software as follows:

(1) In the case without Jet Grouting method, this is a rather large result
compared with maximum surface subsidence allowed (> 10 mm) with V| =
1.5%, then S =39.82 mm and V| = 3% then S = 99.46 mm (table 3)..

(2) In the case of Jet Grouting.

By changing the value of Elastic Young modulus E in the range [50.4000]
MPa and thickness of a soilcrete wall & between [0.5, 3.0] m, calculating the
value of surface settlement.

Through the result of research and from the diagrams demonstrating the
relationship between the values (surface subsidence S, Young modulus £ and
thicknessd), it is drawn:

- Price value V; =0.5% is the value which is retrieved as references of
experience, in case geology in the area of research is sand and increasing
surface settlement depends on the increasing of the V.

- When applying the method of Jet Grouting, an intense mortar spraying
and thickness of the mortar spray structure are 2 main factors affecting quality
of concrete pile and effectively reducing surface subsidence.

- The injection mortar construction affects strongly to the surface
subsidence when Young modulus £ of the injection mortar is about [50,1000]
Mpa. The injection mortar construction affects less when £ >1000 MPa (figure
10). Therefore,with the geology of Ho Chi Minh City, £<1000 MPa is
combined with appropriate thickness, will reduce the level of surface
subsidence essentially to ensure design requirements.

3.2. Recommendations

From the results of research at Km0 + 900 of the metro line 1 to Ben Thanh
- Suoi Tien, proposal of using Jet Grouting methods to reduce surface
subsidence when the tunnel metro is constructed on the particular area and in
Ho Chi Minh City in general to make sure the surface settlement smaller than
10mm according to requirements is recommended with the specifications of
mortar as followed:
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- Ensure construction techniques in the process of Jet Grouting so that the
value of Elastic Young modulus value of mortar injection reaches the intensity
from 5 0MPa to 1000Mpa.

- Getting the diameter of mortar injection props can be constructed
favorably in case of sand soil of Ho Chi Minh. The value of thickness of mortar
injection wall should be about from 1m to 2m.

- After considering the value of Young modulus £ and the thickness ¢
above, it begins to make a field investigation of Jet Grouting with a changed
ratio of water and cement, the component of admixture added into the mortar
injection, adjusting the pressure of mortar injection and the speed of drawing
out the arm, ... After that, it could chose the appropriate components to make
the mortar injection, which is suitable for the requirements of design drawing
and the application for the project.
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Nguyen Anh Tuan, Tran Duc Chinh, Nguyen Thanh Dat
THE APPLICATION OF JET GROUTING TECHNOLOGY TO REDUCE GROUND
DEFORMATION OF CONSTRUCTION THE METRO LINE IN HO CHI MINH CITY
Slump and subsidence of surface deformation are concerned mostly in the process of
construction of the Metro, especially in a weak soil environment, which affects the existence of
buildings on the ground. This article introduces the application of Jet Grouting technology to
reduce deformation of the surface when the Metro tunnel is constructed in the geological condition
of the area of Ho Chi Minh City. Jet Grouting is the mixture of soil and cement (Soilcrete) created
by the method of drilling the high grout pressure. The analysis of deformation of soils around the
tunnel before and after treated by Jet Grouting method was performed. For the surface subsidence
calculation the Finite Element Method was applied. The well known in geotechnical engineering
finite element program Plaxis 2D was used for modeling and 2D analysis of the surface settlement
varying with the characteristics of soilcrete. It was observed that The higher the value of volume
loss is, the more subsidence of surface deformation is increased which leads to affect the existing
buildings above tunnel. Therefore, to overcome the limitation when using shielded methods it
should be considered the use of Jet Grouting method to reduce surface subsidence. It was marked
that surface subsidence depends on two factors: the strength of the mortar spray and the structural
geometry of the wall. When the injection mortar intensity is increased highly and gained maximum
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efficiency from 50 MPa to 1000 Mpa, the subsidence is reducing by 35 percent . When the
injection mortar intensity is increased from 1000 MPa to 4000 MPa, the reducing of subsidence
reach value of 48 percent. So when applying the method of Jet Grouting, an intense mortar
spraying and thickness of the mortar spray structure are two main factors affecting quality of
concrete pile and effectively reducing surface subsidence. On the results of research some
recommendations was developed which concern setting up the mortar injection suitable for the
requirements of design drawing and the application for the project.

Keywords: Surface subsidence, drilling the high grout pressure, Jet Grouting, Soilcrete,
Metro.

Heyen Anw Tyan, Tpau [Jux Yino, Heyen Tan /lam
3ACTOCYBAHHA TEXHOJIOI'Ti CTPYMEHEBOT'O PO3UMHEHHSA 1A
SHUXKEHHSA JE®OPMAIIIL TPYHTIB ITPU BYAIBHULITBi JITHIi METPO B MICTI
XONMIH

Jlebopmariii rpyHTIB BpaXOBYIOTHCSI B OCHOBHOMY B IIpoleci OyIiBHHIITBA METPO, 0COOJIMBO B
YMOBax CJIa0KOro IpyHTOBOI'O CEpEIOBHINA, IO BIUIMBAE HA iCHyBaHHs Oy/iBelb Ha MOBEPXHI
3emimi. L[ cTaTTs npencTaBisie 3acTOCYBaHHS TEXHOJIOTii CcTpymMeHeBoro posumHeHHs (Jet
Grouting) a1 3MeHIIeHHs AedopManiii Ha IMOBepXHI 3eMii IpU OyJiBHHLTBI TYyHEII0 METPO B
reoJIOTIYHUX yMoBax obnacTi XOIHMMiH. 3aCTOCYBaHHS TEXHOJIOTII CTPYMEHEBOrO PO3UMHEHHS B
nporeci OypiHHS BUCOKOI'0 TUCKY YTBOPIOE CyMIIll PYHTY Ta LeMeHTY (Soilcrete). Bukopucranus
Jet Grouting ayst 3MIIHEHHS IPYHTY HaBKOJIO TYHENIO PO3IIIAAETHCS K e(EKTUBHE PIIICHHS JULL
3MEHIIEHHS OCIIaHHs ITOBEPXHI 3eMIIi.

KutiouoBi c10Ba: moBepxHeBi ociaHHs, OYpiHHS BHCOKOIO THCKY, CTPYMEHEBE PO3UMHEHHS,
IPYHTOBO-IIEMEHTHA CyMiIll, METPO.

Heyen Anv Tyan, Tpan JJoik Yuns, Heyen Tan Jlam
NPAMEHEHUE TEXHOJIOTUM CTPYIHOM PACTBOPEHUS 1151 CHUKEHUS
JE®OPMALIUU I'PYHTA TP CTPOUTEJBCTBE IMHUU METPO BTOPOJE
XOHINMHUH

Jlebopmaruy TIPYHTOB YYHTBIBAIOTCS B OCHOBHOM B IIpOLECCE CTPOMUTENLCTBA METPO,
0COOEHHO B YCIOBHSX ClabOro MOYBEHHOW CpEnbl, BIMSIOIMM Ha CyIIECTBOBAHHE 3JaHUH Ha
MIOBEPXHOCTH 3eMJIH. DTa CTaThsl MPECTABISIET IPIMEHEHHE TEXHOIOTUH CTPYHHOH pacTBOpEHUs
(Jet Grouting) it yMeHbIIeHHS AeOopMannii Ha IOBEPXHOCTH 3eMIIU IIPU CTPOUTEIHCTBE TOHHEIS
METPO B TEONIOTHYECKHX YCIOBUSX obyiacth XommMmuH. IIprMeHeHHMe TeXHONOTHH CTpYIHOMI
pacTBOpeHHs B Ipolecce OypeHHs BBICOKOIO MNaBJICHHsS oOpa3yeT cMech IOYBHI U IIEMEHTa
(Soilcrete). MHcnoms3oBanme Jet Grouting a1 yKpeIUIGHHS IOYBEI  BOKPYT TOHHEN
paccMaTpuBaeTcs Kak 3 (eKTHBHOE pelIeHHe ISl yMEHBIICHHUS OCaIKU OBEPXHOCTH 3EMIIH.

KiioueBble cJIOBa: IOBEPXHOCTHAs OCanka, OypeHHe BBICOKOTO MAaBJICHHS, CTpyHHOE
PacTBOpPEHYs, TPYHTOBO-I[EMEHTHAsI CMECh, METPO.
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3acTocyBaHHs TEXHOJIOTIl cTpyMeHeBoro poszunnerHs (Jet Grouting) juis 3MiIlHEHHS IPYHTIB
HAaBKOJO TYHENIO PO3TINAcThesi SIK e(eKTHBHE pIillleHHs Uil 3MeHINeHHs nedopMamiii Ha
MIOBEpXHi 3eMJIi IIpH OyIIBHUIITBI TYHEIII0O METPO B TEOJIOTIYHHX YMOBaX MicTa XOIIMMIH.

Tab6m. 4. . 10. biGuiorp. 7 Ha3s.

UDC 539.3
Nguyen Anh Tuan, Tran Duc Chinh, Nguyen Thanh Dat. The application of Jet Grouting
technology to reduce ground deformation of construction the metro line in Ho Chi Minh City
// Strength of Materials and Theory of Structures. — 2016. — Issue. 97. — P. 121 — 134,
The application of Jet Grouting technology to strengthen the soil around the tunnel is considered as
an effective solution to reduce deformations on the surface of the earth during the construction of
the metro tunnel in the geological conditions of Ho Chi Minh City.

Table 4. Fig. 10. Ref. 7.

YK 539.3

Heyen Anv Tyan, Tpan [Quik Yums, Heyen Tam [am. IlpumMeHeHWe TEXHOJOTHMH CTPyiHOU]j
pacTBOpeHHs JJIsl CHHKeHHsl JedopManuy IPyHTOB NPH CTPOHTEJILCTBE JHHHH METPO B
ropoae XoummuH // CONpoTHBIIEHNE MaTEPUAIOB U TEOPHsl coopyxeHuit. - 2016. - Bem. 97. - C.
121 - 134.

IIpuMeHeHHe TeXHONOTHH CTpyifHON pacTBopenus (Jet Grouting) JuIs yKpeIUIeHHS I'PYHTOB
BOKpPYT' TOHHEJISI PacCMaTpUBAETCs Kak 3(()eKTHBHOE pelIeHne sl yMeHbIIeH!s nedopMaluii Ha
MOBEPXHOCTH 3€MJIM IpPH CTPOHUTENLCTBE TOHHENS METPO B TIEOJOTHYECKHX YCIOBHSX TOpOfa
XOIIMMUH.

Tab6un. 4. Y. 10. bubsworp. 7 Ha3s.
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YK 539.3

KOJIMBAHHSI MOPCHKOI BYPOBOI INIAT®OPMHU ITPHA
CEMICMIYHOMY 3BYPEHHI OCHOBHA

10.B. Bopomll )
KaH/I. TEXH. HayK

B.I IllepGiii'

1 . o . o . . . .
Kuiscokuil nayionanshuii ynieepcumem 6yoisnuymea i apximekmypu,
Hogimpogromcvkuii npocnexm., 31, m. Kuis. 03680

JlocnmikyeThesl peakiis MOpChKoi OypoBoi ruiarhopMu Ha celcMiuHe 30ypeHHs OCHOBH.
IopiBHIOIOTBCSL pe3yibTaTH, OTPUMAHi 3a NPIMHM JUHAMIYHHM METOIOM 3 BHKOPUCTaHHIM
CHHTE30BaHHX aKCelIeporpaM Ta 3a JOIOMOTOK0 JTiHIHHO-CIIeKTPaIbHOI Teopil.

KumrouoBi cioBa: Mopceka OypoBa matdopMa, CHHTE30BaHI akceleporpamu, ceiicMidne
30ypeHHSI OCHOBH.

1. Beryn

Po3ramryBanus pomoBuin HadTH i rady Ha 3Ha4YHId MIMOWHI B IIenbdi
YopHoro Ta ABOBCBKOrO MOpIB BHCYBa€ IiJBUINEHI BHMOTU IO
KOHCTPYKTUBHMX pillleHb TiJPOTEXHIYHHX CIIOpYyJ, 30KpeMa, CTalliOHapHHX
OypoBux miaTdopm™, 0 BUKOPUCTOBYIOTHCS SIK JJIsI PO3BiNyBalbHHUX POOIT,
Tak 1 Juigi BuaoOyTKy. BomgHouac mocTaloTh NUTaHHs, [OB’s3aHi 13
3a0e3MeuyeHHsIM HaAIHHOI  eKcIulyaTamii CIIOpyAM B 30HaX  BHCOKOL
CEWCMIYHOCTI IPOTATOM JOCHTH JIOBFOIO MNPOMIXKKY dacy. BiamosinanbHi
CHOPY/IH, 10 SIKUX BIHOCATH MOpchKi OypoBi mnatdopmu (MBII), marots OyTH
po3paxoBaHi Ha MaKCHMaJbHUH pO3paxyHKoBHH 3emuerpyc [l], mpudomy
HEOOXITHO TMPOBECTH TMEPEBIPKY CEHCMOCTIHKOCTI SK  3a JHITHO-
CHEKTpaJbHUM METOMOM, TaK 1 3a TMpsIMHUM JUHAMIYHEM METOJIOM.
BHUKOPHCTOBYIOUH PO3PaXyHKOBI aKceseporpamMH.

Hwxue HaBenmeHi pe3yabTaTH 3acTOCYBaHHS Takoro 0OaraToBapiaHTHOTO
I IX0/1y 10 pO3paxyHKy OypoBoi maThopmu.

2. Onuc mnargpopmu

HocmimkyBana Mopchbka —cTallioHapHa IUIaTGopMa  sIBISE  COOOO
MIPOCTOPOBY METAJIEBY KOHCTPYKIiO (pUC. 1, @), BUKOHAHY 3 METaJICBUX
NpoKaTHUX TPpyO HacTynmHuX Aiamerpis: 1420 mm, 1200 ymm, 630 rem, 600 vm Ta
530 mm.

3'emnanHs TpyO B miatdopmi 3ailiCHEHEe 3BaprOBaHHAM Ta Ha Oonrax. Bei
BY3JIM B PO3PaxyHKaX BBaXKalOThCs )KOPCTKUMH.

OcHoOBHI reoMeTpH4Hi Xapakrepuctiuku MBII:

- BUCOTA JIO BEpXiBKHU Bexki — 132 w;

© Bopona I0.B., Illep6iii B.I.
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- TOBXKMHA — 55 m;

- mMpuHa mathopMu — 48 .

Po3paxynku Oynu mpoBeJeHI 3a JOMOMOTO0 METOJY CKiHYCHHUX
€JIEMEHTIB, peaji30BaHOMY B IIpOrpaMHoMy KoMIutekci Lira [2]. Po3paxyHkoBa
JIUCKPETHA MOJIENb CKIIATA€ThCs 3 862 By3miB Ta 2349 CTep)KHEBUX CIICMCHTIB

(puc. 1, 6).
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Puc. 1. Mopceka 6ypoBa mnathopma: ¢ — 3arajabHHIl BUNI; 6 — CKIHUEHHOGIEMEHTHA MOJIelIb

3. MopanbHuii anauais mogeni MBIT

3HavHa KiJIbKICTh JMHAMIYHUX PO3PaxyHKiB, Y TOMY YHCHI i JOCIIKEHHS
CeMCMIYHOI peakilii, 0a3yeThcs Ha JaHWUX MOJAIBHOTrO aHamizy. Taki maHi
JIAIOTH YSIBJICHHS! NMPO BHYTPIIIHI AWHAMIYHI BJIACTUBOCTI  JOCIIJDKYBaHOL
CHOpPY/IH 1, JO3BOJIAIOTH IPOrHO3YBATH, SIKUM YMHOM CIIOpy/a Oyae pearyBaTH
Ha TeBHi BUAU HaBaHTaXeHHs. B Tabnuui 1 HaBeneHi yacToTH ; Ta MOJAJIbHI

Macu G;, [Ki Bi/INOBiAat0Th BlacHUM (opMam, 110 Jal0Th HAHOLIBIIMI BHECOK
y ceificMiuHy peaxiifo miaTgopmHu.
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Tabmums 1
Ne actons : Iepion ?/I/I:(f; Mgﬂyﬁac
I e A I

1 5.497 0.875 1.143 14.889 14.889
2 5.686 0.905 1.105 29.716 44.605
3 8.014 1.276 0.784 12.735 57.340
4 10.094 1.606 0.622 8.086 65.426
5 11.285 1.796 0.557 2.433 67.859
6 18.538 2.950 0.339 0.039 67.899
7 19.453 3.096 0.323 5.990 73.888
8 19.576 3.116 0.321 0.446 74.334
9 20.469 3.258 0.307 0.008 74.342
10 20.929 3.331 0.300 0.045 74.386

Sk OaunMmo, HaWOUTBIIMKA BHECOK B CEWCMIUHY pEaklifo JaloTh IepI
YOTHPH BIIACHI popmu. Ix 300pakeHHs HaBeJICHI Ha puc. 2-5.

®opma 1

T=1.143 ¢, ®=5.497 pao/c, G=14.889 %

Puc. 2

T
70,

VAN
Y

®opma 2
T=1.105 ¢, ®=5.686 pao/c, G=29.716 %

Puc. 3

s

AV
WY

VAT
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®opma 3 ®opma 4
7=0.784 c, ®=8.014 pao/c, G=12.735 % 7=0.622 ¢, ®=10.094 pad/c, G=8.086 %
Puc. 4 Puc. 5

Sxmo crnpoOyBaTH KOPOTKO OXapakTepu3yBaTH (OpMH KOJNWBaHb, TO
HEoOXiMHO BiaAMiTHTH, MmO mnepma Qopma aHajoriyHa aeQOpMyBaHHIO
KOHCOJIbHOTO CTEpPXHS, SIKUH 3TMHA€ThCS B TUIOMIMHI HaiMEHIIOI KOPCTKOCTI,
npyra ¢opma aHajoriyHa meprii, ame npu aeopMyBaHHI B IUIOMIMHI
HaAMOINBIIOI  JKOPCTKOCTI; TMOYMHAIOYM 3 TPEThoi  (OPMH,  XapakTep
nepOopMyBaHHS CTa€ OUThII CKJIAQAHAM 1 MICTHTh 3aKpy4YeHHS BCi€l
KOHCTPYKIIi.

4. Pe3y1bTaTH AMHAMIYHOTO PO3PAXYHKY
OCKiJIbKY HaHBaroMimmmii BHECOK y CEHCMIYHY peakIlito aae apyra gpopma
(G,=29.617%) 3 mnepiomom BiacHux KomuBaHb 1,105c¢, TO 3rimHO i3

tabmuuero 6.10 IBH B.1.1-12:2014 [1] Oynu BUKOHaHI JOCTIDKEHHS peakii
CIOpyY/H Ha JIiro akceneporpam Vbér, Vb7r ta Vb8r.

Bynn mpoBeneHi po3paxyHKH Ha mdif0 9-0anbHOro 3emieTpycy SK 3a
NPSMUM JTUHAMIYHUM, TaK 1 3a JIHIHHO-CHEKTPaJIbHUM MeToAOoM. PesymbraTu
PO3paxyHKiB 3a MPSMUM AMHAMIYHUM METOJIOM Y BUIJIS/II TpadiKiB 3aJIeKHOCTI
BiJl Yacy TepeMilleHHs CepeaHbOi TOYKHM BEpXiBKHM MIOrTH (By30a 566) Ta
3ycuib (MO3JI0BXKHBOI 1 TONMEPEYHOi CHJI Ta 3TMHAJIBHOIO MOMEHTY) B
HAMOIIBII HAmNpY)KEHOMY CTEPXKHi, pO3TAllOBAHOMY B OIOPHIA 30HI
mwiatrhopmu  (ememeHT 748; HOro posranryBaHHsS IOKasaHe Ha puc. 1,0)
HaBEJICHI HIDKYE Ha pHCYHKax 6 — 14. 3ayBaxxumo, IO MPH PO3PaxXyHKY 3a
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MPSIMUM TUHAMIYHUM METOJIOM, JTO BY3JIiB, PO3TAIIOBAaHUX HIKYE PiBHS BOJIH,
OynM CTaTHYHO TPUKIIAACHI cd BenumduHO 0.12 m, sKi MOJAENIOBAIU OITip
cepeoBHIIa.
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Puc. 14. 3runaneHuii MoMeHT M B 748-y enementi Mmojeni (akceneporpama Vb8r)

[opiBHSHHS pE3yNbTATIB JOCTIHDKCHHS CEHCMIYHOI peaxilii MOpPCHKOL
OypoBoi 3a 1BOMa MeToJaMu HaBeseHi B Tabmumi 2. [Ipu 1pomy HaBeneHi B
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TaOMMILI pe3yNIbTaTH PO3PAXyHKY 3a MPSIMUM JMHAMIYHUM METOIOM OTpHUMaHi
LIJISIXOM OCEepEJHEHHS AaHUX, IO BiANOBIAAIOTH PI3HUM MOMEHTaM 4acy.

Tabnus 2
Pe3ynbpTaTi po3paxyHKy 3a MPSIMHUM JUHAMIYHIM
Pe3ynbTat po3paxyHky METOI0M
3a JIHIMHO-CHCKTPAIbHUM HasBa cuHTe30BaHOI aKceneporpamMu
MeTonoM Vboér | Vb7r | Vb8r
[Nepeminiennus 566 Touku (BepHIMHM) 110 Bici X, mu
401.8 | 4006 | 215.5 | 233.7
CepeiHe 3Ha4Y€HHS NMO03/10BXKHBOI cuiu N, kH
-4564.6 | -44034 | -36781 |  -34436
CepeiHe 3HaYCHHS 3THHAJIBHOTO MOMEHTY M, kI
1343.7 | 1365.6 | 857.2 | 888.5

5. BucHOBKH

Pe3ynpTaTi po3paxyHKIiB 3a MPSIMUM JUHAMIYHHM METOJOM IOKAa3ykOTh,
o Haioinbmi 3HaueHHs mapamerpiB HJC KOHCTpYKIIT criocTepiratoThes mpu
BHKOPUCTaHHI CHHTE30BaHOi akcenmeporpamu Vbor. OcepenHeHi 3HAYCHHS
MepeMIlIeHb 1 3YCHIb, IO BHHHUKAIOTH SK PEaKIlis Ha JII0 akKceIeporpaMu
Vbbr, € noOpe y3ro/KeHUMH i3 aHAJOTIYHUMH Pe3yIbTaTaMU, OTPUMaHUMHU 3
BUKOPHUCTaHHIM JTiHIHHO-CHEKTPaJIbHOIO MiJIX0My (pO30iKHICTH pe3ynbTaTiB
He mepeBuinye 1% s mepemimens i 5% is 3ycwis). Brkazana oOcraBuHa,
CBITYUTH MPO PEANICTUYHICTH PO3PAXYHKOBUX JAHHX, 3HAWICHHX 3a JBOMA
pi3HEMH MeTOIaMu. 3ayBa)KMMO TaKOX, 10 BUKOpUCTaHHS 1is aHamizy HJC
OypoBoi miardopmu akceneporpam Vb7r ta Vb8r mpu3BOIUTE O CYTTEBOTO
3aHIKCHHS 3HaY€Hb OCHOBHHX PO3PaXyHKOBHX MapaMeTpiB.
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Vorona Yu. V., Shcherbii V. I.
OFFSHORE DRILLING PLATFORM VIBRATIONS UNDER SEISMIC EXCITATION

The response of the offshore drilling platform to seismic base excitation is analyzed. The
platform is a spatial construction made of metal rolled pipes of various diameters. The connection
of pipes is done by welding and on bolts. All joints of the construction model are considered to be
rigid when analyzed. A modal analysis of the construction was performed and modal effective
masses as well as modal participation factors corresponding to eigenmodes were defined. The
analysis of the modal participation factors showed that the greatest contribution to the seismic
response was given by the first four mode shapes with almost thirty percent of the total modal mass
contributed by the second mode shape. This mode shape turned out to be similar to the mode of
deformation of the console rod that bends in the plane of greatest stiffness. The synthesized
artificial spectrum-compatible seismic accelerograms were selected from the set included in the
state building codes using oscillation period corresponding to the second natural frequency. The
response of the platform to the earthquake of seismic intensity 9th degree according to the
Medvedev-Sponheuer-Karnik scale was investigated. Two methods of the seismic analysis were
used. The first one was the linear quasi static Response Spectrum Method and the second one was
Direct Dynamic (Time History Analysis) Method. The results of calculations carried out using the
Direct Dynamic Method were averaged on the whole time interval and the data of such an
averaging were compared with the results of the Response Spectrum Method application. The
results proved to be consistent with each other - the difference does not exceed one percent for
displacements and five percent for internal forces and moments. This circumstance indicates the
reliability of the results obtained with the help of two different methods.

Keywords: offshore drilling platform, synthesized accelerograms, seismic excitation.

Bopona FO. B., ll]ep6uii B. 1.
KOJEBAHUSI MOPCKOM BYPOBOM IIJIAT®GOPMbI IPU CEMACMHUYECKOM
BO3BYKJIEHUU OCHOBAHUS

Hccnenyercst peakuusi MOpCkodl OypoBoit ruiaThopMmbl Ha ceficMHYEcKoe BO30YXKICHHE
ocHoBaHusi. CpaBHUBAKOTCS PE3yJbTaThl, MOIYYCHHBIC C HCIOJIb30BAHUEM CHHTE3UPOBAaHHBIX
aKCeJIeporpaMM | ¢ MOMOLIBIO JINHEHHO-CIIEKTPAIbHOW TEOPHH.

KarueBble ciaoBa: Mopckas OypoBas IIaTopMma, CHHTE3HPOBAHHBIC aKCEIepPOrPaMMBI,
celicMHYecKoe BO30y)KIeHNEe OCHOBAHUSL.
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YK 539.3

Bopona 10.B., lep6ii B.l. KonuBanusi Mopcbkoi 0ypoBoi miatgopmm npu ceiicMivHOMY
30ypenni ocHoBH // Onip MarepianiB i Teopist copyn. —2016. — Bum. 97. — C. 135 — 144.
Hocnioxcyemvest peakyiss mopcokoi Oypoeoi naamgpopmu Ha ceticmiuHe 30YpeHHst OCHOBU.
Iopisniolomucs pe3ynbmamu, OMPUMani 3a NPAMUM OUHAMIMHUM MemOOOM 3 GUKOPUCTAHHAM
CUHME3068AHUX AKCeEPOSPaM ma 3a OONOMO20I0 JHIHO-CREeKMPATbHOT meopii.

Vorona Yu. V., Shcherbii V. I. Offshore drilling platform vibrations under seismic excitation //
Strength of Materials and Theory of Structures. — 2016. — Issue. 97. — P. 135 — 144.

Response of the offshore drilling platform to seismic excitation is analyzed. Results obtained using
modal analysis of the response spectrum and direct dynamic analysis are compared.

Bopona IO. B., Illepoui B. U. Koaedanust Mmopckoii 6ypoBoii miaTgopMsl npu ceiicMHYecKOM
BO30Yy:k1eHUH ocHOBaHHs // CONpOTUBIICHHE MaTepUaloB M TEOpHs coopyxeHmit. — 2016. —
Bem. 97. — C. 135 — 144.

Hccnedyemes  peakyust MOpckou  6ypogoil  naamgopmvl Ha - celicMuyeckoe 8030yicOeHue
ocrnoganus. CpasHueaiomces pesyibmamel, NOIYYeHHble C UCNOIb306AHUEM CUHME3UPOBAHHbIX
akcenepozpamm u ¢ NOMOUbIO TUHEUHO-CREKMPATbHOU Meopull.
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BU3HAYEHHA HABAHTAXKEHD BIJIl MACUBY 'PYHTOBUX
CUITYYUX ITOPLA ITPU ITPOEKTYBAHHI HNIJIBEMHUX CIIOPY ]

LI Cosmoneii'
JIOKTOP TeXHIYHUX Hayk, npodecop kadenpu OyaiBebHOI MeXaHIKH

I'.A. 3aTnmox’
acnipaHT kadeapu OyiBeIbHOT MEXaHIKH

1 - o . o . . . . -
Kuiscokuil nayionanshuil ynieepcumem 6yoisnuymea i apximexmypu, Kuis

B po6oTi po3ristHyTO HaMOIIBII MOMMPEHi TilmoTe3u OOYKMCICHHS! HABAHTAXCHb BiJl MaCHBY
TPYHTOBHX CHITy49HX HOPIA: PO CHJIOBE I'paBiTalliliHe MOJIe, piBEHb HANPYKEHOCTI SIKOTO 3pOCTae
IPSIMO TIPOIOPLIHHO INTMONHI BiTHOCHO MOBEPXHI 3eMJIi Ta 3BOJY 00BaJICHHs UL HECTIHKUX MOPIiA.
Jlana oOIiHKa MOMJIMBOCTI BHKOPHCTAaHHS METOAA CKIHYCHHHX €JIEMEHTIB IPH JOCIIKEHHI
HaIpyXeHO-1e(OPMOBAHOr0 CTaHy Mi[3eMHUX CIIOPYJ B 3aJI&KHOCTI BiJ TIHOMHY 1X 3aKJIaJaHHS.

KoirouoBi ciioBa: TpyHTOBHH THCK, TIpCBKHMIl THCK, 3BiX OOBaJeHHsS, apo4HHH edexT,
ITi[3eMHACIIOPY /A, METOJ CKIHYCHHUX €IEMEHTIB.

Beryn.BaxkiimBuM eTaroM HpH NPOEKTYBaHHI MiI3EMHHX CIIOpYyA € 30ip
HaBaHTa)XKEHHS BiJl MACHBY TPYHTOBHX MOpiJ, SIKi 3aJSTral0Th HaJ MalOyTHIMH
KoHCTpyKUisiMu.IIpoGiema BU3HAYEHHS aKTHBHOIO THCKY € CKIJIAIHOIO
BHACJI/IOK PI3HOMAHITTSl MPUPOJIHKUX 1 BUPOOHNYMX (haKTOPiB, IO BIUIMBAIOTH
Ha HOro BENTMYMHY 1 XapakTep po3noniry. IcHye aekinbka Teopiid, 3aCHOBaHUX
Ha JOCHTHh PI3HOMAaHITHHUX MeEpelyMOBaX,iKi JAIOTh 3a/0BIJIbHI PE3YJIbTaTH y
BY3BKHX MEXax, BIAMIOBIZHO 10 OOIPYHTOBAHOCTI IIMX MEPEIYMOB.

[Nepmi MeTomu 0OUMCIIEHHS! TPYHTOBOTO THCKY CIMPAIOTHCSI HA TiNOTE3Y,
3TiIHO 3 KO0 HAaBAaHTA)XEHHS BHKJIMKAaHO Barol MEBHOrO OOCSTy IOpix, Mo
3aisrae Haj KOHCTpyKIier. OnHie0 3 HAHOLIBII MOMUpEeHuX Oyna TimoTe3a
Typuepa [1]. Iocriline HaBaHTa)XEHHS BiJl BIACHOI Bard IpyHTOBOI'O MAaCHUBY 3
ypaxyBaHHSIM peaJbHOrO CTaHy MacHBY JO MOMEHTY YTBOPEHHS BHUPOOKH
MIPUKIIAJA0Th O HHOTO y BUMNISAAI O0'€MHHX CHII, SIKI CTBOPIOIOTH CHIJIOBE
rpaBiTaliiiHe moJe, piBeHb HANpPYKEHOCTI SIKOI'0 3pOCTaE MPSIMONPOIIOPIIIHHO
rMOMHI  BiIHOCHO TOBepxHi 3emii.HopMaTiBHE 3HaueHHS BEPTUKAIBHOI 1
TOPU30HTAJIBHOI CKJIaJJOBHX IOrO IOJIS HA JMOBUIbHINA rnmmbuui H, cmig
BH3HAYATH BIJIIOBIIHO 10 (OPMYIT:

Oy :_gzpihi » 0, =0 :_}'gzpihl‘ > ey
(H) (H)
Ae ©,, O, 1 O; - BIANOBIJHO BEPTUKAJIbHA Ta FOPU3OHTaJIbHA (IIONEPEYHA 1

TIOB3/IOBKHS) CKJIAJI0Bi; g - NPUCKOPEHHS BIIBHOTO MafiHHA; p; Ta h; -
BIJIMOBITHO NITGHICTh Ta MOTYXHICTH JOBUTIBHOTO [ -TO IUIACTY IPYHTY; V -

© Conopeit L1., 3atmmok . A.
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koe(ilieHT momnepevyHoi aedopMarii maacTy IPyHTY, IO BMIIIye BHUPOOKY
(xoedimient [Tyaccona).

KoegimieHT 60KOBOTr0 THCKY B IIPY>KHOMY MaCHBi:

A=v/(l-v). )

JIy1s1 HecKeNbHUX 1 HAIliBCKEJIbHUX TVIMHUCTHX IPYHTIB 3 SIBHO BUPaKEHUMHU
PEOJIOTIYHIMH BJIACTHBOCTSIMH KOe(ilieHT OOKOBOTO THCKY CJiJ NMpUHMAaTH 3a
dopmyoro:

_0.6+0.8v 3)
1.4-0.8v "

Takmii  miaxim peanmizoBaHo B 0araTbOX  Cy4aCHHXHOPMATHUBHHX
JIOKyMEHTaX, SIKi PO3MOBCIOJUKYIOTHCSI Ha MiN3€MHI CIOPYIH HETJIMOOKOro
3akJaaanss [7].

OpHak pe3yabTaTH PO3paxyHKIB HE BiJIIOBIAIOTH JIHCHOMY CTaHy pedei
Ha BEJIMKMX TIJIMOMHAX 1 BIJNOBITHO pPiBEeHb HABaHTaXeHb OE3ITiACTaABHO
30inbLIyeThCsl B ecsITKH pa3iB[4].5Ik moka3ye 1ocBin OyHiBHHITBA, a TAaKOXK
OTpHUMaHi eKCIepPUMEHTaNIbHI JlaHi, THCK MOpiJl Ha MiI3eMHY KOHCTPYKIIiO
(TIpCBKMIA THCK) HE 3aJIEXKHTh, SIK IIPaBHJIO, BiJl TIIMOMHY 3aKIalaHHs CIIOPYIH.
IIs obcraBHHa na€ MOXIIMBICTH CIOPYXKYBaTH TOPIBHSHO JIETKI TYyHEJbHI
OllpaBMHA 3HAYHUX TMOMHax.HaiOinplie 3HaueHHs JUIS NMPAaKTUKH HaOyiIH
Teopii, mo 0a3yroThCs Ha MPHUITYLIEHHI NMPO BUHHUKHEHHS HaJ BHPOOKOIO
CKJICHIHHSI MIPUPOAHOI piBHOBard (apouHoro edekry). 3rifHO IUX TeOpiH,
TipCHKUH THCK 3aJIEKUTh BHUKIIOYHO BiJI Barn BUBAIY IOPOAM B MeEXax
YTBOPEHOT'O CKJICTIiHHS.

1. 'inore3a 3Boy 00BaJIeHHs Il HECTIHKUX MOPiJ

B mpakTtuii npoekTyBaHHS CIIOpY[] TJIMOOKOrO 3aKiaJaHHs IOIIUpeHa
Teopis po3pobieHa mnpodecopom Pmxcbkoro yHiBepcutery Pitrepom Ta
nopobneHanpodecopom M.M. TIporox'skoHoBuM([2, 5, 6], sika Oyia 3amporo-
HOBaHa JIs IIHPOKOTO Jliala30Hy MOpiJl — Bij CIAOKNX 0 MIIJHUX CKEJIbHHUX.

Js 00’eqHaHHS XapakTEpPUCTUK B i Teopii NpUHHATHHA KoedimieHT
MIIHOCTI f , IO € yAaBaHUM KOe(illieHTOM TepTs, TOOTO TaHI€HCOM YSBHOTO

. k .
KyTa BHYTPIIIHBOI'O TEPTA (0 , BUBHAYCHOI'O 3 YpaXyBaHHAM 34YCIJICHHA ¢ MK

YaCTHHKAaMH TIOPOJH. YSBHUH KOe]Ili€HT TepTs IOpIBHIOE BiIHOLIEHHIO
JIOTUYHOTO 7 1 HOPMaJIBHOTO & HaNpyXeHb Ha KOHTAaKTI MK YaCTUHKaMH
TIOPOJI B MOMEHT TPaHUYHOI piBHOBAru:
r T oOigep+c c
feigpt =L =TEPTE g )
c c c
Jie @ - NIACHUHA KyT BHYTPILIHEOT'O TEPTS IIOPOJIH.
Juns cumydux nopig,ae ¢ = 0, MOXHA 3aIUCATH:
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f=ige. )

B ckenpHHX MOposax 3ueIUIeHHs] ¢ BU3HAYAETHCS CHIAMU MOJIEKYJISIPHOTO
3YeIieHHs. B 1bOMy BUMNAAKy PEKOMEHIYETHCS BH3HAYATH KOE(II[ieHT
MII[HOCTI TMOpPOJM B 3aJEKHOCTI Big ii KyOMKOBOI MmimHocti R Ha
PO3IPOOITICHHS:
f=t ©)

100

Kpim Toro, Ha mifcraBi CIOCTEPEXEHb 3a TIIOBEAIHKOIO TIPYHTIB 1
y3araJlbHEHHsI BEJMKOTrO JIOCBiNy 3alporoHOBaHa Kiacugikalis mopia 3a
MIIIHICTFO,B1/IITOBITHO JIO STKOT ITOPOJIH UIATHCS HA JIECCATh KaTErOpiH, TS SKUX
Koe]iIieHT MiIHOCTI 3MiHIOeThes Bin 20 10 0.1 [6].

Jlis oOumcneHHs HaBaHTa)KEHHS BiJ TIOPOAM, IO 3HAXOJUTHCS i apKOO
HNPUPOAHBLOI pIBHOBAarW, HEoOXigHO omiHmTh ii mpomit B Ta BUCOTY /i
(puc. 1). Ilpm BHU3HAYEHHI IPOJLOTY BBAXKAETHCSA, IO B CTIHAX BHPOOKH
YTBOPIOIOTBHCSI IUIONIMHA CKOB3aHHS 3 KYyTOM Haxwuiy 45°—(ok /2 Jo

BEPTHUKAJI,TOOTO:
o*
B=b+2hig 45"—7 ) (7

(EREEREEEEEERREN)

X [N

h\

V/ : \\1 i

Puc. 1. Moznens apku HpHPOJHEOI PIBHOBArH

YMOBOIO poOOTH apK1 Ha HEHTPAJILHUN CTHCK € PIBHSIHHS:
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2
ZMA=0:>Ty—%=0. (8)
Toni po3mip 3BoaYy:
2 2
-2 PR ©)
2y 8hl '
YMOBOIO CTIHKOCTI I'SIT 3BO/Y BiJ] 3CYBY € HEpPIBHICTB!
B
T< p? f. (10)
SIK110 BBECTH BENMYMHY 3amacy CTIHKOCTI I'SIT 3BOY:
A=nh, (11)
TIPOITOPLIHY BHCOTI 3BOY, OTPUMAEMO:
B B B
P2 p 7=y =>n=L2 i——2 . (12)
2 2\l 4k

Bucora CKﬂeHiHHH, 110 YTBOPIOETHCA HaAJ BI/IpO6KOIO, BU3HAYAETHCA 3
YMOBH MaKCUMYyMY 3aI1acy CTIMKOCTI IT'ST 3BOJ1Y:
dn B B

Rasdeh -L +—_|=0. 13
dh 2 no2m ()

3BiJCH BUCOTA CKIIEIIHHS:
B
ey
2f
HapaHTaxxeHHS BiJl HOpPMATHBHOTO TiPCHKOTO THCKY Ha TYHEIBHY ONpPaBy y

BUIAJKy BUHHKHEHHS 3BOAY CJIiJI MPUHMAaTH PIBHOMIPHO PO3MO/IJICHOIO IO
TIPOJILOTY (AiaMETPy) Ta BUCOTI BUPOOKH[6]:

9 :prhlﬂ (15)

Iy (14)

k
o =K,y +0.5h)g’ 45"—§"7 , (16)

Je ¢, - BepTUKANbHUH, p, - TOPU3OHTAIBLHUI HOPMATHBHUH TipchKMil THCK
BIANOBiAHO. K, - KoehilieHT yMOB POOOTH IPYHTOBOIO MACHBY.

2. BukopuCTaHHSI MeTOAa CKIHYEeHHUX eJIEMEHTIB B 3a/1a4ax
NMPOEKTYBAHHS MiI3eMHUX CIIOPYI

Ha ocHOBI MeTona CKIHYEHHUX €JIEMEHTIB JlaHa OLIHKAa3MIHM ITOCTIMHOIO
HABaHTAXKCHHSBIJI TOBI TPYHTOBOI OCHOBH HA KUTBIIEBY ONPAaBY TYHEIO B
3aJI€KHOCTI Bif| ITTMOMHH HOro 3aKJ1a aHHS.
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Cepennili niamerp onpaBu d = 5.2 m, ToBIIMHA CTiHKU 4 = 0.2 M. Dizuko-
MeXaHiIuHI XapaKTepUCTHKU TPUHHSATO It IpiOHOr OHEOHOPITHOTO HIIIEHOTO
TTCKyY MaJIoro CTYNEHS BOJIOHACHUYEHHSI:
E=38Mlla,v =03,y =17.65 xkH/x’,c =4 xH/™M’, 9 =36", f=0.73. s
KOPEKTHOI'O0 BHM3HA4YEHHS HABAHTAXKEHb ONpPaBa TYHENIO MOJENIOBAIACH SIK
abcoroTHO JKopcTKe Tino. KoHTpoiro mimisrany pajiaiabHi HAOpYKEHHS y
HaWOMKYIMX JI0 ONPAaBH CKIHYEHHHX €JIEMEHTaX I'PYHTOBOI OCHOBH.

JocnimkenHst BBy rpaHndanx ymoB Ha H/IC koHCTpyKuii mokasanu, mo
NPUIHATHANIOXNOKA ~ JOCSTaeTbCs NPH  IMIMPUHI  IPYHTOBOTO  MAacuBY
€KBIBAJICHTHOIII SITU JliaMeTpaM ONpPaBU Ta 30CpeIKEHHI TOBIII Y JiBa JliaMETPU
MiJ] KOHCTPYKI€I0, IO po3nisimaeTbes(puc. 2).Po3paxyHoK TpOBOTUBCS 3
ypaxyBaHHSIM BEPTHUKAJIbHOI IUIOIIMHM CHMETpii 3a JOIMOMOrOl0 BBEIEHHS Y
MOJIeNTb BiAMOBiAHUX B’s3¢il. [loyaTkoBUi HampyxeHO-Ie(pOpMOBaHUN CTaH
BH3HAYaBCA ITPY PO3B’sI3aHHI 3a7adi BiJl Aii BIaCHOI Baru TpyHTOBOI TOBII O3
HasIBHOCTI TYHEJIbHOI BUPOOKH.

BesmocepenHiit qocinif mossiraB y 301IbIIEHH] IITMOWHY 3alIsITaHHS TYHEITIO,
IUIAXOM 30UTBINICHHS KUThKOCTI ckinueHHuX enemeHTiB (CE) Hajg ompaBoro,
KpOKaMH, 110 PiBHI ii giamerpy.

MNicok ApiGHWIt HeogHOPIAHWUI
Manoro ctyneHs BO4OHaCU4YeHHA

2d

2d

Puc. 2. Cxema 4ucenbpHOro JoCIiay

[TonepenHbo, Ha OCHOBI TiNOTE3W 3BOJYy OOBAJNEHHS ISl HECTIMKHX ITOpin
Oynu  BuM3HayeHi 3HayeHHs B=107m Ta h=7.4m. OTpumansi
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BEJIMYMHUBEPTUKANEHOTO ¢, =131 KH/M* Taropu3OHTAILHOIO p, =46 KH/m*

HOPMAaTHBHOT'O T1pPCHKOT0 THCKYE MOCTIHHUMHU Ha Oyab-sKii OinbmIiil rimbuHi,
3a yMOBH, 3BHYAiHO, OjAHOpimHOCTI TIpyHTY (puc. 3, 4).KoedimieHr ymoB

poOOTH rPYHTOBOrO MacHBy NpuiiMaBcs piBHuM ounnii K, =1.

Jocminu mokasanu, 1o npsMUN po3paxyHOK B MEXaX METOJy CKiHUCHHHX
€JIEMEHTIB MOXKJIMBHH JIMIIE JUTS MTi3EMHHUX CIIOPY/I HErTTHOOKOT0 3aKIIa aHHs.
CydacHi mporpamHi KOMIUIEKCH y OutbmiocTi peanisyiore CE, skxi (paxTHaHO
320e3MMeUyrOTh JTIHIHHY 3aJIe)KHICTh MK HABAHTAKCHHAM Ta TJIHOWHOIO

3aknaganHs (puc. 3, 4).
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Puc. 3.BepTukaibHUil THCKIPYHTOBOT OCHOBH.
1- rimoTe3a 3Boxy oOBalieHHs, T.A; 2, 3 — rinoTte3a npsmomnpomnopiiinocti rinouni (MCE), Toukn
A i C BinnoBigHO

Pn. kKH/M2

T~

Puc. 4.I'opu3oHTaNbHUNA TUCKTPYHTOBOI OCHOBH.
1 - rimore3a 3Boxy o6BaneHHs, T.B; 2 — rinoresa npsimonponopuiitocti rimubuni (MCE), T.B
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[cHyroTP pexkoMeHpamii, IO pO3IJIsA TiNOTe3W 3BOAY OOBaJICHHS
MOXJIMBUMNUIIE NIPpH 3arIUONIeHH] CIOpYyU sIK MiHIMyM Ha 2/; Bin ii BepXHboi
TOYKH [6] 1 3abe3rnedeHHst GOpMyBaHHS camoro 3Boxy.B Hamomy Bumaaky
2h =14.8 m, mo Bianosinae H =17.45 m Ha npeacTaBieHuX rpadikax.

Ha puc.5 nand TOpIBHAHHS TPENCTABICHO PO3MOMAUT  paiadbHOTO
HABAaHTAXKEHHS IO 30BHIIIHIN CTiHII TyHemro mist H =10.1., xomu oOuiBi
TiIoTe3W TEOPETHYHO IMOBUHHI JaBaTH OIHAKOBI pPe3yJbTaTH.

00

-225— Y2
200 dr. KH/M

270°

o % 90°
N

180°
Puc. 5. Posnonin pafianbHOro HapaHTakeHHs ¢, Ha rimbuni H =10.1.m

I10 30BHINHIH CTIHII TyHeMo (CyLiIbHA JiHiA - rinoTe3a npsmonponopuiinocti rmbuni (MCE),
IIYHKTHD - TilI0Te3a 3BOy OOBaJICHHS)

IMomiTHo, 1o B 06sacti Big 0° 10 90° 3HauYeHHS THCKY 3a Pi3HUX TINOTE3

JIOCUTh J00pe y3ro/pKyeThes. Biaminaicts B obmacti 90° +180° mokHa
TIOSICHUTH TUM, 110 hopmyiu (15) Ta (16), siki pekoMeH0BaHI U1l BU3SHAYECHHS
HaBaHTa)XEHb 3TiHO 3 TIMOTE30(0 3BOAY OOBAJICHHS, HE BPAaXOBYIOTH 3MIiHY
TUCKY IO BHCOTI KOHCTPYKIIII.

BucnoBok.TakuM 4YMHOM, TpSMHHA pO3PaxXyHOK B MeXax METONY
CKIHUEHHHUX €JIEMEHTIB MOXIIMBHHI JIMIIE JUIS MII3EMHHUX CIIOPYZ HErJTMOOKOT o
3aKJIaJaHHS, JUIst SIKMX 30epiraerbest st rirmore3u
npsiMonporiopIiiHoCTIrMHONHI. [Ipu mepeBHIeHHI BU3HAYEHOrO 3HAYEHHS
rmouan MCE wMoke Oytu BuUKOpuCTaHO (TIPU 3allydeHHI CIEHiaabHOT
npoueaypH, Harpukian [3]) nume A oOYMCIeHHS HaBaHTa)KeHb, BIJHOCHO
SIKHX TIOTPiIOHO MOTIM OTPUMYBATH PillIEHHS.
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@dopmynu 11 BU3HAUSHHS! BEPTHKAIBHOI'O T4 TOPU30HTAIBLHOTO THUCKY Ha
MiJ3eMHY CIIOPYAY, SKi PEKOMEHJOBaHI 3TiHO 3 TINOTE30I0 3BONY
oOBasieHH:[6], HE BpPaxOBYIOTH 3MiHY THCKY IO BHCOTI KOHCTPYKIIil ISt
00’€KTIB 13 3HAYHUMHM TadapUTaMy BUHHI OyTH MOnn(iKoBaHi.
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Solodei L1, Zatyliuk Gh.A.
DETERMINATION OF LOADS FROM ARRAY OF RUNNING SOIL WHEN
DESIGNING UNDERGROUND STRUCTURES

The paper discusses the most common hypotheses for the calculation of loads from array of
running soil: about the force of the gravitational field, the level of tension which grows in direct
proportion to the depth relative to the surface of the earth and arch collapse for unstable soil.

An important stage for the design of underground structures is load summary from mass of soil
rocks on future constructions. The problem of determining the active pressure is complex. The
variety of natural and production factors affect the magnitude and nature of the distribution of
pressure. There are several theories based on quite different preconditions. Therefore, these
theories give satisfactory results only within narrow boundaries.

The first calculation methods pressure are based on the hypothesis that load has caused by the
weight of a certain volume of rocks that lies above the constructions. But the calculation data do
not correspond to the true state of affairs at deep depths. Accordingly the level of loads
unreasonably increases tenfold. The greatest importance to practice have theories based on the
assumption of the appearance of arch of natural equilibrium (theory of arch effect). According to
these theories, rock pressure depends only solely on the weight of the rock within the arch.

On the basis of the finite element method, the estimation of the change in the constant load
from the thickness of the ground base to the ring foundation of the tunnel is given, depending on
the depth of its laying. Experiments have shown that direct calculation within the finite element
method is possible only for underground structures of shallow laying. If a certain depth is
exceeded, FEM can be used with the attraction of a special procedure only for calculating loads.
Then, using these loads, you need to get a solution.

Formulas for determining the vertical and horizontal pressure on the underground structure,
which are recommended in accordance with the hypothesis of “the collapse of the vault”, do not
take into account the change in the height of the design for objects with significant dimensions
must be modified.

Keywords: ground pressure, rock pressure, arch collapse, arched effect, underground
structure, finite element method.

Conooeii U.H., 3amvinox I A.
OIIPEJEJIEHUE HAT'PY30K OT MACCHUBA II'PYHTOBBIX ChIIIYUHUX ITIOPOJ ITPU
MPOEKTUPOBAHUHU NOJA3EMHbIX COOPYKEHU

B pabore paccMOTpeHbI HauOOJee paclpOCTPAHEHHBIE THMIIOTE3bl BBIYMCICHHS HArpy30K OT
MaccHBa TPYHTOBBIX ChITyYHX IIOPOA: O CHJIOBOM I'DAaBHTALMOHHOM IIOJIE, YPOBEHb HAIPSDKEHHOCTH
KOTOpOTO PACTeT IMPSIMO HPOIOPLMOHANLHO TIIYOMHE OTHOCHTENBHO MOBEPXHOCTH 3€MJIM M CBOJA
0OpyILeHNs! ISl HEYCTOMYHMBBIX TOPOX. J[aHa OLEHKa BO3MOXKHOCTH HCITOJB30BAHMS METOIAa KOHEYHBIX
JTEMEHTOB HPH HCCIIEI0BAHNN HAIPSDKEHHO-1e(h)OPMHPOBAHHOIO COCTOSIHISI [TOJ[3eMHBIX COOPY)KCHHIT B
3aBHCHMOCTH OT TTyOMHBI HX 3aJI0XKCHHS.

KirroueBble €10Ba: IPYHTOBBIH JaBJICHHE, FOPHOE AABICHHE, CBOJA OOpPYIICHHMS, apodHBINA
3¢ heKT, HoA3eMHOE COOPYIKEHHE, METO]] KOHEUHBIX 3JIEMEHTOB.
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Conooeii 11, 3amuniox I'.A. Bu3HaueHHs] HABAHTAKeHb Bil MACHBY IPYHTOBHX CHIIYYHX HOPix
NPHU NPOEKTYBaHHI migzeMHuX cnopya. —2016. — Bumn. 97. — C. 145 — 154.

B pobomi posensnymo Haubitbw nowiuperi 2inomesu 0OYUCIEHHsT HABAHMANICEHb 610 MACU8y
IPYHMOBUX CUNYYUX NOPIO: NPO CUloge 2pasimayiiine noie, pi6eHs HANPYACEHOCMI AKO20 3pOCMAE
nPsSMO NPONOPYILIHO 2AUOUHI BIOHOCHO NOBEPXHI 3eMILi ma 3600 008aNeHHs OJisl HeCMIUKUX NOPIO.
Jana oyinka MOMCIUBOCMI GUKOPUCMAHH MemOOY CKIHYEHHUX eleMeHmi8 Npu O0CHiONCEeHHI
HANPYACEHO-0ePOPMOBAHO20 CMAHY NIOZEMHUX CROPYO 8 3ANEHCHOCH 610 2AUOUHU IX 3AKIAOAHHS.

Solodei 11, Zatyliuk Gh.A. Determination of loads from array of running soil when designing
underground structures. —2016. — Issue 97. — C. 145 — 154.

The paper discusses the most common hypotheses for the calculation of loads from array of
running soil: about the force of the gravitational field, the level of tension which grows in direct
proportion to the depth relative to the surface of the earth and arch collapse for unstable soil.
Evaluated the possibility of using the finite element method in the study of stress-strain state of
underground structures, depending on the depth of their laying.

Conooeti UU., 3amuviniox I'A. OmnpenesieHHe HArPy30K OT MACCHBA T'PYHTOBBIX CBHIMYYHX
MOPOoJ NPH NPOEKTHPOBAHMH NMOJA3EMHBIX coopyskeHunii. — 2016. — Bom. 97. — C. 145 — 154.

B pabome paccmompenv: naubonee pacnpocmpanennbvlie 2UNOmMe3bl GbIYUCTEHUS HAZPY30K O
maccuea  2pyHmMoSbIX  CHINYYUX NOPOO: O  CUNOGOM — ZDAGUMAYUOHHOM  NOe, YPOGeHb
HANPAJICEHHOCMU  KOMOPO20 — pacmem RPSAMO  NPONOPYUOHATLHO — 27yOuHe — OMHOCUMENbHO
NOGEPXHOCMU 3eMAU U C800a 0OPYUeHUs Ol HeYCMOUYUEbIX NOPoO. [lana oyeHKa 603MOHCHOCHU
UCNOTB306AHUA  MemoOa  KOHEYHbIX — 9JIeMeHMOo8  Npu  UCCIe006AHUU — HANPAICEHHO-
O0eopMupo6ano2o CcoCMOAHUA NOO3EMHbIX COOPYICEHULl 6 3AGUCUMOCINU O 21YOUHbL UX
3AN0JICEHUS.

Asmop: 0okmop mexniunux Hayk, npogecop rxagedpu 6ydisemvroi mexamnixu COJIOHEH Isan
lsanosuu

Aopeca poboua: 03680 Vxpaina, m. Kuis, Ilosimpoghnomcokuii npocnexm 31, Kuiscokuil
Hayionansnuil yrisepcumem 6yoienuymea i apximexmypu, COJIOHEH Iean Ieanosuu

Asmop: acnipanm kapedpu 6ydisenvroi mexanixu 3ATHIIFOK 'epman Anamonitioguy
mobinbruit men.: +38(099) 11-00-564;
E-mail — 380991100564@yandex.ru
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YK 539.3

AHAUJII3 BIIVIMBY BITPOBOI'O HABAHTAKEHHS
HA CTOXACTHUYHY INOBEJIHKY ITAJIMBHOI'O PESEPBYAPA

0.0. JIyk’sindenko’,
KaHJ. TeXH. HayK

10.B. Bopona',
KaH/I. TEXH. HayK

0.B. Kocrina',
KaH/I. TEXH. HayK

0.B. Tepamenko’,
KaH/I. TEXH. HayK

1 . o . o . . . .
Kuisckuii nayionanvhuil ynigepcumem 6yoienuymea i apximexmypu,
Hogimpogromcvkuii npocn., 31, m. Kuis. 03680

ITobynoBani IMOBIpHICHI Mozeni BITPOBOrO HABAHTAXKCHHS 3 YypaxXyBaHHIM OOMEKCHHX
METEOPOJIOTIYHHX JaHUX MICIEBOCTI Y BUIIIAI KBa3iCTAiOHAPHOTO AU(EPEHIIABHOr0 BUMAIKOBOTO
IpOLleCy Ta TOCHIOBHOCTI eKCTPEMAaIbHHMX 3HA4YeHb BITPOBOrO HABAHTAKCHHS, SKE OMHCYEThCS
MOABIMHMM EKCIOHCHIIIATbHIM 3aKOHOM po3noniny ['ymGens. 3a J0mMoMOrorw HernepepBHOro
BEHBIICT-IEPETBOPEHHST OTPUMAHI YaCTOTHO-4AaCOBi BEHBIIET-CIIEKTPH BIApI3KIB peasizariit
BITPOBOI'0 HABaHTAXKEHHs. 3aCTOCOBaHI 0a3UCHI HEOPTOrOHAIBHI HOPMOBaHI BeWBIET-()YHKIIT
Mopne (Morlet), Ilayms (Paul) ta «MekcukaHcekuii kamemox» (Mexican Hat). Jlocmimkena
HeNiHilHA MOBEJIHKAa MAJIMBHOTO pe3epByapa B CHUCTEMI i3 3aXHCHOIO €MHICTIO 3a JOIIOMOIOIO
MonudikoBanoro Merony HrroroHa-Padcona mpu cratuumiil nii Bitpy. Bukonano mopmanmbHmit
aHani3 cucreMu MerozioM JlaHmomnra. 3aCTOCOBaHO CIIEKTPaJIbHIN METOJ| OLIIHKH BilIYKiB CHCTEMH
Y BUIILII HepeMillleHb, HAapy>KeHb Ta IPUCKOPEHb TIPU TOCIIPKeH] 11 cTOXacTUYHOT HOBENIHKH.

KarwouoBi ciioBa: iMOBipHiCHA MoOjenb, BITPOBE HABaHTAKCHHs, BeHBIET-aHANI3,
CIIEKTPAJILHUIN aHaNi3, METOJ CKIHUCHHX eJIEMEHTIB, pe3epByap.

Beryn. BitpoBe HaBaHTa)XeHHS BIJTHOCHUTHCS JI0 KIIIMaTHYHUX (PaKTOPIB, SIKi
HOCSITh BUIIQ/IKOBUI XapakTep 1 MalOTh 3HAYHHUH BIUIMB Ha Oy/iBeNbHI CHIOPY/IH.
Amnaniz Cy4acHHUX BITUM3HSHUX, 3apyOi’KHHX TEOPETUUHUX i
eKCIIepUMEHTAJIbHUX JIOCHIPKEHb 1TOKa3aB, 110 1CHYI0OU1 HOPMATHBHI JIOKYMEHTH
1 METOJJMKY NOTPEOYIOTh YTOUHEHHS 1 pO3BUTKY [1-6]. BaxBUM HanpsIMKOM €
BJIOCKOHAJIEHHSI MaTEMaTUYHUX MOJIENEl BITpOBOrO HaBaHTaXXCHHS Ha CIIOPYIH,
SIKI pO3TallOBaHi B Ba)KKOJOCTYIMHHX MICISX 1 3HaXOIATHCS B HECHPHSTIMBUX
yMoBax ekcruryaraii. OcobIHMBO 1ie CTOCYEThCS BIANIOBIIAIBHUX CIIOPY/, aBapii
Ha SIKMX MOXYTb IPHU3BECTH JI0 3HAYHUX EKOJIOTTYHUX KaracTpod. o Takux
CHOpY/A BiJTHOCHTHCS TAJMBHUHA pe3epByap Ha YKPaiHCHKiH aHTApKTHYHIN
cranii Akagemik Bepuancekuii [7-10]. MoXnIuBICTh a/IeKBaTHOTO TIOJIAHHS Ta
BCTaHOBJICHHSI PO3PaXyHKOBHX TPOEKTHHX 3HAauYeHb BITPY 3a NOPIBHIHO
HEBEJIMKUMHU  0O0OCSATaMM  METEOpOJIOTIYHMX  JIaHWX  JIa€  IMOBIpHICHE

© Jlyx’sivuenko O.0., Bopona 10.B., Kocrina O.B., I'epanienko O.B.,
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MO/IEJTIOBaHHSI. Barato JIOCJIi THHUKIB BHUKOPHUCTOBYIOTh Mozei
KBazicTalioHapHOTO  JM(EPEHIIANFHOr0  BHIAIKOBOTO  IpoLecy  Ta
TIOCITIZIOBHOCTI ~ €KCTPEMallbHUX 3HAu€Hb BITPOBOTO HABAaHTAKEHHS, sKa
ONUCYETHCSA TIONBIHHUM CKCIIOHCHIIIANIGHIM 3aKOHOM po3noauty ['ymOens
[1,2,4,6]. dna QopmyBaHHS Mojeneil peasizaiisi BITPOBOIO HaBaHTaXKEHHS
PO3IUISIETCS. HA XapaKTepHI OJJHAKOBI 3a TPUBAJICTIO BiAPI3KH, HA KOXKHOMY 3
SIKMX BU3HAYAIOTHCS XapaKTEPUCTHKK BiTpy. [0 HMX BIJHOCSTBCS CepeHs
LIBHIKICTD BITPY, SIKa OCepeJHEHa 3a AESKUH MPOMIKOK Yacy; MaKCHMMaJlbHa
IIBHKICTD BITPY 3 ITOBTOPIOBAHICTIO 3a AESKUH TIepio] 4dacy Ta KoedilieHTH
nopuBYactocti  (mynbcarii) BiTpy. IMOBipHiICHI Mojemi  HaBaHTa)XKEHHS
MTOJJAFOTHCS Y BUTJISIIL PO3TIOJUTY X XapPAKTEPUCTHK.

Jns  MopenmoBaHHS CTalliOHAPHUX 1 HECTalliOHApHUX CTOXAaCTHYHUX
BIUIMBIB BCE YAaCTIIIe 3aCTOCOBYIOTHCS METOAM BeliBier-aHamizy [11-15]. Le
IIOB’S13aHO 3 TOCTPOIO MOTPEOOI0 OTPUMATH aJCKBaTHI MaTEMAaTUIHI MOJICNI 5K
30BHIIIHIX BIUIMBIB TaK 1 CTOXaCTWYHHX KOJWBAHb CIIOPYJ 3 SKICHUMHU
XapaKTepPUCTUKaMH IX CTaHy B YaCTOTHO-4aCOBOMY ITPOCTOpIi, SIKi JO3BOJIATH
MIPOTHO3YBAaTH CTOXAaCTHYHY TIOBEIIHKY cropyn. OO0nacTe 3acToCyBaHHS
BelBIIET-aHAIN3Y 1 HaJlaJll pO3IIMPIOETHCS.

B crarri Ha OCHOBI OOMEXKEHOI KUIBKOCTI METEOPOJNIOTIYHUX JTaHUX
MicreBocTi, sKi orpuMaHi (¢axiBusMu HalioHaJbHOTO —aHTapKTHYHOTO
HAyKOBOT'O LIEHTPY YKpaiHu, aBTOpaM¥ BUKOHAHO MaTeMaTHYHE MOJIEITIOBAHHS
BITPOBOrO HaBaHTakeHHs. [loOymoBaHi iMOBipHICHI Mofemi BITpY y BHIVISII
KBa3icTalioHapHOTO  JudepeHIiaJbHOr0  BUMAAKOBOIO  IpOIECcy  Ta
TIOCNTIZIOBHOCTI  €KCTPEMaJIbHUX 3HAa4YeHb BITPOBOIO HABAaHTAXKEHHS, sIKa
OIMUCYETHCS TMOIBIHAM SKCIIOHEHIIIaTbHUM 3aKOHOM po3moaury ['ymOens. s
nporo 3poOjicHa BHUOIpKAa XapaKTEPUCTUK BITPOBOrO HABAHTAKEHHS II0
BiJpi3Kax Horo peamizamii B OJWH A€Hb 3 5-TH XBWJIMHHHM OCEpPEIHEHHSM.
BukoHaHo BeiiBiieT-aHaNI3 HAsSBHOI peami3allii BITPOBOrO MOTOKY 3 METOHO
BH3HAYEHHS JIOMIHAHTHHUX YacTOT 1 JUIsi yTOYHEHHsI IMOBIpHICHOI MOJIENi BiTpY
Y BUIJISAI MOCTIIOBHOCTI HOTO €KCTpeMaJbHUX (MaKCUMaJbHUX) 3Ha4YeHb. 3a
JIOTIOMOT'OI0 HETIEPEPBHOI'O BEHMBIIET-TIEPETBOPEHHS OTPHUMaH] 4aCTOTHO-YaCOB1
BEUBJICT-CIIEKTPH BIiJPi3KiB peaiizaiii BITPY B OJWH JEHb. 3aCTOCOBaHI
0a3nCcHI HEeOpPTOroHAJIBLHI HOpMOBaHi BeliBieT-¢yHKIiT Mopie (Morlet), [Tayns
(Paul) Tta «mexcukancekmii Kamemox» (Mexican Hat). IlobynoBana
CKIHUEHHOEJIEMEHTHA MOJIENb MAJIMBHOTO pe3epByapa B CHUCTEMI 3 3aXHCHOIO
eMHICTIO. BrukoHaHO MomanmpHHMI aHami3 cucTeMu. JlOCHiPKEHa HETiHiiHA
MOBENiHKAa  CKJIAJHOI  IPOCTOPOBOI  KOHCTPYKWii 32  JJOMOMOTOO
MogudikoBaHoro  Meroxy — HeioroHa-Pagcona mpu  cratmunin  mii
HaBaHTa)XEHHS. 3aCTOCOBAHO CHEKTPAJbHUM aHali3 BIATYKIB CHCTEMHU Yy
BUTJISIIII TIEpEMIllIeHb, HANpYKeHb Ta IPUCKOPEHb NPH OLiHII ii cToxXxacTHYHOL
TIOBE/IiHKH.



ISSN 2410-2547. Omnip matepiainis i Teopis cnopyx. 2016. Ne 97 157

1. MaremaTnyHe MOJEJIOBAHHS  BIiTPOBOI0 HAaBAHTAXKeHHs. 3
ypaxyBaHHSIM OOMEXKEHOI KUIBKOCTI HasBHUX METEOPOJOTIYHMX NaHuX (TpU
Micsi 30.03.-29.06.2009 p.) aBTopaMu BUKOpHCTaHAa BHOIPKa XapaKTEPUCTHK
BITpY IO Bifpi3kax peaiizamii BiTPOBOTO HaBaHTa)XEHHS B OAWH AEHb 3 5-TH
XBUJIMHHAM OCEpeIHCHHM (puc. 1).

¥V, M/
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Puc. 1 Peanizartii BitpoBoro noroky Ha AntapkridHii cranmii (30.03.-29.06.2009)

B peaizanii BiTpOBOro moToKy Mae Miclie JaHi 3a OIMH JIEHb 3 TIOCTIHHOIO
mBUKicTIO 149 /e, sika TOB’s3aHa 3 HETIOMaIKaMH TIPHJIa Iy 3aICy 1 He BpaxoBaHa
B MOJAIBIIMX pO3paxyHKax aBTopamu. CepermHs i MakcMMajbHA IIBHIKOCTI
BiTpY, KoeQillieHT Horo mnopuBYacTocTi (Iyabcamii), IO BH3HAYEHI IS
NnoOy/I0BM  IMOBIPHICHMX ~MOZENell  BITPOBOTO HABaHTKEHHS Yy  BUIVIII
KBa3iCTAI[IOHAPHOTO JU(EPEHINIATFHOO BHIIAJKOBOIO IMPOIECY Ta MOCHTITOBHOCTI
€KCTpeMaJIbHHX 3HAUeHb BITPY MPEACTaBIIeH] Ha puc. 2.
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Puc. 2. 3mina cepenHboi (a) 1 MakcnManbHOI (6) IBHIKOCTEH
Ta Koe(illieHTy TOPUBYACTOCTI (B) BITPY 32 YacoM

OOuHCIeHi CTAaTUCTUYHI XapaKTEpUCTHKH BITpY 32 97 JHIB:

1. MaremaTu4He CTIO/IiBAHHS: CEPEIHBOI IMBUAKOCTI 12,474 m/c; MaKCUMAITBHOI
mBukocti 20,809 wm/c; koedinieHTy mopuBYacTocTi 1,765.

2. Craagapt: cepemupoi mBuakocti 0,943 m/c; MaKCHMaITBHOI IIBHIKOCTI
0,959 wm/c; xoedimienty mopupyacrocti 0,921.
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PesynpraTi nmocmipkeHHS CepeHbOI MIBUAKOCTI BITPY TMOKas3alld, MI0
MOBTOPIOBAHICT,  BiTpy 31 mBuxakictio 20.m/c  craHoButh 93,4 %.
[ToBTOproBaHiCTH KOE(Ili€HTIB MOPUBYACTOI BITPY, IO HE MEPEBUILYIOTH 1.8,
cTaHOBUTH Onm3bko 74 %. CTaTUCTHYHI  XapaKTEpUCTHKH  CEePeIHBOL
IIBHAKOCTI BITPY Ta KOEQIIi€HTY ITOPHBYACTOCTI JOOpE Y3TOKYIOTHCS 3
pe3ynbTaTaMu JOCIIIHHKIB, HaBeJeHUMHU B MOHOTrpadisx [1, 2, 4].

1.1. ImoBipHnicHi wmopmeni BiTpoBoro HaBaHTa:keHHs. B po0Oori
(GopMyIOTBCS JBI IMOBIpPHICHI MOJENI BITPOBOrO HaBaHTa)keHHs. Mojenb

KBa3iCTaIliOHAPHOTO BUIJIKOBOTO TU(pEpPEHINIIHOBAHOTO npolecy
MIPECTABISAETHCS Y BUTIISI
V=V, [1+X(K, —1)-sinat], (1)

e K,; — xoedillieHT mOpUBYACTOCTI BITPY; ®; =27 /7T; — KPyroBi 4acToTn
nopuBiB BiTpy (7T; — TpHBaNiCTh [ii MOpHBY BITPY 3 BiANOBIAHMM
Koe(illieHTOM MOPUBYACTOCT).

Mopenb  BITPOBOrO  HaBaHTQXEHHS Yy  BHIVIAL  IOCHIJIOBHOCTI
eKCTpeMabHUX  (MaKCUMaJbHUX)  3HAUEHb  ONUCYETHCS  MOABIHHUM
eKCIIOHEHIIaJJbHUM ~ 3aKOHOM  posmoziny ['ymGenss 3  ryctuHOO Ta
IHTErpaJIbHOIO (DYHKIIIEIO BiJIIOBIIHO

£(0) Z%exp{agx—exp(a[gxﬂ D F(x) = exp{—exp(aaxﬂ, @)

Je o Ta B — HnapaMeTpu, 10 BU3HAYAIOTHCA Y€PE3 MATCMATUIHE CHOI[iBaHHH

M Tta cramapt S BHOIpKH MaKCHMYMIB 3a (pOpMyJIaMu
o=M-k,S; B=k,>S. 3)
IMepexinni xoedinienTH k, Ta k; BU3HAYAIOTBCA 3 ypaxyBaHHSIM o0cCsry
BHOIpKH ekcTpemyMiB N =27648 3a tabauuero ['ymOens, sika Moxe OyTH
anpoKCUMOBaHa 3a GpopMysamMu
k, =0,45+0,34N "% =0,791; k, =0,78+1,54N "7 =0,781. (4)
B pesymerari oOunciiens Bu3HauYeHi mapamerpu o =20,081 i §=0,719.

[epiogn moBTOproBaHOCTI Aii BITPY I PI3HMX MaKCUMallbHUX 3Ha4eHb
IIBUJIKOCTI BITPOBOI'0 HABAHTAXKCHHS OOYHUCIICHI 3a (JOPMYIIO0

Tzl/[l—F(x)] (5)

Ha puc. 3, ¢ npencrasneHa iHrterpanbHa (YHKIiS posmnoairy ['ymbens
peamizamii BITPOBOro TIOTOKY Ha aHTapKTUuHii craHmii. IloxBiliHui
eKCIIOHEHIIaJJbHU  3akOH posnoairy ['ymOens, ska omucye BuOIpKY
MaKCHMYMIiB IIBUJIKOCTI BITPY IIPEACTABIICHO HA pUC. 3, 6.
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Puc. 3. IMoBipHiCHa MOZIENb BITPOBOT'O HABAaHTaXKEHHS: ¢ - IHTErpabHa GyHKIS po3noiny
I'ymbenst; 6 - moABIHHMI eKCIOHEHNIaIBHHI 3aK0H po3noainy I'ymbens

B Tabmumi 1 mpeacTaBieHi 3HaUYeHHs 00UNCIICHNX apaMeTpiB BITPY.

Tabmuusg 1
Makc. IIBHAKICTB, IaT. dyHKmis 3akoH po3noninry Tlepio 1osr. T*
VMaKC > M/c F(x) f(x)
1 1 0 3,291E+11
2 1 0 81995441554
3 1 0 20426155547
4 1 0 5088399167
5 1 0 1267580554
6 1 0 315769343
7 1 0 78661898
8 1 0 19595613
9 1 0 4881500
10 1,000001 0 1216039
11 1,000003 0 302929
12 1,000013 0 75462
13 1,000053 0 18798
14 1,000214 0 4682
15 1,000858 0 1166
16 1,003447 4,1E-124 290,112
17 1,013909 6,01E-30 71,896
18 1,057015 6,05E-07 17,539
19 1,249306 0,113097 4,011
20 2,443733 0,77812 0,692
21 36,12011 0,376607 0,0284
T *— TIEPioJ] IMOBTOPIOBAHOCTI Jiii BITPY 3 S-XBHJIMHUM OCEPETHEHHIM
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[epion nmoBToproBaHoCTi Ail BITPY 3 MakcuMasbHOIO mBUKicTio 20,809 /e, sika
€  MaTeMaTWYHUM  CIOAIBaHHSIM  IIi€]  XapaKTepUCTHKH,  JOPIBHIOE

T=T *‘300=0,126X300=37,8 c. BiTpoBe HaBaHTaXEHHS TMONAETHCS y BHIJISII
CIIEKTPY MaKCUMaJIbHUX 3Ha4Y€Hb INBHKOCTI BITPY Ha BUIIOBIIHHMX YacTOTax, SIKi
OOYHCITIOFOTRCS 3 TIEPIOJIOM TTOBTOPIOBAHOCTI 3TiTHO IAHUX Ta0ymwi 1.

1.2. 3acTocyBaHHH Teopii i MeTOAIB BelBIeT-NIEPeTBOPEHHS IS AHATI3Y
peanizanii BITpoBoro moroky. BuHukHeHHIO Teopii i METO/IB BelBIIeT-aHAIIIZY
TIOCITY’)KUB TOM (hakT, IO 3a JOMOMOrol0 IepeTBopeHHs Dyp'e He MOXKIMBO
MPOaHATI3yBaTH CUTHAIN B «00'€IHAHOMY» YacCTOTHO-4aCOBOMY IPOCTOPI.
[ousTTs BeliBieT (Wavelet— MajgeHbKa XBWIS) 3'SBHIIOCS Ha TodaTKy 1980-x
POKIB B pI3HHMX IUCLMIUIIHAX, BKJIFOYAIOYM MareMaTHKy, (i3WKy Ta iHKEeHEpHi
Haykd. ImkeHep-reodizuk Mopie 3aNPOTIOHYBaB BeI/IBJ'IeT-HepeTBOpeHHSI SIK
HOBUHA MaTeMaTWYHWH METOJ aHajl3y CeWCMIYHMX CHTHAJiB, SKi €
HECTaliOHAPHUMHU CTOXaCTHYHUMHM Tponecamu. ['poccMmaH, (i3MK-TEOPETHK,
oTpuMaB TOYHY (OpMYIly 3BOPOTHOrO BeiiBieT-niepeTBopeHHs. Mopre i
I'poccman netanbHO BUBYWIM Oe3nepepBHE BEHBIET-TIEPETBOPEHHS 1 3aIpo-
TIOHYBaJIM TEOPif0 BEHBJIETIB, SIK HOBMH METOJ YaCTOTHOTO aHaJIi3y CHUTHANIB.
Maremaruk Metiep chopMyinroBaB MaTeMaTH4Hi ITOJIOKEHHS TEOpii BEHBIIETIB.
[NepmmM 3HaYHMM JTOCSITHEHHSM BeWBIeT-aHai3y craja modymosa JloGermr,
I'poccmanom i MeiiepoM po3kiiajiaHb 110 HEOPTOrOHAIBHUM BefiBneram. Opro-
HOpMaJTbHI Oa3ucH 3 TiajkuX BelBieT-QyHKIIA Oynu moOynoBani Meliepom i
Jlemapom. Metiep i Mama 3anpornoHyBaiy 3arajibHy IpOLENypy MOOYI0BU
OPTOHOPMAJILHOTO BEHBJIET-0a3uCy, IO TPHBEIO JO0 PO3POOKH MpOLEAYypH
KpaTHOMAcCIITa0HOro aHai3y. batmi i Jlemap 3ampormoHyBamu mporneaypy mooy-
JIOBH OPTOTOHAIBHUX BEHBIET-CIUIAHIB. J[o0Oemn po3poOHB TEOPIF0 CTBOPEHHS
BeliBIeT-0a3uCy, KU JT03BOJIMB CYTTEBO MOSICHUTH 3B'SI30K MiXK Oe31IEpepBHUM 1
JIMCKPETHUM BeiiBieT-ananizoM. Konnenuist ¢peiiMiB Oyna neransHO BHBUEHA
Ho6emri. Il poGota crpusiia CTBOPSHHIO HOBHX AJITOPUTMIB B YUCEITBHOMY
aHai3i, B METO/laX TPAHUYHUX EJIEMEHTIB, CKIHUEHHHX €JIEMEHTIB, YHCEIbHOMY
PO3B’SI3aHHI0 TU(EPCHIIATbHAX PIBHAHHP B YaCTHHHHX TOXigHuMX. OOnacTh
3aCTOCYBaHHS BEHMBIIET-aHATU3Y 1 HaaTi po3mmproeThest [11-15].

B poborti 3actocoBaHO BeiiBieT-aHaANI3 HasBHOI peaji3alii BiTpPOBOTrO
MIOTOKY 3 METOI0 BU3HAYEHHS IOMiHAHTHHUX YacTOT 1 JUIsl yTOUHEHHsI iIMOBipHic-
HOi MOJIEJI BITPY Y BUIISIIII IMTOCIIIOBHOCTI HOr0 €KCTPEMAaTbHUX (MaKCHMAh-
HUX) 3Ha4YeHb MBUAKOCTI. [Ipy moOymoBi 4aCTOTHO-4YaCOBHUX BEWBJIET-CIEKTPIB
peasizauiii BiTpy B OZMH JA€Hb 3aCTOCOBAHO METOJMKY HEIEpEepPBHOI'O BEHBIIET-
MIepeTBOPEHHSI, sKa HaBeJeHa B pooOoti [11]. Bukopucrani 6a3icHu HeopToro-
HaJBHI HOpMOBaHi BelBneT-QyHkii Mopne (Morlet), IMayns (Paul) Ta
«MEKCHKaHChKHI Karemox» (Mexican Hat). MaTepuHCBKI BeWBJIETH ITOAHO Y
BUTJISIII IBOMIPHUX MaTpHIlb B KOMIUIEKCHIH (opmi. 3HaUeHHs HalMeEHIINX
MacmiTabiB BEWBJIETIB, KPOKIB IO Yacy Ta Macmrady (4acToTi) mpuiMaucs 3
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ypaxyBaHHSIM peKoMeHjamiid, mo HaseaeHi B [11]. Buxonano BeiiBner-
nepeTBOpeHHs1 97 peasnizaliii BITpOBOro MOTOKY 3a OAWH JeHb. Bu3Havaiuch
Oypre-niepioa, 3 ypaxyBaHHAM SIKHX EKCIIOHEHIIaJbHO 301JIbIIYBAINCH
Macmtabu BeliBieTiB g0 44 3HadyeHb. Sk TpukiIan, Ha pUCYHKaX 4 -6
TIPE/ICTaBIICHI BEUBIIET-CIIEKTPU aMILTITYJ] peaizaliil BiTpy 3a TpH IHI IS
TPhOX 0a3UCHUX BEUBICT-(PYHKITIH.

frequency, My
frequency, Ny

Puc. 4. BeiiBner-criekTpy aMILIITy I peatizalliif BiTpy 3a OfHH JeHb (BelBieT Mopite)
a—11.04.2009; 6 — 15.04.2009; 6 — 21.04.2009

frequency, My

)

)
scale scale scale
a o 6
Puc. 5. BefiBner-criekTpy aMILIITy 1 peatizarliif BiTpy 3a ofuH JeHb (BeliBiet [layrw):
a—11.042009; 6 — 15.04.2009; ¢ — 21.04.2009

frequency, My
frequenecy, My,

scale scale
a o 6

Puc. 6. BeiiBner-criekTpy aMILTITyl peanizalliif BiTpy 3a OMH JeHb (BEHBIIET «MEKCUKAHCHKHIT KAIIeITOX»):
a—11.04.2009; 6 — 15.04.2009; 6 — 21.04.2009
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Beiisner-cniekrpu (@yp’e-00pas3u), sKi OTpUMAaHHI 3a JOMOMOrOK Oa3WCHUX
BeiiBnetiB Mopie ta [Tayist € cxokimu. JJoMiHaHTHOIO 9acTOTOO BITPOBOT'O MOTOKY
y 87 % Betipier-criekTpiB € yactora 0,029 [y, ska JIoKkaji30BaHa B OJTHAKOBOMY Yaci
JUIs pisHKX peanizauiii (puc. 4, 5). Ilpu 3actocyBaHHI BelBiIeTa «MEKCHKaHCHKUI
Karemox» (puc. 6) BelBIIeT-CIIeKTpH MICTATh JBi ocHOBHI wactotu 0,031/7% Ta
0,12 I'y, 3 moniGHMM yacoM Jokaii3amii. OCHOBHA 4acToTa BITPOBOTO IOTOKY B
IMOBIpHICHIH Mogzemi (Tabm. 1), sika BiANOBIIA€ MaTeMaTHYHOMY CIIOJiBAaHHIO
MaKcUMaJIbHOI TBHAKocTi BiTpy 20,809 M/c, mopisaroe 1/37,8=0,026 I'y. MoxHa
3pOOHTH BHCHOBOK, IIO0 JIOMiHAHTHI YacTOTH BITPY, SIKi OTpHUMaHi 3a JIOMOMOT'OI0
BeliBieT-aHami3y (BetiBiierd Mopite Ta [layns) i mpu moOymoBi IMOBIpHICHOI MOJIEITi
Y BUIJISI TOCHIZOBHOCTI €KCTPEMAIBHUX 3HA4eHb BITPY OJM3bKI 3a 3HAYEHHSM
(pizaus 1,1%).

B mopanmbmmx pospaxyHkax BITPOBE HABAHTAKEHHS MOJEIIOETHCS Y BUIVISII
IMOBIPHICHOT MOJIENi 3 TOJBIHMM EKCIIOHCHIIAIbHUM 3aKOHOM PO3MOJLTY
I'ymGenst BUOIpKM MaKCHMMalbHOI IIBHAKOCTI BITPY 1 CTOXaCTHYHUMH
XapaKTepUCTUKaMH, 1110 HaBezeHi B Ta0. 1.

2. ®opMyBaHHS CKiHYeHHOEJIEMEHTHOI MO/eJIi MAJUBHOIO pe3epByapa B
cucTeMi i3 3aXHCHOI0 €MHicTIO. PesepByap Ui NU3ENBHOrO MajauBa SBISE
co00r0 MeTaleBUi IMTIHAP BUCOTOIO 5,96 M i miameTpom 6,63 m. PesepByap 3
MaJvMBOM 3HAXOAUTHCS B CEPEAWHI 3aXUCHOI METaJeBOi HUIIHIPHIHOI
000JIOHKH BHCOTOIO 6,58 m 1 miamerpoM 6,96 m. CTIHKH 000JIOHOK € 3BapHUMHU
3 JIMCTIB TIPOKaTy TOBIIMHOIO 5 mm. CraneBi TpyOWm Ui 3aKauyBaHHS Ta
BingOOpy manuBa MaroTh jgiamerp 3 mioiimMa Ta nomxuHy 0,16 M. ToBmmna
MoKpiBedb 000M0HOK 4 mm. OOONOHKM BHTOTOBIIEHI 3 Matepiamy Cr3rmc.2
(T'OCT 14637). @izuuHi XapakTepUCTUKH MaTepialy Uil CTaJeBHX
KOHCTPYKIiH NpPUIAMAIOThCS TaKAMH: TyCTMHA Tpokaty — 7850 ke/u’;
xoedirient mimiitnoro posmmpenns — 0,12%10%; momyms mpykHOCTI —
2,06%10° H/um?, moxyms 3cyBy — 0,79%105 H/um?; xoediriienT nomepedroi
nedopwmarrii — 0,3. Ha 0cHOBiI METOy CKIHUCHHHX €JIEMEHTIB 13 3aCTOCYBaHHSIM
nporpamuaoro komiuiekcy NASTRAN [16] noOynoBaHa MateMaTudHa MOCTh
CKIIQJICHOI KOHCTPYKIi Y BHIVISIII CHCTEMHU ABOX 3°€IHAHUX IHTiHAPUYHHX
00010HOK (puc. 7, a). CTIHKH 0OOJIOHOK PO30HTI MO KONy Ha 64 YaCTHHHU, IO
Bucori — Ha 20 i 3MOAENbOBaHI Yy BHIJBSIII CYKYHNHOCTI YOTHPBOXKYTHHX
IUIOCKUX CKIHYEHHUX E€JIEMEHTIB 31 IIICTbMA CTENEHSIMHU BUILHOCTI. B Mmicipsix
KpIiIUIEHHs] JBOX TPYO, $Ki MOJENIOIOTBCS CTEP)KHEBUMH E€IIEMEHTaMH,
3aCTOCOBaHI TPHOXKYTHI TUIOCKI eieMeHTH. [10KpiBIIi 000JOHOK MOJICITIOIOTHCS
IUIOCKMMHU  JIBOMIPDHUMH YOTUPHOXKYTHHUMH 1 TPUKYTHUMH CKiHYCHHUMH
eneMeHTaMu (puc. 7,6). Y By3Jgax HIKHBOI KPOMKH BHYTPIIIHBOI'O
pe3epByapy OOMEXeHi epeMIllleHHS 110 TBIPHIH 1 paiycy, MOBOPOTH HABKOIO
pamiycy i nOTHYHOI. By3nu HMKHBOI KPOMKH 3aXHCHOI €MHOCTI JXOPCTKO
3aKpirieHi (puc. 7, 6).
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Puc. 7. CkiHYeHHO€EIEMEHTHA MOJIEb CHCTEMH JIBOX 3’ €HAHUX 000JOHOK

3. locaiKeHHs1 HANPYXKeHO-1e()OPMOBAHOI0 CTAHy CHCTeMH HpH Al
BiTPOBOr0 HABAHTAKCHHS

3.1. CraTnyna noBeAiHKa cMcTeMH NpH il BiTpy. B pobori mociipkeHo cran
CHCTEMH JIBOX 3’€JHAHUX OOOJIOHOK TPY CTATUYHIH /il HaBaHTaXeHHs. [ paHuaHHI
PO3paxyHKOBHI THUCK Ha CTIHKY Ta IMOKPIBIIIO 3aXHUCHOI €EMHOCTI, BU3HAUEHHUH
3a JIOIIOMOTOK HOPMATHUBHOTO JOKYMeHTy [4]. Ha puc. 8 moka3aHO po3momit
B3/IOBK KOJa Ta TBIPHOI 3aXMCHOI €MHOCTI CTaTMYHOI CKIIaJIOBOi BITPOBOTO

HABAHTAKCHHS [IPY MAKCHMAIIbHIH WBAIKOCTL V. ) = 45 M/C.
P,I'Ia‘
= = Hu
2000 y
! ; o —
350 a0 G —
.
-2000 —————
2 —
0
oo 0 w0 200 P.Ma
o

a

Puc. 8. Po3nonin cratn4HOI CKIIaJ0BOI BITPOBOrO HaBAHTa)KEHHS Ha 3aXHCHY €EMHICTB:
a — B3JIOBXK KOJIa; 6 — B3JOBXK TBIpHOI

Ha mokpiBiro 3aXMCHOi €MHOCTI Ji€ BiTep Yy BHUIVISAI PIBHOMIPHOTO THCKY 3i
sHaueHHsM 1945 [1a. HanpyxeHo-1e(opMOBaHHIl CTaH CUCTEMU JIOCIIIDKCHUIA TIPH
PO3B’si3aHHI HENiHIHHOI 3a7]aui CTATHKH 3a JIONIOMOIOI0 MOAM(IKOBAHOrO METOmy
TIOKPOKOBOr0 ~ HaBaHTakeHHA Hprotona-Pajcona. Ha puc.9 mpencrasieni

TIEpeMIILIEHHsI 1 HalpY)KEHHsI B eJIeMEHTaX CHCTEMHU.
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Puc. 9. Ctan 3axucHoi eMHOCTI (/), HaTUBHOrO pe3epByapa (2)
Ta HOKPIBII (3) IpH CTaTUUHIHN i BITPY: @ — MepeMillieHHs]; 6 — HalpyKeHHs

PesynpraT OCHIPKEHHS! HaNpyXeHO-IepOpMOBAaHOTO CTaHy 3aXHCHOI
€MHOCTI ITpH i TPaHUYHOTO PO3PaxyHKOBOT'O 3HAUEHHS CTATUYHOI CKJIaI0BOL
BITPOBOTO HaBaHTAXEHHs (puc. 9) Mokaszanu, MO0 MaKCUMaJIbHI €KBiBaJICHTHI
HaNpY)XEHHS CIIOCTEPIraroThcsl B €JIEMEHTAaX BEPXHBOTO MOSICY 1 CKIIAIaloTh
39,21 MIla. Koedimienr 3amacy cridikocti nopiBHioe 187/39,21=4,77
(187 MIla € pomycTUMUM HAaNpYKEHHSIM B €JIEMEHTaX BEPXHBOI'O IOSICY).
Bunno, mo 3’enHaHHS /BOX OOOJOHOK Mae BIUIMB Ha HANpYXEHWH CTaH
MAJIMBHOTO pe3epByapa. MakcuMaibHi HanpyxeHHs 1,61 MIla criocrepirato-
ThCsl OIS BEPXHBOIO MAaTpyOKy JUIS 3aKadyyBaHHS MajvBa 1 3HAYHO MEHIII 3a
HalpYyXeHHS B CTIHII 3aXUCHOI €MHOCTI. MakcuMmaibHe HaINpYKeHHS B
TIOKPIBJIi 3aXUCHOI €MHOCTI jopiBHIOE 5,41 MIla. TlokpiBnsg naIMBHOTO
pe3epByapa He HampyxeHa. MaKCHUMalbHI MEPEMIIIeHHs] B CTiHIIl 3aXHCHOI
emHocTi cknanaoth 0,41 mm, B cTiHIi nmamuBHOro pesepByapa — 0,28 mwm; B
TOKpiBJIi 3axucHOi eMHOCTI — 0,058 Mm.

3.2. Mopanphuii  anamiz cuctemu. Ilpum  nmocnmipkeHHI  AMHAMIYHKX
XapaKTEePUCTUK 3aXHMCHOI €MHOCTI B CHCTEMi i3 NaJUBHUM peE3EpBYapoM 1
TIOKPIBJISIME ~ 3aCTOCOBAaHO TMPOLEAYPY pPO3B’sI3aHHS 3a/adi  Ha BJAcHI
konuBaHHSI MetomoM JlaHmoma. Busnaueni 70 BmacHMX dYactoT i (opm
KOJIMBaHb CHCTEMH, SIKi YaCTKOBO Tpe/IcTaBieHi Ha puc. 10.
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Puc. 10. ®opMHu i 4acTOTH BIACHUX KOJHUBAHb CHCTEMH
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CriekTp BJIaCHUX YacTOT KOJMBAaHb CUCTEMHM INUIbHUNA. B mianma3oni wacror
4,356-14,036 [y cmocrepiraeThes nedopmaliis JHIIE MOKPIBETh OOOJOHOK.
MaroTe Miclle cHMETpHUYHI 1 HECUMETpHUYHI BM'ATHHM Ta BuIyduHH. Ha
MepIiii 4yacToTi BIACHUX KOJHMBaHb cucteMu 4,356 [y neopMyeTbest Juie
TIOKPIBJISt 3aXMCHOI €MHOCTI, Ha uacrori 4,874 [y (5-a ¢dopma) — MOKpiBIA
MaJMBHOrO pe3epByapa. Ha wacrori 14,073 Iy (49-a ¢dopma) mounnae
nedopmyBaTHCs 3axucHa eMHICTh. CHOCTEpIraroThCsl peryssipHi i HeperyssipHi
nedopmanii cTiHKM 3 pi3HOIO KinmbKicTio miBxBuib (10, 12,9, 11) B
pamianpHOMY HampsMky. Ha wdactoti 15,814y (65-a ¢opma) mnounHae
neopMyBaTUCS CTiHKA MaJUBHOTO pe3epByapa. B3IOBxk Kola MawTh Micie
peryisipHi 1 HeperyispHi gedopMarliii cTinku pe3epByapa. edopmariis CTiHOK
3aXHCHOI EMHOCTI Ta pe3epByapa B3JIOBK TBIPHUX Ma€ BUIJISA] OMHIET MiBXBHIII
abo BM’stuH. CyMmicHa nedopmarlisi CTIHOK OOOJOHOK Ta TIOKpPiBENb
crocTepiraerscs 3 64-Toi opmu konuBausb (15,689 Iy).

OtpumaHi pe3ylbTaTH MOJAIBHOTO AaHANi3y JO03BOJATH  JOCIHITUTH
CTOXaCTUYHY TOBEIHKY CHCTEMHU.

3.3. JlociaimkeHHSI CTOXaCTHMYHOI TMOBENiHKH CHCTeMHM. AHa3 BIUIMBY
CTOXaCTUYHOI CKJIaJ0BOi BITPOBOTO HAaBAaHTa)XEHHS BHKOHAHO 3a JOMOMOTO0
CHEKTPaJbHOIO aHali3y BIATYKY CKIHUEHHOEJIEMEHTHOI MOZENI Y BHIVISI
nepeMilieHb, HalpYXeHb Ta NMPUCKOpeHb. BUKOpucTaHa iMOBipHICHA MOJENb
BITPOBOTO HaBaHTAXXECHHS 3 XapaKTepPUCTUKaMH, 10 HaBeneHi B Tabmumi 1. Ha
puc. 11 mpexcTaBneHi CHEKTpH BIATYKIB Yy BHIVISAI IEPEMIllleHb BY3JIB
3axucHol emHOCTi (1) 1 manuBHOTO pe3epByapa (2), sSKi po3TaloBaHi B HIKHIX
mosicax 0OOJIOHOK OIS maTpyOKa ISl 37TUBAHHS ITaJTUBA.

BunHo, 1m0 cnekTpu BiATYKiB BY3IiB OOOJIOHOK B paJlialIbHOMY HaIPSIMKY
(puc. 11, @) marote Tpu miku. BoHM po3TamioBaHi Ha YacTOTax BiTPOBOTO
HaBaHTa)XEHHS, SIKi 30IraroThCs 3 YaCTOTAaMH BJIACHUX KOJHMBAHb CHCTEMH, JIE
BIIEPIIIC CIIOCTEPIraroThcs Aedopmariii MOKpiBelIbh JBOX OOOJOHOK Ta CTIHKHU
3axXMCHOI €eMHOCTi. baunmo, 1o MakcMMaiabHHH BINI'YK B MEPHIIOHAIBHOMY
HanpsiMKy (puc. 11, 6) crmocrepiraetbess Ha yacrtotax 5,19 Iy s 3axucHOl
eMHOcTi Ta 5,72 'y ny1s nanmuBHOTO pesepByapa. [lepeMineHHst By3iia 3aXUCHOT
€MHOCTI B3JIOBX oOcell X i y He mepeBunrytoth 0,0048 mm, B3IOBXK OCi Z —
0,001 1mm. MakcuMaibHI TepeMillleHHs BYy3Jla NajlMBHOIO pe3epByapa IIo
TPHOX HampsMKax He nepeBuurytoTs 0,0008 aum.

Ha puc. 12 mpezacraBieHi ClieKTpH BiATYKIB Y BUTTISI TEpEMIlIEHb BY3JIiB
3axucHOI eMHocTi (1) 1 mamuBHOTrO pe3epByapa (2), sSiKi po3TalIoBaHi B BEPXHIX
mosicaXx 0OOJIOHOK Oiyis maTpyOKa JUIs 3aKauyyBaHHS MAJIHBA.
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Puc. 11. CnexrpanbHui BIATYK BY3JIiB HIDKHIX IOSICIB 3aXUCHOI eMHOCTI (1) Ta
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Puc. 12 CriekTpasibHUI BiIT'yK By3JIiB BEpXHIX MOSCIB 3aXUCHOI eMHOCTi (1) Ta
MAJIMBHOTO pe3epByapa (2) y BUTIISIII epeMillieHb: a — B310Bxk oci X(V), 6 — B310Bxk oci Z
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BunHo, 1m0 cHekTpu BIATYKIB BY3JiB BEPXHIX MOSCIB OOOJOHOK B
pamialbHOMY HampsIMKy MaioTh Tpu Tiku (puc. 12, a). MakcumanbHi
nepeMilieHHs BY3JiB 3axucHoi emHocti (1) 1 mammBHOrO pesepByapa (2)
CIOCTEPIraroThCs Ha YaCTOTAaX BITPOBOI'O HABAHTAXKEHHS 3 JACSKUM 3MillIEHHSM.
CrieKTpasibHAN BiZryK OOOJIOHOK B MEpPHUIIOHAJILHOMY HampsMKy (puc. 12, 6)
noxiOHe 10 BIATYKy, o nogaHo Ha puc. 11, 6. IlepemimeHHs 3axucHOL
€MHOCTI B3JIOBXK oci x(y) He mepeumrytots 0,0075 mm, B3IOBXK OCi z —
0,0014 mm. TlepemimieHHs NaJUBHOTO pe3epByapa B3JIOBXK oci x(y) He
nepesumyioTb 0,0044 yvm, B3mgoBxk oci z — 0,0007 mm. Moxna 3pobutu
BHCHOBOK, II0 MaKCHMallbHI HEpPEMIIlIeHHsI BY3JIiB BEPXHIX IOSICIB 000IOHOK
Oins matpyOKy Ui 3akadyBaHHA mHanuBa (puc. 12) OLTBII 32 MakCHMalbHI
MepeMillieHHs BY3JIB HIDKHIX TMOSICIB OOOJNIOHOK B MICII pO3TalIyBaHHS
naTpyoky [uist 31MBY nanusa (puc. 11).

CriekTpaiibHI BIATYKH CHCTEMH Y BUIVIAJI IPUCKOPEHb BY3JIB HIKHIX
TMOSICIB 1 BEpPXHIX ITOSCIB OOOJIOHOK B paliajIbHOMY HAlpsIMKY IMpeCcTaBiIeH]
BIIMOBiTHO HA puc. 13, a Ta puc. 13, 6.
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Puc. 13. CnekTpanbHuil BIATYK CHCTEMH y BUTIISIII IPUCKOPEHD BY3/IiB 000JIOHOK:
@ — HIDKHIX TI0SICIB ; 6 — BEpXHIX HOsICIB

BaunMo, 1m0 CHEeKTpM TNPHUCKOPEHb MICTATh MLICTh 1 I'STh TIKIB.
MakcumainbHi  TIPUCKOPEHHSI  CIIOCTEPIraloThcss Ha YacTOTaX BiTPOBOTO
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HaBaHTa)KEHHS, 110 30iraloThcs 3 BIACHUMHU YaCTOTaMH KOJIMBaHb CUCTEMH, Ha
SKHX OJHOYaCHO JAe(OpPMYIOTBCS CTIHKM OOOJIOHOK 1 IX TIOKpIiBIi.
MakcumainbHi  TPUCKOPEHHS BY3JIIB 3aXHMCHOI €MHOCTI HE IEpeBHIIYIOTH

0,0138 m/c> B mmwxmpoMy mosci Ta 0,0282.m/c> — B BEPXHBOMY MOSICI.
MakcuMalnpHi MPUCKOPEHHS BY3JiB TMAIMBHOIO pe3epByapa IOpPiBHIOIOTH
0,0025 /> B mmwxmpoMy mosci Ta 0,0219 m/c> — B BEpXHBOMY MOSICI.

MakcumanbHi  TPUCKOPEHHSI BY3JIB 3aXHCHOI €MHOCTI Ta TAJIWBHOTO
pe3epByapa He NepeBUIYIOTh HOpMAaTUBHUX [4].

CriekTpasibHUH aHalli3 BiATYKY CHCTEMH TOKa3ye, 10 BIUTUB CTOXACTUYHOI
CKJIJIOBOI BITPOBOTO HABAHTAXKEHHS € MaKCUMAaJIbHUM B Jiara3oHi 4actoT 4,3-
15 Iy. 11i yactoTH cHiBNagaroOTh 3 YaCTOTaMH BIIACHUX KOJIMBAaHb MOKPIBENb Ta
MEepIIMMHA YacTOTAMU BJIACHUX KOJNMBAHb 3aXHCHOI €MHOCTI Ta MaJWBHOTO
pesepByapa.

Ha puc. 14 npexacraBieHo HanpyKeHWHA CTaH 3aXHCHOI €MHOCTI 1
MAJIMBHOTO  pe3epByapa TpH Jii CTOXacTW4HOI CKJIaJ0BOI  BIiTPOBOTO
HaBaHTaXeHHs 3 4dactororo 5,19 [y. 3o00pakeHo i30MiHIT HOpPMaIBHHUX
HaNpy)XeHb B €JIeMEHTaX €EMHOCTI B3J0BX oceil X 1 ¥ Ta MOTMYHUX Harpy>KeHb
B3JI0BK IUIOIIMHHU XY BIANOBIIHO.

I

o

-

g

St

o
Puc. 14. Hanpy)xeHuii ctaH 000JIOHOK IPH YacTOTI BITPOBOro HaBaHTaxeHHs 5,19 [y:
a — 3aXMCHOI EMHOCTI; 6 — MAJMBHOTO pe3epByapa

Hanpy»xenuii cTan 000JI0HOK MPH JTii BITPOBOTO HABAHTAXKECHHS 3 YaCTOTOO
30,9 I'y npencrasyieHo Ha puc. 15.
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Puc. 15. Hanpy»xeHuii ctan 000JIOHOK IPH YacTOTi BiTpoBOro HaBanTaxeHHs 30,9 [y:
a — 3aXMCHOI EMHOCTI; 6 — MAJNBHOTO pe3epByapa

BuiHo, 110 GBI HANPYXEHUMH € BEPXHI MOSICH JIBOX O0OJOHOK Ta MICIIs
po3TalryBaHHs MAaTPyOKIiB Ul 3aKadyBaHHS Ta 3JIMBY NajuBa. MakCHMaibHI
HaNpYXEHHS CIIOCTEPIraroThCsi B €IEMEHTaX BEPXHbOIO TOSCY 3aXHUCHOL
emHoCTi 2,519 MIla i 1,365 MIla — B eneMeHTaX BEPXHBOI'O MOSCY MATUBHOTO
pesepByapa.

MakcumainbHi HamlpY)KEHHS B €JIEMEHTaX 3aXWCHOI €MHOCTI mpu mii
CTOXAaCTUYHOI CKJIAJ0BOi BITPOBOTO HABaHTAXCHHS CKIANarTh 6,14% Bin
HATIPY)KEHb, 10 BUHUKAIOTh B 3aXWCHIN €MHOCTI BiJ il CTaTUYHOI CKJIaJIOBOI
HaBaHTa)KEHHSI.

BucnoBok. Ilpu HasBHOCTI OOMEKEHMX METEOPOJIOTIYHMX JIaHHX
MICIIEBOCTI BITPOBE HaBaHTAXXEHHS MO)Ke OyTH TPEINCTAaBICHO Y BHIIISAIL
KBa3iCTAI[IOHAPHOTO JU(PEPEHIATFHOIO BHIIKOBOTO IPOIECY Ta TOCIITOBHOCTI
eKCTpeMaJIbHUX ~ 3HAueHb  BITPOBOTO  HABaHTAXEHHS 3 IOABIHHUM
EKCTIOHEHI[IaJIbHNM 3aKOHOM po3noniry ['ymOens. 3acrocyBaHHs Oa3mMCHHX
HEOPTOTOHAJILHUX HOPMOBaHMX BelBierT-¢yHkuiii Mopiae (Morlet), Ilayns
(Paul) Ta «mexcukancpkuii kanemox» (Mexican Hat) narote 3Mory BukoHaTH
HelepepBHE BEHBJIET-TIEPETBOPEHHS peaslizalliii BITPOBOrO HaBaHTa)KEHHS,
oOyyBaTH HOro 4acTOTHO-YacOBI BEHBIIET-CHEKTPH 1 YTOUHHTH JIOMiHAHTHI
yactotu. CrieKTpaJIbHUH aHajli3 BiATyKiB CUCTEMH ITOKa3aB, [0 CTOXaCTUYHUH
BIUIMB BITPOBOTO HAaBAaHTa)XEHHS HA MAJIMBHHUN pe3epBYyap i 3aXUCHY €MHICTb €
He3HayHuM. Lle 00yMOBIIEHO 3arajbHOI0 BHCOTOIO 3aXHCHOI €éMHOCTI 6,58 m 3
ypaxyBaHHSM pO3MillleHHs 1i Hax piBHEM OkeaHy 4 u.
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Luk yanchenko O.0., Vorona Yu.V., Kostina O.V., Geraschenko O.V.
ANALYSIS OF THE WIND LOADING INFLUENCE ON THE FUEL RESERVOIR
STOCHASTIC BEHAVIOR

The fuel reservoir at the Ukrainian Antarctic station Academician Vernadsky refers to
responsible structures which could lead to significant environmental disasters when damaging.
Mathematical models of wind load on buildings located in hard-to-reach places and are in
unfavorable conditions of exploitation require improvement and development. Meanwhile only
probabilistic modeling gives possibility of adequate representation of the design values of wind
under relatively small volumes of meteorological data. Such models of wind load were constructed
in the form of a quasistationary differential random process and a sequence of extreme values of
wind load which are described by the Gumbel double exponential distribution. The wavelet spectra
of wind realizations were investigated with the help of continuous wavelet transform in the time-
frequency space. The non-orthogonal normalized wavelet basis functions of different types
(Morlet, Paul and the Mexican Hat) were used. With the help of modern FEM software a
mathematical model of a complex structure was built in the form of a system of two connected
cylindrical shells. The static nonlinear behavior of a fuel reservoir combining with a protective
capacity was investigated by the modified Newton-Raphson method. The analysis of the stress-
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strain state of the protective capacity showed that the maximum equivalent stresses locates in the
upper belt. The combination of two shells in one system affects the stress state of the fuel reservoir
even under the influence of wind. So maximum stresses are observed in the reservoir near the
upper fuel nozzle. A modal analysis of the complex shell system was carried out by the Lanczos
algorithm. The construction eigenfrequency spectrum was found to be dense. There are regular and
irregular deformations of the walls of the both protective and fuel reservoirs with a different
number of half-waves along the directrix. There is one half-wave along the generators of both
shells with slight deformations near the branch pipes. The spectral method for estimation of system
responses (displacements, stresses and accelerations) was applied for the analysis of its stochastic
behavior. The maximum responses are observed at the eigenfrequencies.

Keywords: probabilistic model, wind loading, wavelet analysis, spectral analysis, finite
element method, reservoir.

Jlykvsanuenxo O.A., Bopona FO.B., Kocmuna E.B., I'epawenkxo O.B.
AHAJIN3 BJIUSIHUSI BETPOBOIT HATPY3KH HA CTOXACTUYECKOE IMMOBEJIEHUE
TOIIJINBHOI'O PE3EPBYAPA

ITocTpoeHB BEPOSTHOCTHBIE MOJIENH BETPOBOM HArPY3KH C YYETOM OrpPaHHYEHHBIX
METEepEOIOTHIECKNX NaHHBIX MECTHOCTH B BHJIE KBAa3HCTAl[HOHAPHOIO JH((hEpeHIHATLHOrO
CITydaifHOro mporecca M IOC/IEN0BATeIbHOCTH SKCTPEMAIGHBIX 3HAUYCHUI BETPOBOH HATpPy3KH, KOTOpas
OIIMCHIBACTCS JIBOIHBIM OKCIIOHEHIMATIBGHBEIM 3aKOHOM pacrpenenceHus ['ymOens. C Homompo
HENPEePHIBHOTO  BEHBIIET-IPe0oOpa3oBaHus MOTydYeHbl YacTOTHO-BPEMEHHBIE BeilBIeT-CHEKTPHI
OTPEe3KOB peanu3anuii BerTpa. lIcronp3oBaHBl 0a3UCHBIE HEOPTOrOHAIBHBIE HOPMHPOBAHHBIE
BeliBier-pynknun Mopiae (Morlet), Ilayms (Paul) m Mekcukanckas muisima (Mexican hat).
HccnenoBaHo HEMHEHHOE MOBEACHHE TOILIMBHOIO Pe3epByapa B CHCTEMeE C 3allUTHOH €MKOCTBIO
IIPH CTaTUYECKOM JISHCTBHHU BeTpa ¢ HOMOIIBI0 MoauHIupoBaHHoro Merona Hetotona-Pagcona.
BEBINONTHEH MONANBHEIN aHaMN3 CHCTeMbl MeTofoM JlaHmoma. IIpuMeHeH CleKTpaabHBIH MeTox
OLICHKH OTKJIMKOB CHCTEMBI B BHJE MepeMeIeHHH, HAaPSHKEeHUH U YCKOPSHUH IIPH UCCIICIOBAaHUI
€€ CTOXaCTHYECKOro OBEICHHUSI.

KiioueBble cJI0OBa: BEpOSTHOCTHAs MOZAENb, BETPOBas Harpyska, BeliBleT-aHAIN3,
CIIEKTPAJIBHEII aHAJIH3, METO KOHEYHBIX JJIEMEHTOB, pe3epByap.

YK 539.3

Jlyk sinuenxo O.0., Bopona FO.B., Kocmina O.B., I'epawenxo O.B. AHali3 BILIUBY BiTPOBOro
HABAHTAXKEHHS] HA CTOXaCTHYHY NOBeAiHKY HAJMBHOIO pe3epByapa // Omip MartepiamiB i
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YK 539.3

E®EKTHUBHICTbD I ITIPOBJIEMUA MOHITOPUHI'Y
BEJIMKOPO3MIPHUX BYAIBEJIbHUX CIIOPY J{

B.B. Fafmaﬁqylcl,
JI-p TeXH. HayK

K.E. Kotenko',
acmipaHT

1 . o . o . . . .
Kuisckuii nayionanvhuil ynieepcumem 6yoienuymea i apximexmypu,
Hogimpogromcvkuii npocn., 31, m. Kuis. 03680

VY cTaTTi pO3TISHYTI 3araibHi MpoOJIeMH MOHITOPHHTY TEXHIYHOTO CTaHY BEIMKOPO3MIpHUX
OyniBesIbHUX CrOpyZA. IIpUBOAMTHCS aHali3 OCOOJMBOCTEH [IFOYMX CHUCTEM MOHITOPHUHTY Ta
OLIHIOETHCST 1X e(eKTHBHICTH 3aJIKHO BiJ KOHCTPYKTHBHHMX OCOONMBOCTEH cHopyaun Ta if
NpH3HAYeHHS. BHIIIMIOTECS MOMUINBI HENONIKM HpH BHOOpI Ta JOOIPAIIOBAHHI CHCTEMH
MOHITOPHHTY.

KimiouoBi cnoBa: cucreMa MOHITOPUHTY —OyIiBENBHUX —KOHCTPYKLiH, HampyXeHO-
nehOopMOBaHMIl CTaH, CTATUYHHII MOHITOPHHI, NWHAMIYHHN MOHITOPHHI, YacTOTa KOJHBAHb,
BJIACHI KOJMBAHHS, aKCEIbPOMETPU

HaniiinicTs OyniBebHUX CITOPYI Ta Oe3MeKa JIFoEH, 110 3HAXOUTHCS B HUX B
3HayHIH Mipi OOYMOBJIEHI HEBIJICTYTHUM BHMKOHAaHHSM IIpE/IICTABHUKAMU
eKCIUTyaTalliiHMX ~ CIy)k0O BHMOT DErVIaMEHTIB TEXHOJOTIYHHX MPOIIECIB,
TIEPEBIPKOI0 TEXHIYHOTO CTaHy KOHCTPYKIIH CHOPY/IH i CBOEUACHUM TIPUHHSTTAM
BIJIMOBITHUX 3aX OB, MTONEPEDKYIOUNX a00 BUKITIOUAIOYHX MOXIIUBICTB MTEPEXOTY
CIIOpY/IX B OOMEKEHO Tparie3IaTHHI YK aBapiiHUI CTaHH.

BiamoBimHO HOpMAaTMBHMM BHMOTaM, IIepeBipka TEXHIYHOTO CTaHY
KOHCTPYKIIi SBJISETHCS 000B’I3KOBOIO TS YHIKAIBHUX CIIOPY/ Ta CIIOPYI, 110
BimHOCATBCS 10 Kiacy HacmigkiB CC2 T1a CC3 [1] Tta xarteropiit
BifnoBinaneHOCTi KOHCTpYKIid A, b [2]. 3rigno IBH B. 1.2-14-2009 cucremu
MOHITOPUHTY TakuX OyiBebHUX 00’€KTIB MOBHUHHI pO3POOIATHCS HA CTamil
MIPOEKTYBaHHA a00 nependavaTHcs NpaBUiIaMy eKCIUTyaTallii 00’ €KTiB.

[Mizaimum  HopMmatuBoMm JIBH B.2.5-76:2014 cdopmynboBaHi 3araibHi
BUMOTM [0 MOHITOPHHIOBHUX CHCTEM pPaHHBOTO BUSBJIECHHS 3arpo3u
BUHUKHEHHS HaJ3BUUYANHHUX CUTYallii Ta omosimieHHs HacenenHs (CPBHCO),
KOHKPETM30BaHWUH 1X CKiIaj, po3poOsieHi TIOJMOKEHHS 1  IpaBuia,
perinamenToBana B3aemomiss CPBHCO 3 apyrumu cucremamu. IlependaucHi
YCTaHOBKH JIOKAJTi3aIlii HaJ3BUUAHHUX CUTYAIlill Ta CPOPMYIHOBAHI BUMOTH 0
Hux. [IpuBeseHi mnpaBWia NEHTPATI30BAHOTO CIOCTEPEKEHHS 3a CTaHOM
CPBHCO, npuifHATTS Bijg Hei OMOBilIEHb Ta Tepemavi iX (B pasi peasbHOI
3arpo3u) HaIJIAJOBUM CHCTEMaM BHIIOTO PiBHS pearyBaHHSI.

© Taiigaituyx B.B., Kotenko K.E.
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He nmBnstumch, onHak, Ha 3Ha4HI JOCATHEHHS B YKaszaHii raiysi,
IHKEHEepHa MPaKTHKa HE Ma€ B CBOEMY PO3MOPSIPKEHH] €JMHNX YHIBEpCATbHUX
METO/IB 1 CHCTEM MOHITOPHHTY TEXHIYHOTO CTaHy CIOpYyI. ba3yrouuch
MEPEBAKHO HA 1HAMBITyaTbHUX OCOONMBOCTIX OYyHiBEILHUX 00 €KTiB, BOHA HE
PiAKO BHKOPHCTOBYE IIPOrpaMHE-IHCTpYMEHTaJbHE 3a0e3NedeHHs, SKe He
BiJINIOBiIa€ Cy4acHUM BHMOT'aM, a HOBi apXiTeKTYpHO-KOHCTPYKTHBHI pillIeHHS
OymiBenmb Ta cHOpYyX TMOTpeOyIOTh BIJNIOBITHUX KOPEKTHB B CHCTEMax
MoHiTopuHry. Ilpukiagom Moxe Oyrn OyJiBHUITBO BHCOTHHX IH)KEHEPHHX
CHOpY[, KOJM HEIOCTATHICTh PO3paxyHKOBOI 0a3u AJIsl MPOEKTYBAaHHS TaKHX
00'€KTIB 1 3aKpUTICTh HECYYMX KOHCTPYKIIH BiJ IPSIMOro Bi3yaJbHOTO
CHIOCTEPE)KEHHS BH3BaJM MOTpPe0y KOPEKTYBaHHS Ta aJanTallii iCHyIYHX
CHCTEM MOHITOPHHTY 10 HOBUX YMOB.

[TpoGneMHUM € TaKoX KOHTPOJIb TEXHIYHOI'O CTaHy BEIMKOPO3MipHHX
OyniBeNbHHUX CHOpPYH, SIKi 1O CBOIM XapaKTepUCTHKaM He B IOBHIH Mipi
BIJIMIOBIAIOTh CyJ4acHUM Oy/AiBeNbHUM HOpMaM 1 Oyiau BBeleHI B
eKCIuTyaTalfiro pasim. Taki cmopymu, ab0 HE MarTh MOHITOPHHTOBOTO
3a0e3neueHHs1, a00 CHCTEMH OCTaHHBOT'O HE BiAIOBIAIOTH CyYaCHUM BHMOT'aM.
CriocTepeXeHHsI TEXHIYHOTO CTaHy TaKUX O0'€KTIB SBJSIETHCS HEOOXITHUM 1 B
3B’S13KYy 3 KOPEKTHPOBKOIO HOPMATHUBHOI BEIIMYMHH CHITOBOTO HABaHTAXKECHHS
Ha Hecydl KOHCTPYKLIi CIOPYAM, SIKE€ NPAKTHYHO BJBIYl IEpEeBHIIYE
YCTaHOBIICHHUH paHillle piBeHb CHIrOBOI'O HABaHTAXXEHHS [2].

OOcTexXeHHsI TeXHIYHOTrO cTaHy Oy/iBeJIbHUX CHOpPY. MPEACTaBiIse cO000
CHCTEMY HaryisiAy 1 KOHTPOJIIO, BHKOHYBAaHHMX BiJIIOBIHO BCTaHOBIIEHOL
nporpamMu  Juiss  3a0e3ledeHHs HaAidiHOro (QyHKUIiIOHYyBaHHS OyIiBENbHUX
CHOpY[ 32 PaxyHOK CBOEYACHOTO BUSIBJICHHS HETaTUBHUX 3MiH Halpy>KeHO-
neopMoBaHOro craHy iX KOHCTPYKIiH, MPOCIJaHHS IPYHTOBHUX OCHOB, a00
HaXWIly CHOPYAH, SIKI MOXYTh BHKJIMKATH Hepexin OymiBenbHOro o0'exTa B
00MeXeHO Tpale3JaTHI cTaH. BincTexXyeThest CTYIIHB 1 IIBUIKICTH PO3BUTKY
3MiH TEXHIYHOT'O CTaHy, BUSIBJISIOTHCS KOHCTPYKTHBHI 1 TEXHOJIOTIUHI 1eeKTH,
Ta IHIII SBUIIA, i TPUAMAIOTHCS PIIICHHS BiIIOBITHO ITOATBIIUX i,

[NepiognuHiCTh IAHOBOT'O OOCTEKEHHS IPOBOIUTHCS BinoBigHo [Topsiaky
BHU3HAYEHHS TEPMIHIB IEpUIMX IUIAHOBMX OOCTEXXEHb Ta MaclopTh3amii
TeXHIYHOTO craHy OyniBenb (cropya). TepmiH meprioro (micist BBEJESHHS B
eKCIUTyaTalliro) oOCTeXeHHS Ta Tmacrmoprusauii  OyaiBens  (criopyn)
NIPU3HAYAETHCS MPOEKTHOIO OpraHi3alielo (aBTOpoM TIpOeKTy). A B
MOAAJBIIOMY, HACTYIHI OOCTEKEHHS TPU3HAYAIOTHCS — CIENiaNi30BaHo0
oprasi3aili€lo, sika BUKOHaJa Nepiie 00CTe)KEHHS, a TAKOX Y BUITA/IKaX:

- mepen NPUHHATTSAM B eKCIUTyaTalio OyaiBenb (cropynd), sIKi MaroTh
i JIBUIICHUI PiBEHb BiAMOBiNaIbHOCTI. [loTpeba BUKOHAHHS TaKUX 00CTEKEHb
MMOBHHHA OYTH OOTPYHTOBAHA;
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- IpU BUSBJIEHHI O3HAK aBapiHOTO CTaHy OKPEMHX KOHCTPYKIiH abo
YyacTHH OyJiBenb (Criopyn);

- TIpH CYTTEBUX 3MiHAX Mepe10aueHIX IPOEKTOM HaBaHTa)KEHb Ta BIUIHBIB,

- TpY IUIaHYBaHHI KalliTaJIbHOIO PEMOHTY, PEKOHCTPYKIIT a00 TeXHIYHOMY
nepeo30poeHHi;

- IpU  BIJNOBITHMX TOCTAaHOBaX abo posmnopspkeHHsx KaOiHery
MiHicTpiB;

- micns BUHMKHEHHS HaJI3BUYAalHMX CcUTyauid (CTHXiHHOTrO JuXa,
TEXHOT€HHOI aBapii, oXKexi Ta iH.);

- 3TiIHO BUMOTaM yIOBHOBAKEHOT'O JIEP>)KaBHOT'O OY/IiBENEHOI0 HATIISY;

- 3a iHINIaTHBOIO BJIACHHKIB OyiBii (Criopymn).

[py BU3HAYEHH] TEPMiHIB IUIAHOBUX OOCTEXEHb TEXHIYHOTO CTaHy OYy[iBelb
(copy) 000B’SI3KOBO HAJISKHUTh BPaXOBYBaTH TaKi OCHOBHI (haKTOpH:

- piBeHb Oe3nekyu OyaiBeNnb Ta XapaKTEPUCTUKH 1X OCHOB;

- JIOCBiJI eKCIUTyaTallii aHaJOTriYHUX Oy/IiBeb;

- HasBHICTb CHCTEM MOHITOPHHTY OYyAiBEIbHUX KOHCTPYKILi.

CxeMaTH4YHO 3arajbHU ajlropuTM pOOOTH CHUCTEM MOHITOPHHTY
OyniBeNbHHX KOHCTPYKLiM mpuBeneHo Ha pwuc.l. Bin rpyHTyeThCs Ha
TOPIBHSHHI ~ KOHTPOJbOBaHMX mapameTpiB Ki 3 po3paxyHKOBHUMH  iX
3HaueHHsMH K'i.  [liama3oH nOpUIyCTUMHX 3HA4YeHb  KOHTPOJBOBAaHHUX
napametpiB Ki BusHauaetsest sk K'i + AKi, ne AKi — giana3on npumycTuMux
MOXIIMBHX BIJIXWJIEHb KOHTpONboBaHoro mapamerpa Ki. Po3paxyHkosi
3HaueHHs K'i BH3Ha4aloThbcss HAa OCHOBI MaTEMaTWYHOTO MOJIENIOBAHHS i
YTOUHSIIOTECSI B PaMKax HAayKOBO-TEXHIYHOTO CYNPOBOAY IPH NMPOEKTYBaHHI 1
OyniBHMUTBI 00’ekTa. Y BUMNAAKy HaOMmKeHHs abo BUXOLy 3HAa4YECHb
KOHTpoJboBaHOro napamerpa Ki 3a mexi npumyctumux 3HadeHb K'i + AKi
cHCTeMa MOHITOPUHTY HECYYHMX KOHCTPYKIIH MOBHHHA ()OPMYBATH BiAIIOBIHI
iHpoOpMaLiifHi CHrHANM TPO HANpyKEHO-Ie(OpMOBaHMN CTaH HECY4HX
KOHCTpYKLii. Y IIbOMY BHIIQJKy eKCIIEpTHa OpraHizamisi, 1o 3JiHCHIOE
HayKOBO-TEXHIYHHUH CYIIPOBIiJl, YCTAHOBIIIOE NMPUYMHN BUHUKHEHHS CHUTHAIY 1
BU/Ia€ PEKOMEHAIT /ISl TIPOBENICHHS! OOCTE)KEHHS, YCYHEHHIO HACHTiJKIB IS
MIPUAHATTS PilICHHS, IO A0 MTOJAJIBIIOI eKCIUTyaTalii KOHCTPYKIIi.

[[Io0 yHUKHYTH HETaTUBHUX HACIIJKIB, ITOB’SI3aHHUX 3 IMOSBOIO aBapiiHOL
cUTyallii, cXxeMa 3arajlbHOr0 ajJroOpuTMy pOOOTH aBTOMAaTH30BAHOI CHUCTEMH
MoHiTopuHry (ACM) Ta ii THIOBHWI CKJIaJ KOHKPETHU3YETHCS CKJIAJJOBUMU
YacTMHAMH 3 BPaxyBaHHSAM BHMOI [0 aBTOMAaTH30BaHHX CHCTEM PaHHBOTO
BUSIBJICHHSI 3arpo3d BHHUKHEHHS Ha/J3BHYAaliHUX CHUTYyallii Ta OIOBILIEHHS
Hacenenns (CPBHCO) [3], mo mpoitocTpoBaHO Ha puc. 2.
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CrnocTepexeHHs 3a OyiBIeIo
y Maciradi peaJbHOro 4acy.
BumiproBanus Ta peectparis
KOHTPOJIbOBaHHUX IapaMeTpiB
XapaKTePHCTUK

Kis K'i +AKi

[opiBHsaHHS
KOHTpOJIbBaHUX napametpis Ki
3 PO3PaxXyHKOBUMH KPUTHIHUMU
3HaueHamH K'i

Ki> K'i +AKi

Buspnenns
HaJI3BUYalHOI CHTyalii

'

[ndopmariiine onoBimeHHs

Puc. 1. 3aransHuii anroput™ poOOTH aBTOMAaTH30BAHUX CHCTEM MOHITOpHHTY (ACM)
OyiBeIbHUX KOHCTPYKIIIH

B cknani CPBHCO ponb mxepen nepunHOi iHQopmaii (A1) Bimirpae
aBTOMAaTU30BaHUH TeO/Ie3NYHUN KOMIUIEKC, SKWH TiJl KepyBaHHSIM OJIOKY
yrnpasninas (BY) 3nxilicHioe B 0Oe3nepepBHOMY peXHMMi BHMIpIOBAaHHS Ha
BUXIJIHI TOYKH Ta TOYKH CIIOCTEpEXEHHs. IIepBHHHUMH SIBISIOTHCS KYTH Ta
Biacrani (Hz, V, D), mo BiINOBiAAIOTh MPOCTOPOBOMY MOJIOKEHHIO TOYOK
criocTepexxeHHs Ta Buxiguux (X, Y, Z).

Ponp Ta Qynkuii npuctporo xomynikamii (IIK) Bigirpae cepsep cucremu.
3aBIsKM  Cremialli3oBaHOMY  IIPOrpaMHOMY  3a0€3IIEYeHHIO  cepBep
asromatuzoBaHoi CPBHCO Bukonye:

- IIarHOCTHKY KOMYHIKalii 3 OJIOKOM ympaBIliHHS IPUIIa/IOM;

- KOHTPOJb PETYISIPHOCTI HAAXOKCHHS IEPBUHHNX AaHUX;

- TpUiiMaHHSA, IEPBUHHY 00pOOKY Ta 30€peKeHHS TaHHX;

- TIepBUHHMI aHaJi3 Ta FeHepallifo MOBiOMJICHB;

- PO3paxyHOK MOTOYHUX 3MiIIEHb TOYOK CIIOCTEPEKEHHS;

- BiJOOpa)XeHHS JaHUX IIOTOYHHUX BUMIpPIOBaHb;
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- 3a0e3redeHHs] JUCTaHLIHHOTO aBTOPHU30BAHOTO JIOCTYNMY MO0 JaHUX
BHMIpPIOBaHb.

ABTOpPU30BaHi KOPUCTYBAYi 3 NIOKANbHUM
AUCTaHUIHUM MiAKNYEHHAM

|
\
\
‘ \
rEOEKOn }
oo Y ooon |
[} Cepsep i Eé; }
|
|

:
S |
\

Bisyanisauin

TCRA1201

Puc. 2. CtpykTypa Ta B3aeMOJisl CKi1aoBuX 4acTuH ACM 3 BpaxyBaHHSM BUMOT
aBTOMATH30BaHUX CUCTEM PAaHHBOT'O BUSIBIICHHS 3arPO3W BUHUKHCHHS HA/I3BUYalHUX CUTYyaLlii
Ta onosinieHHs HaceneHHs (CPBHCO)

BimoOpaxkeHHS JaHWX TIOTOYHHX BUMIpIOBaHb 1 mmo0OymoBa rpadikiB
apxiBHHX JlaHMX BiJOyBaeTbcs Ha JHCIUIE] KOMITIOTEpa  BiJJIAIEHOTO
KopHcTyBaua abo Ha IUCIUIET cepBepa, SIKUil pa3oM 3 KJIaBiaTypolo Ta MUIIKOO
CIIY)KUTh B JAHOMY BUIAJIKy 30HaIGHMM ImyabToMm ympasiiHasa (ITK30) Ta
ITyJIETOM YIPaBIiHHS CHCTEMHU.
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®yHKHii MporpaMHOr0 MOJYJNS OIOBIIIEHHS, IO BXOAWUTH JIO CKIATy
CHCTEMH, MOXYTh OYTM BHMKOpPHUCTaHi JUIi HAQJCWIAHHS BiJIOBITHHX
TIOBIZIOMJIEHb 10 aBTOMAaTH30BAaHOI CHUCTEMH LEHTPAJIBHOI'O CIIOCTEPEKEHHS
(ACLC), na mynbT Texniyaoro obcmyroyBanns (IITO) ta go TepuTopianbHOi
aBTOMAaTHU30BaHOI CcHUCTeMH IeHTpamizoBaHoro omosimenHs (TACLO).
[Mpuctpoem omosinienns (I10) Buctynae nporpaMHUi MOAYJb ONEPATHBHOTO
OIOBIIIICHHS, SKWM T'eHEpye Ta HaJCHIa€ TOBIJIOMIJICHHS, BUKOPHCTOBYIOUH
ciyroui KiHteBi TexHiuHi 3acodu (KT3I0):

- TOBIJIOMJICHHS €ICKTPOHHOIO TMOMTOK — 3aco0aMu  JIOKaJbHOI
KOMIT FOTEPHOI MEpexi;

- CMC-TIOBIJIOMJICHHS CJICKTPOHHOIO TMOMTOK — Yepe3 IiIKITI0YCHAN
MOJIEM;

- 3BYKOBE IMOBIJIOMJICHHS — 4Yepe3 TydHOMOBIN, IO MiJAKJIIOYECHI 0

3BYKOBOI CHCTEMH CEpBepa.

Mojynp  ONOBINIEHHS MOXE TaKOX HAJICWIATH 1HPOPMAII JI0
aBTOMAaTHU30BAaHOI CHCTEMH LEHTPAJbHOI'O CIIOCTEPEKEHHS, Ha IIYJIbT
TEXHIYHOTO OOCIYroBYBaHHS 3aco0aMM JMCTAHIIIHHOI TiepeAadi JaHux
Mepexero [HTepHer.

OO00B’s13KOBUM KOMIIOHEHTOM CHUCTEM MOHITOPUHTY € KOHTPOJIb HaHOLIbII
iHpOpMaifHUX TapaMeTpiB KOHCTPYKIii. BUKOHYIOTbCS B OCHOBHOMY JIBa
BHJIY BUMIPIOBaHb: CTATHYHI Ta JUHAMIYHI.

[Ipn craTHYHNX—3aMipSIOTHCS MEPEMIIIEHHs] Ta KYTH IHOBOPOTIB BY3IiB
€JIEMEHTIB MO SIKMX MPOBOAMTHCS aHaji3 nedopMaiiid 1 HalpyKeHOro CTaHy
KoHCTpYKIid. [Ipu 1bOMy HEOOXiJHY KUIBKICTH Ta MICISI BCTaHOBJICHHS
JMATYUKIB TIEPEMINICHh BHOUPAIOTH IO pe3yibTaTaM aHajizy poOotu
pO3paxyHKOBOI ~CXeMH. BinxwieHHs BiJ BepTHKami  KOHTPOJIOIOTHCS
JIATYMKaMHU HaxXwily, 110 BCTAHOBIIIOIOTh Ha BEPXHIX BEPTUKAIBHUX EIEMEHTAX
KOHCTPYKIIH NpH LOMY BHUKOPHCTOBYIOTHCS, B OCHOBHOMY, 1HKJIIHOMETpPH
piznux mogxenei. ITpocigaHHs IPYHTOBHX OCHOB BHUMIPIOETHCS T'€0JIE3MYHUMHU
npuwiagaMu (HiBemipamu, TeofoniTaMu) abo 3a JOMOMOIOI0 CYy4acHHUX CHCTEM
T1IpOCTATUYHOTO HiBETIOBAHHS.

Jlo HEeITaBHBOTO Yacy CTaTUYHUHA MOHITOPHHT SIBJISIBCS OCHOBHHM METO/IOM
OLIIHKHU HaIpyXeHO-1e()OPMOBAHOI0 CTaHy KOHCTPYKIIHN 1 3aJIMIIA€THCS TAKUM
NP KOHTPOJII OKPEMHX EJIEMEHTIB KOHCTpyKHid cnopyau. Opnak, Horo
BUKOPDHCTaHHS 3 METOI0 OIIHKM IJIOOAJBHOTO  TEXHIYHOTO  CTaHy
BEJIMKOPO3MIPHUX Ta BUCOTHUX CHOpPYJ € Hee(eKTHBHHUM, IEpII 3a BCE IO
€KOHOMIYHUM MipKyBaHHSM Ta 3HAYHHM TPYI03aTpaTaMm.

B TexHiuHOMY Bi/HOIIEHHI BiH HE BijloOpakae qUHAMIYHI BIUIMBH, BUKIMKaHI
30BHIIIHIMK Ta EKCIUTyaTaliifHUMH (hakTopamMHd, HE BpaxoBYE BIUIMB PAILY
TEXHOJIOTIYHUX Ta KOHCTPYKTHMBHHMX BIIXIWIEHb (HAasBY KOHIIEHTPAaTOpiB
Hamnpy)XeHHs, Je(eKTiB MOHTaXy KOHCTPYKIH, ITOCIa0JIeHHSI >KOPCTKOIO
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3alleMJICHHS) 1, came TOJIOBHE, WOro pe3yiabTaTH HEMOXIIMBO —arpiopi
PO3IIOBCIOZIUTH HABITH HA iHIII aHAIOTIYHI KOHCTPYKII KOHTPOJILOBAHOI CTIOPY/IH.

Jnst  oTpuMmaHHA — TVIOOAIBHUX — JIAHMX  TEXHIYHOrO CTaHy  CIIOpY.X
BUKOPHCTOBYETBCS ~ TMHAMIYHMI ~ MOHITOPHMHI, CYTh SIKOTO T[IOJSITa€ B
€KCIIEpPUMEHTAILHOMY TPHOX KOOPAMHATHOMY BHMIPIOBAHHIO TapaMerpiB pyxy
SJIEMEHTIB HECYYHX KOHCTPYKIIH B pealbHOMY Yaci, 3 MOJAIBIIO X 00pOOKOI0
Ta BU3HAYEHHSIM IapaMeTPiB TUHAMIUYHUX XapaKTEepPHUCTHK KOHCTPYKIIH CIIOpY/IH.
B pesynbrari OTpUMYIOTBCS 3HA4€HHS BJIACHMX YacTOT Ta JIOrapu(MidyHOro
JIEKPUMEHTY KOJIMBaHb, SIKi TIOPIBHIOIOTHCS 3 1X IMOKa3HUKaMH, OTPUMAaHUMH ITIPH
BUKOHAHHI TIOMEPETHHOTO €TAITy MOHITOPHHTY [4].

Kpurepiem Oe3neku SBISETHCS HE3MIHHICTh BKA3aHUX MTOKA3HUKIB Ha MPOTS3i
BCHOT'O JKUTTEBOTO LHKIY CIOpyau. BBaxkaerscs [S], mo B moyaTkoBHiA Iepion
eKCIuTyaTarlii (BiJf NCKUIBKOX JHIB JO OJHOIO MICSI TIHCIS 3aKiHUCHHS
Oy/iBHUIITBA) MPOXOINTH «IPHOIPALFOBAHHS» CIHOPYIU: BHOMPAIOTHCS JTIOPTH B
3’€IHaHHSX, TIPUTHUPAIOTHCS Mapy 3’€HaHb, PENAKCYIOThCSI HANPY)KSHHST B 30HaX
KOHIICHTpAIIl, TepPepO3NPEAUTIOTECS 3YCHIIS B CIEMEHTaX KOHCTPYKIIH,
TOB’S3aHI 3 HETOYHICTIO BUIOTOBJIIGHHS Ta MOHTaXy. B 1e# mepion uacy
JIMHaMiYHl TIOKa3HWKH 3HWKAIOTECS 1 B TONAIBIIOMY TOBHHHI 3aJIHIIATHCS
MIPaKTHYHO HE3MIHHMMH. SIK 1110 K, TIPY YEpPrOBOMY €Tarli MOHITOPHHTY, BETMYNHA
KOHTPOJILOBAHOTO TAPaMETPy BUXOAUTH 3a Mexi OUThII K 10%, TO KOHCTPYKILT
OyZiBNi MiUIATAOTh MO3AIUIAHOBOMY OOCTEKEHHIO Ta TPHIHHATTIO BiANOBIIHHX
TEXHIYHUX Ta OpraHi3amiifHuX 3aXO0/IiB.

B cyudacHiil iHKeHEepHIH NpakKTHII BUKOPHUCTOBYETHCS TPH OCHOBHHUX
METOM JMHAMIYHOT'O MOHITOPUHTY: Pe30HAHCHUM, IMITYJIbCHUM Ta (DOHOBHUIA.

3anekHO BiJ CKIAJHOCTI Ta YHIKAIBHOCTI CHOPYAW, I TpU3HAYECHHS,
KOHCTPYKTUBHO-TEXHOJIOTIYHUX OCOOJIMBOCTEH, EKCILTyaTallifHUX Ta 1HIINX
XapaKTEepPUCTUK, BpPAaXOBYIOUM TEXHIYHE 3a0€3NCUeHHs] MOHITOPUHTY Ta
€KOHOMIYHY CTOPOHY, BUKOPHCTaHHS BKa3aHMX METONIB BU3HAYAETHCA 32
JIOTIOMOT'OI0  aHANI3y MOXKIJIMBOCTEH Ta e(EeKTHBHOCTI KOXKHOI'O 3 HHX.
Haii6inpmr  moporuM,  Tpymo3aTpaTHUM, IOTPEOYIOUMM  BHKOPHCTAHHS
CKJIaJIHOT'O YCTaTKyBaHHS SIBISIETHCS pe30HAaHCHUI Merox. OTpuMani 3a Horo
JIOMIOMOTOI0 TTOKa3HUKHA BBa)KAIOThCS HAWOLIBIN 00’ eKTUBHUMH. [lei MeTon
BHUKOPHCTOBYETHCS TIPH MOHITOPUHTY YHIKQIBHUX CKJIAIHHUX CIIOpPYJ] TaKHUX, SIK
HAIpHKJIa] INIOTHHHU T1JIPOETIEKTPOCTaHIIIH, BETMKOPO3MIpHI CIIOPYAX Ta iHIII.
AJe He pO3TOBCIO/KYIOTBCS Ha JIIFOYH 00'€KTH ATOMHOKO CHEPIeTUKU Ta JIFOUH
KHTIIOBI KOMIUIEKCH.

Pe3zonancHuii Ta IMIYJIbCHUE MeTOAM TIiependavyaroTh BUKOPHUCTAHHS
CKJIaJIHUX Ta JIOPOTHX BiOpaI[ifHUX YCTaHOBOK.

Jis  OlarHOCTMKM — BENMKUX ~ CIOPTHUBHMX  CHOpYA  YacTime
BUKOPDHCTOBYETHCS IMITYJIbCHHM MeETOJ, a /Uil OO'€KTIB  MPOMHUCIOBOL
inppacTpykTypn - oHoBmii. Moro cyrs momsrae B omiHmi wactor i dopm
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BJIACHHMX KOJIMBAaHb 00'€KTa NpH [ii 30BHIMHIX GOHOBUX (pakTopiB (IMITYsbCIB
BITPOBOTO HaBaHTa)KEHHs, KOJIMBAaHb BiJ Mil TpaHcropty, iHmmX). Llel meroxn
SIBIISIETBCS. HEJIOPOTMM Ta BIHOCHO NPOCTHM B TEXHIYHOMY BiJHOIIEHHI. B
HaTYpHHX  BHMIPIOBAaHHSX, TIIPM  [BOMY METOJl  BHUKOPHUCTOBYIOTH
aKceJIepOMETPH Ta BEIOCIMETPH, B Jlialla30Hi BUMIPIOBAHHS HU3BKHX YaCTOT.

B Ta611. 1 nmpuBeaeHO MOPiBHIHHS BEIMYHMH YacTOT TPHOX MEPIINX TOHIB.

Tabmums 1
YacroTa BIacHUX KOJIUBaHb, [y
Homep Po3paxyHkoBa 3a JaHUMU pe3yJIbTaTIB EKCriepHMeHTabHa 32
ToHa PO3paxyHKIB Yy MPOrpaMHHUX KOMILIEKCax JAHIMH HATYPHHX
4acTOTU !
SCAD NASTRAN BUMIPIOBAHD
1 0.506289 0.492079 0.49-0.51
2 0.556190 0.53825 0.53-0.57
3 0.660833 0.66865 066-0.69

MOHITOPHHT JMHAMIYHUX XapaKTEPUCTHK JI03BOJISIE OL[IHUTH CTaH OYIiBesb
1 CIOpyA B IIJIOMY 1 BUSIBUTH 3Ha4Hi 3MiHM B KOHCTPYKIiSIX O€3 Bi3yaJbHOI'O
OISy KOXKHOI KOHCTPYKIii. B 1bOMy BifHOIIEHHI BiH HE3aMiHHUH TNIpH
OOCTe)XEHHI TEXHIYHOrO CTaHy CHOpYJ, HacaMIepel IpH BiJICYTHOCTI
Bi3yaJIbHUX O3HAK B IMOPYIIEHHI Mpane3JaTHOCTi poOOTH KOHCTPYKIIIH.

OCHOBHUM HEJIONIIKOM JIMHAMIYHOTO MOHITOPHHTY SIBIISIETHCS: BIJIICYTHICTBH
apXiBHUX JIaHMX KOHTPOJIbOBAHWMX TapaMeTpiB CIIOPYIM Ta JIOKaJi30BaHi
BIZICTYNIM BiJ NPOEKTY, SIKi HE BIUIMBAIOTh HA YKOPCTKOCTHI XapaKTEPUCTHKU
KOHCTPYKIIH Ta cyiabo MpOSBIISIOTHECS Yy CHEKTPi BIACHUX KOJIMBAHb: HENOTPH-
MaHHS [IPOEKTHOI MapKH OETOHY, HaXMJI Ta OCJIa0JIEHHs TIEPETUHY ASSKIX KOJIOH
i cTiH, iHmI. Bee e Bkazye Ha moTpedy KOMIDIEKCHOTO miaxomy [6].

TakuM 4YMHOM, PO3IIIAHYTI CHCTEMH MOHITOPHHTY XOY i MaroTh 3HayHi
BiJIMiHHOCTI, B LIJIOMY SIBJSIFOTHCS €PEKTUBHUMH 1 JOMIOBHIOIOTH OJIHA OJIHY.

HeBin’eMHOIO yMOBOIO JIi€3IATHOCTI CHUCTEM MOHITOPHHTY SIBIISIETHCS
000B’I3KOBa HAsIBHICTH MPOrPaMH MOHITOPUHTY, BHU3Ha4Yal04a HOro TEXHOJIOTII0
Ta KOHKpPETH3yIoua IapaMeTpu KOHTPOJIIO, KPUTHYHI CTaHM KOHCTPYKIIH Ta
00’€eM po0iT Ha KO)KHOMY KOHKPETHOMY OY/liBETbHOMY 00’ €KTI.

[epcriekTMBHUM TIPE/ICTABIISETHCS: oJjaJIbIe yIOCKOHAJICHHS
MOHITOPUHIOBUX CHCTEM B  4YacTHHI  NPOrpaMHO-IHCTPYMEHTAJIBHOT O
3a0e3IeueHHsT MOHITOPHHTY, PO3POOIN i OCBOEHHI HOBHX BHUCOKOC(EKTHBHHX
MOHITOPUHIOBUX  cHucTeM. [IpukinamomM  Moxke OyTH  BHUKOPHUCTaHHS
HaBITAIIHHOTO MOJS TI00aJbHUX CYNYTHHKOBHX CHCTEM, SIKE Ma€ Micle B
3apyOiXKHI{ MPAaKTUIII MOHITOPHUHTY [7].

BucnoBku. [Ipy BUKOHAaHHI MOHITOPHHTY TEXHIYHOT'O CTaHy KOHCTPYKIIH
OyniBenbHOr0 00’€KTy O0OB’SI3KOBOIO YMOBOIO € IIpOrpamMa MOHITOPHHTY, sSKa
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OITMCYE HAYKOBO-TEXHIYHY iH(OpMAII0 CIOCTEpEXEHHS 3a pPoOOTOro
KOHCTPYKIIiH.

Haii6inbi eheKTHBHUM SBISIETHCS AMHAMIYHUI MOHITOPUHT SIKHIA 3aJ1€)KHO
BiJl ITPOrpaMHO-IHCTPYMEHTAJILHOTO 3a0€3IIEUeHHSI MOXKE XapaKTepH3yBaTh sSIK
3arayibHUM (I[UTICHUI) CTaH CIOPYAHU, TaK 1 TI00aTbHUMN, BKIFOUAIOYHNA TaAKOXK
OLIIHKY TE€XHIYHOTO CTaHy KO)KHOT'O KOHKPETHOI'0 KOHCTPYKTUBHOT'O €IEMEHTa.
OO0O0B’SI3KOBUM KOMITOHEHTOM CHCTEM MOHITOPHHTY CKJIAJHUX I1H)XEHEPHHX
CHOpYJ SIBISIETBCS  MTOCTIHHWME  KOHTpONb  HaWOumbn  iH(opManiiHuX
XapaKkTepUCTUK cropya. B OaraThox BHIagKax TaKUMH XapaKTEPUCTHKAMH €
YaCTOTH f; Ta JJorapuMidHi JEKPUMEHTH 3aTyXaHHS O; OCHOBHUX KOJUBAJIBHUX
TMIPOLIECiB, BUHUKAIOUHX y CIIOPY/ax MPH eKCIUTyaTallii.
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Gaidaichuk V.V., Kotenko K E.
EFFICIENCY AND PROBLEMS FOR MONITORING LARGE-BUILDING
STRUCTURES

In the paper common problems of monitoring of a technical condition large-sized buildings are
considered. Two main types of monitoring are considered: static and dynamic.Static monitoring is
the primary method of assessment of stress-strain state of structures and remains so when
controlling for individual elements of structures. However, its use to assess global technical state of
large-sized buildings is inefficient. To retrieve global data technical condition of buildings is
dynamic monitoring, the essence of which is an experimental three-axis measurement of motion
parameters of elements of supporting structures in real time, with their further processing and
determination of parameters of dynamic characteristics of structures: natural frequencies and
logarithmic decrement of the oscillations. Parameters of dynamic characteristics of structures are
compared with the values obtained in the previous stage of monitoring. Monitoring using dynamic
characteristics allows to assess the condition of buildings in general, and to identify significant
changes in the structures without visual inspection of each elements of structures.

The analysis of features of existing monitoring systems is resulted and their efficiency
depending on design features of buildings is estimated.. Noted possible deficiencies in the selection
and improvement of the monitoring system. The direction of improvement of instrumental support
of monitoring systems is given.

An essential condition is the mandatory availability of the monitoring program that determines
technology of monitoring and specifies the parameters of control, determines the critical condition
of the structures and the amount of work at each particular construction object.

Key words: monitoring system of the building designs, the stress-strain behavior, static
monitoring, dynamic monitoring, oscillation frequency, natural vibrations, accelerometers.

Tatioatiuyk B.B., Komenxo K.E.
IODOEKTUBHOCTb U MTPOBJEMbBI MOHUTOPUHI'A KPYITHOPA3MEPHBIX
CTPOUTEJIBHBIX COOPYKEHUIN

B cratbe paccMOTpeHbl 00mIME TPOOIEMBl MOHHTOPHHTA TEXHHYECKOTO COCTOSHHS
GoJbIIIEpa3MEPHBIX  CTPOHTENBHBIX  coopyxkeHuil. [lpuBomuTcs  aHamu3 — 0coGeHHOCTEH
JIEHCTBYIONIMX CHCTEM MOHHUTOPHHTA M OLEHHBAETCS MX J()(MEKTUBHOCTH B 3aBHCHMOCTH OT
KOHCTPYKTHBHBIX OCOOEHHOCTEH COOPYKEHHsS W €ro Ha3HAueHWs. BBIIENAIOTCS BO3MOXKHBIE
HEJIOCTATKH NP BEIOOPE U TOpabOTKE CHCTEMBI MOHUTOPUHTA.
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KiioueBble ci10Ba: cHCTeMa MOHUTOPHUHIA CTPOHMTENBHBIX KOHCTPYKLHMI, HaNpspKEHHO-
nehOPMHPOBAHHOE COCTOSIHUE, CTATHYESCKHII MOHHTOPHHI, NTHHAMHYECKHII MOHHTOPUHT, YaCTOTA
KoJebaHui, COOCTBEHHBIE KOJICOAHHsI, aKCEIIbPOMETPEL.

YK 539.3

Tauoaiiuyk B.B., Komenxo K.E. EdexkTHBHICTB i Npo6eMH MOHITOPHHTY BeJHKOPO3MipHHX
oyniBesbHuX ciopyn // Onip Marepianis i Teopis cnopya. —2016. — Bun. 97. — C. 172 — 182.

Y cmammi posensimymi 3a2aibHi npo6iemMu MOHIMOPUHZY MEXHIYHO20 CMAHY GEAUKOPOIMIDHUX
6yoigenvhux cnopyo. Ilpusodumuvcsi ananiz ocobaugocmetl OilOUUX CUCMEM MOHIMOPUHSY ma
OYIHIOEMbCSL IX eheKmuUeHiCmb 3a1eHCHO i) KOHCMPYKMUGHUX 0coOaueocmeti cnopyou ma it
npusHaueHHs. Buoingiomoecs Moxcausi HeOOniKu npu eubopi ma O0ONPAYIOBAHHI CUCMeEMU
MOHIMOPUHRY.

Gaidaichuk V.V., Kotenko KE. Efficiency and problems for monitoring large-building
structures // Strength of Materials and Theory of Structures. — 2016. — Issue. 97. — P. 172 — 182.

In the paper common problems of monitoring of a technical condition large-building structures are
considered. The analysis of features of existing monitoring systems is resulted and their efficiency
depending on design features of a construction and its appointment is estimated. Stand out possible
lacks at a choice and debugging of monitoring system.

Tauoaiiuyk B.B., Komenko K.O., Kosanvuux A.1. IpPpekTHBHOCTL U MP0O6IeMbI MOHHTOPHHTA
KPYIMHOPa3MEPHBIX CTPOMTENBHBIX COopy:eHuii // CONPOTHBICHHE MaTepHalOB W TEOPHS
coopyxenuit. —2016. — Beim. 97. - C. 172 — 182.

B cmamve paccmompenvt  obwjue npobreMbl  MOHUMOPUHSA —MEXHUYECKO20 — COCTOSHUS
6onbUIEepAZMEPHBIX  CIPOUMEnbHbIX  coopyocenutl.  IIpusodumces — amanus — ocobennocmeil
OelicmeyIowux Cucmem MOHUMOPUHed U OYEHUBACTNCA UX IPPEKMUSHOCIb 8 3a8UCUMOCTIU OM
KOHCIMPYKMUBHBIX 0COOEHHOCMEl COOPYICeHUs U e20 HasHayenus. Buidensiomces 6o3mooichvie
Heoocmamku npu evloope u 00pabomie cucmembl MOHUMOPUHSA.
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YK 539.3

IHOCTAHOBKA 3AJIAYI ITPO BILIMB TEOMETPUYHOI
HEJIIHIMHOCTI HA HECYYY 3JIATHICTH 1 3BAKPUTUYHY
MHOBEJAIHKY TOHKOCTIHHUX TA KOMBIHOBAHUX
BICECUMETPUYHHUX TILJI

10.B. Makcum’ 10k,
KaH/I. TEXH. HayK, IOLEHT

1 . o . o . . . .
Kuiscokuil nayionanshuii ynieepcumem 6yoisnuymea i apXimexmypu
Hogimpogromcvkuii npocn., 31, m. Kuis, Yrpaina. 03680

B po6oTi BHKIaJAEHO MOCTAHOBKY 3ajadi Ul BU3HAUEHHsS HEeCydoi 3MaTHOCTI 1 3aKPUTHYHOL
MOBEAIHKH TOHKOCTIHHUX Ta KOMOIHOBaHHMX BiCECHMETPHYHHUX TiJl 3 ypaxXyBaHHSIM I€OMETPUYHOT
HenmiHilHOCTI. Onucanuii ximac 00°€KTiB, I SKUX HEOOXimHWH naHWil po3paxyHok. HaBeneHi
BHXI/IHI CIIBBITHOIICHHSI TEOPIii MJIACTUYHOI TeUii Ta HEiHIMHOI Teopil MPYKHOCTI.

KiaiouoBi cioBa: reoMmeTpuyHa  HeNiHIIHIHICTG, TOHKOCTIHHI Ta  KOMOiHOBaHI
BiCECHMETPHYHI Tijla, 3aKpUTHYHA TMOBEAiHKA, HECydYa 3[aTHICTh, TEOpis IUIACTHYHOI Tedii,
HeNiHiHHa Teopist TPYKHOCTI.

Beryn. B poborax [6, 7] Oynu HaBeneHI pO3paxyHKOBI CITiBBiJHOIICHHS
MCCE, anroput™ i KOHTPOJIBHI NMPHUKJIAIN PO3B’SI3aHHS BiCECUMETPHUYHHX Ta
IUIOCKUX T€OMETPUYHO HENIHIHHMX 3a1ad Ui BU3HAYCHHS PO3paxyHKOBOTO
pecypcy  NpPOCTOPOBHUX  MacHMBHHUX  Til  TpH KOHTUHYaJIbHOMY
B’SI3KOIPYKHOIJIACTUYHOMY pYyHHYBaHHI. B po06oti [6] Ha OCHOBI po3paxyHKy
SJIMHKOBOTO  3’€IHAHHSA Jomatku 3 JguckoM [TY mokasaHa BHcOKa
eQeKTUBHICTh 3aIlporoHoBaHOro miaxoxy. B [1] mpoBemeHo mocmimkeHHS
CTIMKOCTI O0OOJIOHKOBHX KOHCTPYKIIiH B NpYXHiil mocraHoBIi. B Toii e uac,
IIMPOKWHA  KJIac  BIiANOBiZAaJIbHUX OO0 €KTIB, 30KpeMa IIOB’sI3aHUX i3
JIOCII/DKEHHSIM ~ MOPCBKMX — TJIMOWH, SIBISIIOTH  COOOI0  BiCeCHMMETpHYHI
00O0JIOHKOBI Tija.

1. IToctanoBka 3anauwi. Ha BinMiHy BiJ pO3MNISSHYTMX B 3a3HaYEHUX
poboTrax MacuBHHMX O0’€KTiB, INUPOKWH KJIac CTaHOBJISATH TOHKOCTIHHI
KOHCTpPYKIii, cepea SKUX, 30KpeMa, 3aHypIOBaHI amapatd pi3HOTO
MIPU3HAYEHHS Ta IX KOHCTPYKTHUBHI €IeMEeHTH. J|0 HUX BiJIHOCSTHCS pATYBaJIbHI
amapaTd, J03alpaBoYHi OajlOHW, KpHIIKK JIIOKIB 3  IiJKPIIUTIOI0OYMMHU
MacHBHUMH TOBCTOCTIHHMMH MIapaMu. XapakTepHUM JUIS IUX OO0 €KTIB €
HEeOoOXiTHICTh MPOBENIEHHSI PO3PaXyHKiB 0 BTPATH HECYYOI 3/1i10HOCTI 1 aHAITI3Y
X 3aKPUTUYHOI TIOBEIHKH.

KoHCTpYKTHBHI T€OMETpUYHI OCOOJIUBOCTI TEPENTiUYCHUX 00 €KTIB, TAKHX,
HANIPUKJIAM, SK Jo3ampaBodyHuii OanoH (puc. 1,¢) 1 pATyBaJbHUI amapar
(puc. 1,0), nonsratoTh B HEOOXIHOCTI MTOEHAHHS B MEXaX MEPHIOHAIHHOTO

© Makcum’tok FO.B.
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MEPeTUHY CHEepPUYHUX, IPUTIHAPUYHUX 1 TOPOIMaIbHUX EJICMCHTIB 3 Pi3HUMHU
CHiBBI/IHOIIEHHSMH TOBUIMHU CTIHKM 1 pajiycy CcepeAnHHOI MOBEpXHIi
000JI0HKH, SIKi MOXKYTh cTanoButH 1/10-1/100.

OpHuMK i3 OCHOBHUX  IlapaMeTpiB, SKi  BU3HA4YalOTh  piBEHb
eKCIUTyaTallifHUX 1 eKCTPeMAaJbHUX HaBaHTaXEHb IIPH  MPOEKTYBaHHI
3aHYpIOBaHMX alapariB MPUHMAIOTh € BEIWYNHH THUCKY, ITPH SIKUX BUHHUKAIOThH
nedopmarii miactuaHocTi — Q, 1 BiI0YBa€eTHCs BTpaTa Hecyuoi 34aTHOCTI — Oy.
Ili BennumHM, HEe MOXYTh OyTH pO3paxoBaHi Ha OCHOBI TeOpii TOHKHX
000JIOHOK KaHOHIYHOI (hopMH 1 MOTPEOYIOTH PO3POOKH METOIB PO3PaXyHKY
CKIaJeHUX OOONMOHOK CepelHbOi TOBIIMHM. IX pPO3paxXyHKM HE MOXKYTh
00MEXYBaTUCh JIIHIHHOIO MPYKHOIO MTOCTAHOBKOIO 1 MOTPeOyIOTh iHpopMaii
PO piBE€Hb PO3BHUTKY HE3BOPOTHIX JedopMalliii i BIUIMBY T€OMETPUYHOL
HEJIHIHHOCTI Ha BEJIMYMHY KPUTHYHUX HaBaHTaKEHb.

R2 R2
Ry i
W i o
|
|
o ‘ h
N ‘ e
|
|
|
| e
R [
|
|
|
|
. |
L] |
|
|
|
™
< 2|
‘ %
i
a [
Puc. 1

CyTTeBUi BIUIMB Ha pe3y/bTaTH PO3PAXyHKY OKPEMHX HECYYHX E€JIEMEHTIB
TaKUX, SIK KPHIIKH JIFOKIB 3 MACUBHUMH ITiAKPIIUTIOIOUMMH mapamu (puc. 2,a) i
NPY)KHUMH OIOPHUMH TPOKIaAKaMu (puc. 2,0) TPU3BOIUTH 10 HEOOXiTHOCTI
PO3ITISIMY B MEXaX OJHI€] pO3paxyHKOBOI CXEMH BiCECUMETPHUYHUX TiJl CKIIIHOI
CTPYKTYPH, IO BKJIIOYAIOTh IOEAHAHHS MAaCHBHMX 1 TOHKOCTIHHHUX CKJIaJIOBHX.
[e motpebye cTBOpeHHs 0i0JIIOTEKH BiAMOBITHUX CKIHUCHHUX CIIEMEHTIB.



188 ISSN 2410-2547. Onip matepiainis i Teopis cnopyx. 2016. Ne 97

‘zf'

H=4h

Puc. 2

TakuM 4MHOM, JOCIIKEHHSI HECYJOoi 3IaTHOCTI 1 3aKPUTHUYHOI ITOBEIIHKH
nepeliueHux BHIIE 00’€KTiB TMOTpedye pO3poOKHM METOAMKH PO3paxyHKy
00OJIOHOK CepeHbOI TOBIIMHU 1 KOMOIHOBaHUX 00’€KTIB CKIIAJHOI CTPYKTYpH
3 ypaxyBaHHSAM (Qi3MYHOI i TeOMETPUYHOI HEJIIHIHHOCTI

2. Bwuxigni cniBBigHOmeHHs. 3B’SA30K MDK  HaNpYKEHHSAMH i
nedopmarisiMu MpUHHATO B paMKax Teopii macTHyHol Teuii [4].

[Ipn HasiBHOCTI HE3BOPOTHHX JAeopMaliii IMIACTHYHOCTI HPHUPOIICHHS
noBHUX  fedopmauiii  de;, OOYMOBIECHMX MEPEXOAOM Bl NPOMDKHOI
BiJJpaxyHKOBOI KOH(}irypamii 1O akTyaJbHOI, MOXXe OyTH TOmaHe CyMOIO
e

NPUPOLICHb ~ NPYKHUX — Jepopmauinl  dg;, mnpupomens Jepopmawii

niacTuuHocTi def , To6TO:
— et p
de; =de; +dej; . 1)
Martepia IIIacTHIHO HECTHCIMBHIA 1 3MiHA HOTO 00’ €My JiHIHHO-TIPY)KHA!
P _ _ ~€
g =0, & =¢&;. 2)

[epenbavaeThes, mo npyxHi aedopMmarii € Manumu. [10BHI HanpyKeHHS
o/  BU3HAYAIOTBCA Uepe3 KOMIOHEHTH TEH30pa MPYKHHX KOHCTAHT
BIJIMOBITHO JIO y3araJbHEHOro 3akoHy ['yka [2]:

ol =CMef,. 3)

Jlnst i3oTpomHOro Tima Temsop mpyxuux kocrant C/¥ BusHauaetnes

yepe3 koedinientn Jlssme A Ta L
ikl i ik il _jk ij Kl
M =u(gg" +g"e" )+ 2g"g" 4)
SIKI MOXYTh OyTH mozmaHi uepe3 xoediuieHt ITyaccona v i MOAysb MPYKHOCTI
Matepiaiy (Moayis FOnra) E:
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Ev E

A= (—2v)(1+v)” “ 721wy

[Tpn HasiBHOCTI medopMaliii MIACTUYHOCTI 3B’S30K MK HANPYXCHHSIMH 1
JepopMarlisiMi BU3HAYAETHCSI CITiBB1THOIICHHAMU TEOPii ITACTHYHOT TeUii JyIst
i30TponHOro 3MinHeHHs Matepiany [4]. OOnacte mnpyxHux aedopmamnii
oOMexeHa ITOBEPXHEI0 Tedii, PIBHSHHSA SIKOI B IPOCTOPI HAamNpyXeHb Mae
BUTJISIL;

®)

/, (a?f,9P)=0, (6)

2 i . .
ne 9, = J ) Ed gfde} — napamerp sminmenns OzkBicTa.
& E

VY BiNOBIIHOCTI 0 acOIiHOBaHOTO 3aKOHY IUIACTUYHOI TeYii, IUTaCTUYHI
Jedopmariii pO3BUBAIOTHCS 110 HOPMAJTi IO IOBEPXHI TEUii:

2/
P _ p_
dej =dA, Py =dA,s;, @)
s
xe f, — OyHKWsA TeKkydocti; s; =0;—00; — KOMIOHCHTH JeBiaTOpa

HATIPYKeHb, & 0 = 0" g, / 3.
JI71st 130TpOIHOrO 3MIIHIOBAHOT'O MaTepiaxy Ipu YMOBI TeKydocTi Miseca
MTOBEPXHS TEKYYil OMUCYETHCS PIBHIHHSIM:

Iy :%Sifsii‘fz(‘gp)zo’ ®

K

e T (SP) — MeXa Tedyil Ipu YHCTOMY 3CYBI, SKa € (PYHKIIEI mapamerpa

3MinHeHHs OnKBicTa.

Buxonyroun nmudepeHnmitoBanHs Bupasy (3), BCTAHOBIIOEMO B3a€MO3B’SI30K
MDX NPUPOLIEHHSIMHU HAIpPYXXEeHb 1 NMPHUPOLISHHSIMH NPYXHHX Aedopmaiiii B
aKTyaJIbHIH KOH(QITyparii:

do¥ =[ nlg'e" +g"e" )+ N g"g" } dcia- ®

Jlnist BU3HaueHHs! 3B S3Ky M NPHPOIICHHSIMU HAIPYXKEHb 1 jeopmariiii npu
HAasIBHOCTI IUIACTUYHOCTI 3aIMILIEMO PIBHSHHS:

of, . of
df =—2Ld"+—L3g9 =0. 10
=g ® 09, *F (19

Jnst mpuiinsaTol moBepxHi Tedii (2.8) MmaeMo:

ij aTs
d f,=s;ds" =2t 79 =0. 11

)4
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Tpuitmaroun 710 ysaru, mo s ds’ = side'ij, a TIPUPOILEHHS KOMITOHEHT
TEH30pa HalpyKeHb:
ij l/kl
do’ = (dgk, dg,ﬁ), (12)

niepermemo piBHsHHA (11) y BUrIsi:

\2dele”
SyLC™ (dey — defy )| =2, aa; % (13)

Bupazusim B (13) npupomieHss miacTHYHuX JedopMaliiid yepe3 KOMITIOHEHTH
JieBiaTOpa HAaMPYKEHb y BiMOBILTHOCTI 3 (7):

ikl B ikl 4 5,071

§;Cdey =| S,;C7 Sy +—=75 d

ﬁagp p

i BpaxyBaBIH, 110 s i30TporHoro Matepiany S, C? M —2GS", ne G- MOJYJIb

(14)

3CyBY, 3HA/IEMO HEBU3HAUCHNUIT MHOXKHUK d 4,

S,C™Mdg,
di, = (15)
Pl (&
1 o1,

_ 2
Y, =41, \/— 29, (16)

BuxmrounBIIM  TIpHpOIIEHHS ITUIACTMYHMX Jedopmariii B Bupasi (12),
HaIMIIIEMO 3B 530K Mi>K PUPOLIESHHSIM HaIPY>KEHb 1 JiehopMartiil y BUIIISII:

do’ =CMde,, (17)
Jc
2 qij gkl
il = it _AG5ST S'ST (18)
Vp

ik . X
TyT Cg I TCH30P MUTTEBUX JKOPCTKOCTCHU MPYKHO-TUTACTUIHOI'O MaTeplally.

3B’s30k MK jgedopMalisiMH i TEPEMIICHHSAMU  BH3HAYAETHCS
CHiBBiTHOIICHHIMH [5]:

1/ 0 o .
_ v v vi v v v
€ap _E(Z,a”,ﬁ' tZpla +”,a”,ﬂ)’

&3 =%(22 'u '+(u2')2). (19)

Jliniliuii TeH3op nedopmaniii oduncIOEMO 3a (HOpMYIIOLO:
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1 - "o
S Y vV
ap =75 (Z,a”,ﬂ +Z,ﬂ“,a)’
A 22!
epny=z"u". (20)
BucnoBok: TakuM 4ynHOM HaBe[eHI BUXIAHI CIIBBIJIHOLIEHHS T03BOJISIOTEH
orpumaru po3B’sizyBanbHi BuUpazn MCE i BHKOHaHHS pPO3PaxyHKiB

TOHKOCTIHHUX, MaCHBHHUX 1 KOMOIHOBAaHMX TiJI 3 €MHUX MO3UIIH MPOCTOPOBOL
3aja4i Teopii IIaCTUYHOI Tedii 3 ypaXyBaHHIM I'€OMETPHYHOI HENiHIHHOCTI.
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Maksimyuk Yu.
STATEMENT OF THE PROBLEM OF EFFECT OF GEOMETRIC NONLINEARITY ON
LOAD CAPACITY AND SUPERCRITICAL BEHAVIOUR OF THIN-WALL AND
COMBINED AXISYMMETRICAL BODIES

The paper describes the setting of the problem for determining of the bearing capacity and the
supercritical behavior of thin-walled and combined axisymmetrical bodies, taking into account
geometric nonlinearity. Submersible vehicles of various purposes and their constructive elements
are typical examples of such an object. These include rescue devices, refueling cylinders, manhole
covers with supportive massive thick-walled layers. The structural features of these objects are the
need to combine within the meridional cross section of spherical, cylindrical and toroidal elements
with different ratios of wall thickness and radius of the median surface of the shell. Significant
influence on the calculation results of some bearing elements such as manhole covers with massive
reinforcing layers and elastic support linings leads to the need to consider within the framework of
one calculation scheme of axisymmetric bodies of complex structure, which include a combination
of massive and thin-walled components. This requires creation of a corresponding finite elements
library. Definition of critical pressure values at which plastic deformation arises or bearing
capacity loss is realized can not be fulfilled on the basis of the theory of thin shells of a canonical
form and requires the development of calculating methods for composite shells of medium
thickness. Their calculations can not be limited by a linear elastic setting and need information
about the level of development of irreversible deformations and the influence of geometric
nonlinearity on the of critical load value. The correlation between the theory of plastic flow and the
nonlinear theory of elasticity is taken as the output. The connection between stresses and
deformations is taken within the framework of the theory of plastic flow. Relationships between
deformations and displacements regarding geometrical nonlinearity are formulated.

Keywords: geometric nonlinearity, thin-wall and combined axially symmetric body,
supercritical behavior, bearing capacity, the theory of plastic flow, nonlinear theory of elasticity.

Maxcumriok FO.B.
IMOCTAHOBKA 3AJIAUM O BJIMSIHUY TEOMETPUUYECKOM HEJTMHEMHOCTH HA
HECYIIYIO CHOCOBHOCTb U1 BAKPUTUYECKOE NOBEAEHUE
TOHKOCTEHHBIX U KOMBUHUPOBAHHBIX OCECUMMETPUYHBIX TEJ

B paboTe H3I0KEHBI IMOCTAHOBKY 3aJaudl s ONpEeNieHHs HeCylleil CrocoOHOCTH u
3aKPUTHYECKUX MMOBEACHHUS TOHKOCTCHHBIX 1 KOMOMHUPOBAHHBIX OCECHMMETPUYHBIX TEJI C YIETOM
reoMeTpu4ecKoil HemmHeHocTH. OMHCaHHbBIH Kilacc 00CKTOB, [l KOTOPBIX HEOOXOIMM JIaHHBIN
pacuer. IlpuBeqeHbl MCXOJHBIC COOTHOLICHHS TEOPUH IUIACTHYSCKOTO TEUCHUS W HEJMHEHHON
TEOPUH YIPYTOCTH.

KaroueBble cJI0Ba: reOMETpUYECKasl HENMHEHHOCTh, TOHKOCTCHHBIE M KOMOMHHUpPOBaHHBIC
OCECHMMETPHYHBIC  TeJla, 3aKPUTHYECKOEe IOBEJICHHE, HeCylass CHOCOOHOCTh, TEOpHS
MJIACTHYECKOTO TEUCHHS, HEJIMHECIHAS TEOpH S YIIPYTOCTH.
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YK 539.3

Maxkcum 1ok FO.B.

IMocranoBka 3agauyi Npo BIUIMB TIeoMeTPUYHOI HeJiHiliHOCTI Ha Hecydy 3aaTHicTB i
3aKPUTHYHY NOBEeNiHKY TOHKOCTiHHHX Ta KOMOiHOBaHHX BicecmmerpmuHHX Tin // Omip
Marepais i Teopist ciopyn. — 2016. — Bum. 97. — C. 183-190.

B pobomi euknadeHo nocmanoeKky 3a0aui O GUSHAYEHHS HeCY4oi 30amHOCMI [ 3aKpUMUYHOT
NOBEOIHKU MOHKOCIMIHHUX MA KOMOIHOBAHUX SICeCUMEMPUYHUX MINL 3 YPAXYEBAHHIM 2eOMEMPUYHOT
HeNIHIHOCMI.

Ta6m. 0. L. 2. bibmiorp. 6 Ha3B.

UDC 539.3

Maksimyuk Yu.

Statement of the problem of effect of geometric nonlinearity on load capacity and
supercritical behaviour of thin-wall and combined axisymmetrical bodies// Strength of
Materials and Theory of Strustures. —2016. — Issue 97. — P. 183-190.

This paper describes the formulation of the problem of bearing capacity determination and
supercritical behavior of thin-wall and combined axisymmetrical bodies considering geometric
nonlinearity.

Table 0. Fig. 2. Ref. 6.

YK 539.3

Maxkcumiox 1O.B.

IMocTaHOBKA 3a1a4M 0 BJIMSIHMM FeOMETPUYECKOil HEJTMHETHOCTH HA HECYLIYH) CIIOCOOHOCTH
M 3aKPUTHYECKOE MOBeIeHHEe TOHKOCTEHHbIX H KOMOMHUPOBAHHBIX 0CECHMMETPHYHBIX TeJI //
ConpoTuBiIeHNEe MaTEPHAJIOB U TeOpHs coopykeHui. — 2016. — Bem. 97. — C. 183-190.

B pa0ore W3IO0KEHBI IOCTAHOBKY 3aJa4d JUIsl OINpPEACNICHHUs Hecylell CIOoCOOHOCTH U
3aKPUTHYECKUX MMOBEACHHUS TOHKOCTCHHBIX 1 KOMOMHUPOBAHHBIX OCECUMMETPUYHBIX TEJI C YIETOM
reoOMeTpPUYECKOil HEeJTMHEHHOCTH.

Tab6m. 0. Puc. 2. bubnuorp. 6 Ha3B.

ABTOp (BYeHA CTyNeHb, BUEHE 3BAHHS, M0CAXA). KAHOUOAM MEXHIYHUX HAYK, OOYeHm, OOYeHm
xageopu oyoisenvroi mexanixu KHYbA MAKCUM 'FOK FOpiii Bcesonoooguu.
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YK 539.3

IIOCTAHOBKA JIBOBUMIPHUX 3AJAY JE®POPMYBAHHA 1
KOHTUHYAJILHOI'O PYHHYBAHHS B HEOJJHOPIJTHOMY
TEMIIEPATYPHOMY HOJII

C.0. MuckyHos',
JI-p TEXH. HayK, npodecop, npodecop kadeapu OyaiBeIbHOT MEXaHIKH

B.B. Banep',
acnipaHT kadeapu OyiBeIbHOT MEXaHIKH

Ly o . . Lo . . .
Kuiscoxuti HAYlOHAIbHUU YHIeepcumem 6y()l(muum6a L apximexkmypu

HaBenmeHi  BHXiOHI  CHIBBITHONIGHHS  3ajJadi  TEPMOB’S3KONPYXHOIUIACTHYHOCTI 1
KOHTHHYaJIBHOTO pyHHYBaHHs, 3acTocoBylounm Tteopito HO.M. PabornoBa. Haenenwuii ommc
KOCOKYTHOTO YHIBEPCAJILHOIO CKIHUEHHOrO €JIEMEeHTa Ui MOJETIOBAHHS IUIOCKHX 00’ekTiB. Ha
OCHOBI PO3B’SI3Ky TECTOBHX 3aj]ad, JOBEIEHA JOCTOBIPHICTb pe3yJbTaTiB, OTPHMAaHHX HA OCHOBI
yHiBepcansHoro CE it 3a1a4 TepMOB’13KOIPY>KHOIIIACTHYHOCTI.

Ku1i04oBi cj10Ba: TepMOB’SI3KONPYKHOIUIACTHYHICTE, MOMEHTHA CXeMa CKIHUCHHX €JIEMEHTIB,
YHIBepCalbHHI CKIHYEHHIT eIeMEHT, IUIOCK] ABOBUMIPHI Tijla, BiCECHMETPUYHI IUTIOCKI Tija.

Beryn. 3Hauna yacTWHa €NIEMEHTIB BiIIOBINAIBHUX KOHCTPYKIIHM Pi3HHX
rajy3eil TeXHIKH (€HepreTHKH, TPAaHCIOPTHOrO MalIMHOOYyBaHHS Ta 1HIINX)
SIBIIIE COOOI0 TPOCTOPOBI Tila. B mporieci ekcrutyaTtarii BOHA 3a3HAIOTh
CKJIaJIHUX 30BHIIIHIX BIUIMBIB, 30KpEMa TPUBAJIOTO JIOBUILHO PO3MO/ALIEHOTO Y
MIPOCTOPI CHJIOBOTO HAaBAaHTAXXEHHS IPH HASBHOCTI BUCOKMX TeMmIiepatyp. Y
TaKUX YMOBaxX XapaKTePHUM € BHUHHWKHEHHS HE3BOPOTHUX redopmaniit
TIOB3Y4YOCTI, a TAaKOX 3MIHEHHS MeEXaHIYHHMX BIIACTUBOCTEH Marepiaiy, IO
00YMOBJIIO€ 3HEMIIHEHHS MaTepiajily i MoAajbIly BTPAaTy HECY4oi 3JIaTHOCTI
KOHCTpyKLii. B Oararbox BHmaakax KoH]irypamisi 00’ €KTiB 1 Xapakrep
TIPUKJIaJaHHs 30BHINIHIX HABAaHTA)XXEHb J03BOJISIE PO3IIISAATH X SIK JIBOBUMIpHI
TuIocki abo BicecuMeTpryHi Tija. BuzHaueHHs iX Hecydoi 34aTHOCTI moTpedye
pO3B’sI3aHHS HEJIHIHHMX 3a/ad i3 BU3HAYEHHS HampyXeHO-J1e(OopMOBaHOTO
CTaHy IpH NEBHOMY PO3IIOIEH] TEMIEPATyp B MeKax 00’ €KTY, BU3HAUCHOMY,
30KpeMa Ha OCHOBI PO3B’sI3Ky 3aJladi HECTAI[lOHAPHOI TEIUIOIPOBITHOCTI.

1. Buxinni cniBBigHomenns. [Ipu HasBHOCTI He3BOpOTHHMX nedopmarii
TUTACTUYHOCTI 1 TOB3YYOCTiI 3B’SI30K MiX HampyKeHHAMHU 1 nedopmarisMu
BH3HAYAETHCSI HA OCHOBI CITIBBIZHOLIEHb TEOPIii IUIACTUYHOIO TEUiHHA 1 Teopii
3MinHeHHs [2]. B mpoMmy Bumaiky NpUpOIIEHHS MOBHUX JAeopMariii dsij

MOke OyTH IMOJaHe CYMOIO MpPHPOIICHb MNPYKHUX aepopmaniit dej ,

© Tuckynos C.0., Banep B.B.
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.o . p [
IpUpoOUICHb /:[e(bopMauu/I IIACTUYHOCT1 dSi/. 1 HOpUPOLICHb /:[e(bopMauu/I

MOB3y4OCTi d€;, , TAKOXK TEMIIEPATYPHUX dei./.:

ij >
_ e V4 c t

de; = dej; +del +de; +de; . (D

[epenbavaeThes, mo npyxHi aedopmarii € Manumu. [10BHI HaNpyKEHHS

o’ BU3HAYalOThCA uyepe3 KOMIOHEHTH TEH30pa MNPYKHUX Aedopmariit
BIJIMOBITHO JIO y3araJbHEHOr0 3aKoHy ['yKa:

ij ijkl il ik i _jk ij Kl

o’ =C"ej, =[u(g"g" +g"g")+h-g"g"], ©)

ne koedimientu JIsme A Ta |l BuU3HAYAIOTHCA yepe3 koedimieHt [lyaccoHa

V= v(zi',T )i Momyab mpyxHOCTI Marepiany (Moaynab FOnra) E = E(zi',T ),

10 3aJIeXaTh BiJ Temreparypu 1 :

_ Ev __F
M=oy M ey )

TemneparypHi nedopmartii Mati i BUSHA4alOThCsl POPMYIIOF0:
, i
g, =p'Tg’, 4)
ne B' =B (T)— xoediient niniiiHoro TeMnepaTypHOro po3MMPEHHS.

[MpupomenHst ruracThyHuX — AedopMaliii  BU3HAYAa€ThCS  3TIOHO 3
acoIli{OBaHUM 3aKOHOM:
d f
p_
dej =h, w =A,8; )

xe f, =%sijs’j —[7 (ﬂp,T)]2 =0 — QyHKIis TeKy4oCTi;s; =0 _%005[]‘

KOMIIOHEHTH JI€BiaTOpa HamlpykeHb;, Gy =0;, T,(9,,T)— Mexa Tekydocti

IIPU YUCTOMY 3CYBi; U, = L » %d sf/’ de’? — mapamerp 3minnenns OfKBicTa.
b

[MpupomenHst nedopmariiii MOB3y4OCTI BH3HAYAIOThCS HAa OCHOBI Teopii
3MiITHEHHSI:

dej =\, af.c. =S, (6)

dsY o

e f, ——s 57 —-[o;(9,,7T, E, 03)]2 =0 — QyHKIls, 110 BU3HAYAE TTOBEPXHIO

HOB3Y4OCTI, G; - ME&Xa TEKy4OCTi IIPU YUCTOMY 3CyBi; U, = L o4 [%ds;ds” ¢ -
g
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napameTp 3mirHeHHs OIKBiCTa; <";’c - IHTEHCHBHICTh HMIBHIKOCTEH aedopMartiit
MOB3YYOCTI; (0 - MapamMeTp IMOIIKOKEHOCTI, pu YoMy 0 < w < 1.
3a3HaueHe pIBHSIHHA MOXE OYTH KOHKDETH30BaHE, HANpPUKIAd, i3

3aCTOCYBAaHHSM Teopii HaKonmu4eHHs nomkomkens F0.M. PaborHoBa [4]:
m

¢ =p|—— 7

&l 1_(0 > ( )

a00 IHIIMMHU PIBHSHHSAMH, [0 BPaXOBYIOTh HASBHICTh MOIIKOKEHOCTI
Marepiaiy.

s 3pilicHeHHs1 onucy AeOpMyBaHHS Marepialy B yMOBax ITOB3y4OCTi,

piBHsAHHS (7) abo0 HEOOXiJMHO JONMOBHUTH PIBHSHHSAM, IIO OIUCYE 3MIiHH

napamMmeTpa MTOIIKOIYKEHOCTI 3 YaCcOM:
m

(o)
d_m:C e #mﬁ (8)

dt 1-0" | (1-w)!
ne C, m, q, r, - KoHCTaHTH MaTepiay.

2. KocokyTHuii yHiBepcalbHWi  cKiHYeHHMI  ejgeMeHT. J{ns
BiCECUMEPHYHHX Ta IIOCKO-Ie()OPMOBAHHX TiJl BUKOPUCTOBYIOTHCS CKIHUEHHI
enemeHtn (CE), mo SBISIOTH COOOI0 YOTHPHUKYTHUKH JIOBIIBHOI (HOpMHL.
Koxxnomy CE y BiInoBifHICTH ITOCTaBlIeHA MicleBa KPUBOJIiHIWHA cucTeMa

KOOPAMHAT X', sika TOB’SI3aHA 3 TE€OMETPI€I0 eIeMEeHTa TaK, mo oci x' i

x? cripsiMoBani B310B% cTOpiH monepeuoro neperuny CE (puc. 1).

1" = =
1o sox K
S§y=-1 S=+1
4} n TennodisnyHi Ta reomeTpudHi
e 7 napameTpu
o T
X 1 & o
+ + T x2
& | ¥
] Sy=-1 Sy=-1
z2 S,=-1 1 S=+1

Puc. 1. Kocokyrnuii yniBepcansuuii CE

Posnogin mepeminiens (9) i Temmepatypu (10) y Mexax MONEpEYHOrO
neperuny CE onmcyeTbces OiTiHIHHIM 3aKOHOM:

1 1 1
Uy = 2 2 Up(5,55) (ESlx1 +§S2x2 + §,8,x'x* +Z), )
5y =%1 S, =1
=Y ¥ T(Slsz)(%Slxl+%S2x2+ S1S2x1x2+%) , (10)

Sj=%15,=+1
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Ae Uyyss,) 1 Tigs,) - BY3JIOBI 3HAYCHHs IEPEMillleHb 1 Temmeparypu
Bi/IMIOBiTHO, IO MOJaHi KOMIOHEHTaMH B Oa3MCHIH cCHCTEMi KOOpAMHAT; S i

S, - KOOpJMHATH, IO BH3HAYAIOTH PO3TALIYBAHHS BY3JiB BIiTHOCHO LIEHTPY

TOTIEPEYHOro MEPETHHY eEMEHTA B MiCIEBili cHCTeMi KoopIuHaT X' .

Jlis BUBOJY MAaTpHIll >KOPCTKOCTI CKIHYEHHOTO €JEeMEHTa BHUKOPHCTaHa
MomenTHa cxema MCE i1 Bapianiiiauii npusanun Jlarpamxka [4]. 3acTocyBaHHS
MOMEHTHOI cxemH ckiHdeHHuX eneMmeHtiB (MCCE) [8] mo3Bonse icTOTHO
MiIBUIMUTA  ©(EKTUBHICTh  YHCEIBHOTO  JOCTIDKEHHS  KOMOIHOBaHHX
npocTopoBux KoHCTpyKuiii Ha ocHOBI MCE. Okpim Toro, MCCE 3a0e3neuye
BiJICYTHICTB AedopManiii mpy 3MilIeHHI TIa, SIK )KOPCTKOT'O IIJIOr0, a TaKOX
ycyBae sIBHIIE “XHMOHOTO 3CYBY’, II0 BUHHKAE NPH PO3PaxyHKY TOHKOCTIHHHX
KOHCTPYKIIi# 3a goromororo npocroposux CE.

Omnuc nporiecy AehopMyBaHHS 3IIHCHIOETHCS BIAMOBIIHO J0 BapialiitHOro
npuHouny Jlarpamka. PiBHsHHS piBHOBaru cucremy, mo ckianaersesi 3 N CE,
SIKI alPOKCUMYIOTh JIOCIIJDKYBaHUH 00’ €KT, Ma€e BUTIIS;

N
Y (8, -84,)=0. (11)
n=1

JleTanmpHuiA OMUC 1 BUBEJICHHS MATPUIIi dKOPCTKOCTI HABEIEHUA B [3]

3. Auaroput™M Ppo3B’si3aHHS HeJTiHIAHUX 3aga4 | BH3HAYEHHHA
napaMeTpiB HAIpYy:KeHo-1e)OpMOBAHOI0 CTaHYy. MogentoBaHHS
€BOJIIOLIIHOIO XapakTepy mporecy JegopMyBaHHS B yMOBax MOB3y4OCTi
3MMIACHIOETHCS HA OCHOBI JIUCKPETHUX KPOKIB 3a MapaMeTpoM dYacy. Ha
KOXKHOMY KpOIll JUIS PO3B’SA3aHHSA CHUCTeM HemiHiiiHuX piBHsHE MCE
BHUKOPHCTOBYETbCsl MeTo HhroTona-KanToposuya.

(o "= 7 sB ] ({2} R0 ) )

.o m o
BeKTOp BY3JIOBUX PCaAKIU {Rl }n , 00UYMCIEHUN 3a BEJIMYMHAMH IIOBHHUX

HanpyKeHb GV, 3MIHGHHS SKHX BiJIOYBAIOTHCS BHACIIJOK IPHPOIICHHS
HABaHTAXKCHHS 1 BiJIIIOBITHOTO HENIHIHHOTO e(OpMyBaHHS MaTepiaiy.

OO0uncreHHs TeMIepaTypHUX nedopmariit (e; =apATg;,

Op = OLT(Zk/,T ) — KoedimieHT JIHIHHOrO pO3MIMPEHHS MaTepiaiy)
3IHCHIOETBCS B TEPMiHAX (QI3MYHUX BEJTMUYHH.

B 3arampHOMY BHUNAJIKy Ha KOXKHOMY KpOII PO3B’sI3aHHS 33j[adi Ha TEPIIOMY
eram  TMPOBONUTHCS  BH3HAYCHHS  HANpYXKEHO-Ie(OPMOBAHOTO CTaHy B
TIPUITYIIICHHI TPYXXHOTO JAeopMyBaHHS (PO3B’sI3aHHS JiHIHHOI 3a1a4i). OTpuMaHi
HAIpPYXXCHHS TIEPEBIPAIOTHECS 32 YMOBOK HAsSBHOCTI IUIACTHYHOIO JIe(hOPMYBaHHS
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T>1T,, ie T, — IOTOYHE 3HAYEHHSA MeXI TeKy4ocTi. IIpu BUKOHaHHI 11i€i yMOBH Yy
BIIOBITHMX TOYKAX KOHCTPYKI{ TPOBOJWUTHCS BHU3HAYCHHSA HAINPYKCHO-
JiehOpMOBAHOTO CTaHy, SIKE TIOB’SI3aHO 13 MPUPOIIEHHSM MHUTTEBHX JedopMarii
miacTHyHOCTi. [licis 1pOro 3 ypaxyBaHHSAM MPHUPOIICHHS Yacy Ha KpOIli
MIPOBOJIUTHCS. BU3HAYCHHS HATPYKEHO-1e()OPMOBAHOTO CTaHY 3 YpaxyBaHHIM
niepediry mporecy noB3y4ocTi.

Ha mouaTtky K0XHOT iTeparlii # KpOKy m KOMIIOHEHTH TEH30pa HAIPYXCHb
G;; 00UHCIIONTBCS 38 HOPMYIIOL:

(6), =(0;) .1 +(AG) ,, (13)
Ae (AG;), — NPUPOIIEHHS HANPYXCHb, IKi BUSHAYAKOTHCA 3iIHO 3 3aKOHOM
I'yka 3a BETMUMHOIO NPUPOLICHHS ITOBHUX e OpMalliii.

o —m
Jlificui  3HaveHHs HanpyxeHb (G;), , WO BHKOPHCTOBYHOTBCSA JUI
o m .
BH3HAYEHHS! KOMIIOHEHT BEKTOPA BY3JIOBUX PEAKIii {R}n , OOUHUCITIOIOTEC 13
ypaxyBaHHSIM  TPHUPOLIEHHS HENiHIMHMX aedopMaliii IacTUYHOCTI abo
TIOB3Y4OCTI.
[Tpn obGuucneHHst HaNpy)XeHb MPH HasBHOCTI AedopMaliil IIaCTUIHOCTI
3I1MCHIOETHECS HAa OCHOBI METOIMKHU Y IIKIHCA:
) ) i om T (0.7)
= m_l;/ m —ij\m _ m ij\m S >
(ng)n _58 (Gi/')n +(s )n _(Go)n +(s )n T > (14)
§;; — KOMIIOHCHTH JEBiaTopa HAIpPYXKEHb; T, (S,T )i T= 48,87 / 2 — MOTOYHI
BEIMYMHA MEXi TEKy4oCTi Marepialy i 3HA4Y€HHS IHTEHCHUBHOCTI JTOTHYHHX
HaInpyXeHb.
OOunciieHHS HampyXeHb IpH HasBHOCTI jAedopMaliii  MOB3y4OCTi
3IIHCHIOETCS 3 ypaxyBaHHSIM ITOTOYHHX 3HA4Y€Hb JeopMalliil MoB3y4ocCTi:

@ =38 (0, )y + Gy =@y +[ D -Giagp ], as)

e (Aeg)nm = (&;)nm At, (&;):ln :%[Q;In E:;U;Z

B pa3i BuKOHaHHA YMOBH 301KHOCTI iTepamiiHOrO0 Tporecy i3
BUKOPUCTAHHSAM OTPUMAaHHX HA OCTaHHIA iTepallii KpOKYy HampyKeHb
MIPOBOJIUTHCS OOYHCIICHHS 3HAYCHh HAKONMMUYCHHWX naedopMalliii IMOB3y4OCTi

, G =E | (1-2v).

c T ] .
(sl_./.)m 1 IIOIMIKO/KEHOCTI ®,), :

€= @+ Gt 0, =0, (98] a1, (16
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nie (Z;f/ ), OOUMCIIOEThCS BiJIMOBIAHO 0 BMKOPHUCTOBYBAHHMX 3aKOHIB CTaHY

MaTtepiaiy, a (%J — BianoBigHO 10 Brpasis (8). ®opmynu (14), (15), (16) €
m

IHBapiaHTHUMHU OO0 KOHKPETH30BAaHOTO BHIVIAY 3a3HAUYEHHX DIBHSHb

TIOB3Y4OCTI.

VY KiHII KOXHOTO KPOKY JUIS BCIX TOYOK TiJIa 3JIIHCHIOETBCS IEpeBipKa

YMOBH JIOKQJILHOI BTPaTH HECYUOi 3/IATHOCTI MaTepiay:

0> o, 17)
Ie % — KpUTHYHE 3HAYCHHS MapaMeTpa IOMIKOMKEHOCTI, IO BiJIOBiTa€E
MOMEHTY pyHHyBaHHs MaTepiany, ®* =1 [4].

4. TecroBi 3amaui. J[locTOBipHICTH PO3B’S3KIB OTPUMYBAHUX i3
BUKOPHCTaHHSIM BHKJIAJCHUX CIHIBBIJHOIIEHb i ITOPUTMIB IIPU JBOBICHOMY
BiCECUMETPUYHOMY 1 IFIOCKOMY Halpy>KE€HO-1e()OpMOBAHOMY CTaHi MOKa3aHa
Ha JIEKIJIbKOX TECTOBUX 3aJ[ayax.

Tepmonpyxne  aedopMyBaHHS TOBCTOCTIHHOI  TpyOH. Hns
JIOCTOBIPHOCTI ~ BMU3HAUEHHS HANpyXeHO Je(OpMOBaHOrO CTaHy IIpH
TEMIIEpaTypHOMY HaBaHTA)XEHHI PO3TIISHYTO Ae(OpPMYBAaHHS TOBCTOCTIHHOL
TpyOH HEepiBHOMIpHO HarpiTol B3/I0BXK paaiycy » (puc. 2) [5].

Ts ——_ T
o I I
7 ~ T=—71.66-[z—0.2j

-15 \

b
S S REE,

™~
N

®
-45 am2d £ DT T LT 22 \\
e S RS J

I

-55 - I'/
0.2 028 0.36 044 052 06 068 0.76 0.84 092 'b

Puc. 2. JIuckpeTHa MO/IEIb i 3aKOH 3MiHU TEMITEPaTypH B3I0BXK pajiycy

Po3B’s30k 3amaui 3MiHCHIOBaBCS MpPU HACTYMHUX 3HAYEHHSAX (i3WKO-
MEXaHIYHUX XapaKTepUCTUK Marepiany: Koedimient I[lyaccoma v=0.3,

.. ey _ |1
koe(illieHT JIiHIHHOIO TEIUIOBOIO PO3IIUPEHHA O =1-10 4 epao™. Monens

TIPY>KHOCTI 3aJI€KUTh BiJl TeMIiepaTypH, £ = 103 - ¢ 0046067

Po3paxynok 3amaui 3a momomororo MCE BUKOHaHWIA B yMOBaX ILTOCKOL
nedopmartii. Pe3ynpTaté po3paxyHKiB MPENCTaBICHI HA PUC. 3 B BUIISII SITIOP
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pajialbHUX ©, 1 KOJIOBUX ©

¢

HalnpyKeHb. SIK BUIHO, OTpUMaHi pe3yJbTaTH

MTOBHICTIO 301raf0ThC 13 €TaJOHHUM PO3B’I3KOM, OTPUMAHUM B po0OTi [5].

Or |

T, MM

Ll 3 ] 5 6 7 B 5
e v,
-0.15 § /
\ 4
\ y
-0.20 2\ T
//
-0.25 \ 7
X V.
y/
-0.30
] P
z
-0.35 ™. /
U I
-0.40
Puc. 3. PanianbHi HanpysKeHHs G B TOBCTOCTiHHiH TpyGi
JedopmyBaHHSI TOBCTOCTIHHOI TpyOM B yMoOBax INIACTHYHOCTI.

ITpoBesieHO BI3HAUEHHS HANPYXKeHO-1e(hOPMOBAHOTO i BHYTPIlIIHBOTO pajiiyca 1,
30HM IJIACTHYHOCTI B TOBCTOCTIHHIHM TpyOi Mi/i BIUIMBOM BHYTPIIIHHOTO THCKY.
OTpuMaHi BETMYHHH T, P Pi3HUX BETMUMHAX HABAHTAKEHHS p 30iraroThes i3
HaBeJIeHNMHU B [6] (puc.4).

TESTTIXLTTY.

r

acve | JELIIZTIIIE 3

b=20

a

r,/a

1.9

17

16

15

14

13

1.2

1.1

[ T ]
sl | & [€] /|
' — (12)-(14) /
/

/
/
//
L~

1.0

0

001 002 003 004 005 006 007 P, MH/M2

6

Puc. 4. luckperHa Moens (a) i 30HU IUIACTHYHOCTI 110 TOBIHHI CTIHKH (6)

dedopmyBanus

TOBCTOCTIHHOI
PosrnsiHEMO TOBCTOCTIHHY TpyOY,

TPyOn
sl omucy mpouecy JaedhopMyBaHHS

B YMOBax IOB3Yy4OCTi.

MaTepiady SKoi TpH HasBHOCTI 30H pYHHYBAaHHS BHKOPHCTaHI DPIBHSHHS
BUTJISILY, JI€ 3aCTOCOBAHHH MapaMeTp MOMIKOHKEHHOCTI:

de

ic

dt

s

ky
S do _
S dn

1-m

k
o2
1-o
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Takox BianoBigHo 1m0 poboru [1] npuitasto: b/a = 2/1, p =0,405 Mlla,
MOJIYIb IpYXKHOCTI Matepiany E = 1 MIla.

[ 3pyaHocTi obuncnens B poborti [1] po3B‘si3yBanbHa cucTteMa piBHSHb
3BefeHa 10 Oe3posMmipHoro Buriamy. Jlo posmaLy — 3ampoBajKeHuit
0e3po3MipHuii yac:

v=Eo," | Bdi=EBo} ',

Je G, — HOpPMiBHE HampyxeHHs; T, =1 Bigmosimae ¢ =0,00000625 200, a

€TaJIOHHA BENIMYMHA Yacy JO T[I0YaTKy pyHHYBaHHS TOBCTOCTIHHOI TpyOH
=248 -1 ,,;, =0,015625 200.

Po3paxyHOK BUKOHAHHIA i3 BUKOPHUCTAHHIM BiCECUMETPUUYHOI (pucC. 5) Ta
tiockoi (puc. 4,a) muckpetHux Mmozeneid. OTpUMaHi B pe3yibTaTi po3B’sI3KY
3aJIeKHOCTI 3MIHM BEJIMYMHU NapaMeTpa MOIIKOPKEHOCTI MaTepiajly BiJ yacy
(puc. 5) 30iraroThcs 3 HaBEACHUMHU B poOOTI [1] mpoTaromM BChOro mporecy
nedopmyBaHHS.

T pyiin

®
Uy S P=0.405 MMa r=bh
T L L L Lrles F L
eI [TIT[TI1],. J/
. a . 7 22 I
b=2a
0.6 ‘ /
— DOxBonn /
— — — — po3pobnena meToanka
04 .
"4
ﬁ/
o~ r=a
0.2 =
o e
0 50 100 150 200 250 T

Puc. 5. Po3paxyHkoBa cxema TpyOH i 3MiHa MapaMeTpy MOIIKOPKEHOCTI B yaci

Po3TAAr nmpsiMOKYTHOI IUIACTMHH 3 BHPi30M B YMOBax HOB3YYOCTi.
Po3rnsiHyTa npsIMOKyTHA IUTACTHHA 3 BUPI3OM, SIKA 3HAXOJMTHCS IMiJl BILTMBOM
MOCTIHHOTO ~ PO3TATYIOYOro HaBaHTaxeHHS ¢ =70 MIla. [na onmcy

BJIACTUBOCTEH MaTepialy B YMOBaX IMOB3yYOCTI 3aCTOCOBaHI JTaHI PiBHSHHS:

¢
deiic_3A(Gi jnﬁtm d_o):B (1—0L)(51-+0L(51

dt 2

Otpumani pe3ynpTatd it JneopMyBaHHS ©e3 BpaxyBaHHS BIUIMBY
nedopmariiii miacTHIHOCTI 30iraroThes 13 mogaHuMu y pobori [7]. Ha mpoTsisi

27 10 ) o, >odt 1-o

1
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ychoro mporecy JaedOpMyBaHHS JOCHIDKEHO 30DKHICTh 1HTEHCHBHOCTI
HOPMAaJIbHUX HalpyXeHb Ta MapaMeTpy MOLIKOKEHOCTI MaTepiany (puc. 6).

G;.

— Chen G.G., Hsu T.R. 1
MMa| - -no::oﬁnsna ::;TOIIKKE[ 21 .. q=T0 MHim?
220
\ q
180 k ~
140 =
2
100 \

0 50 100 150 200 250%roA

Puc. 6. Po3paxyHkoBa cxeMa IUIACTHHH 1 3MiHa IHTEHCHBHOCTI HOPMAJIbHUX HANPY)KeHb B 9aci

BucnoBku. TakuM YMHOM BUKOPHCTaHI BUXIJHI CITIBBiJHOILIEHHS, 3aCO0H
CKIHUCHHOEJIEMEHTHOI JMCKPeTH3alii 1 aJTOpPUTMHU JI03BOJISIIOTH ITPOBOAMTH
BH3HAYEHHS HANpPYXXEHO-Ie(OPMOBAHOTO CTaHy B YMOBaxX TEPMOB’SI3KO-
MIPY>KHOIUIACTUYHOTO Jie(opMyBaHHS TBOBUMIPHHX 3a/1a4ax.
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Pyskunov S.0., Valer V.V.
FORMULATION OF TWODIMENSIONAL PROBLEMS OF DEFORMATION AND
CONTINUAL FRACTURE IN NONHOMOGENOUS TEMPERATURE FIELD

The formulation of thermoviscoelastoplastic and continual fracture problems is considered. In
the presence of irreversible strains of plasticity and creep, the relationship between stresses and
strains is determined on the basis of the relations of the theory of plastic flow and the theory of
strengthening. In this case, the increment of complete strains can be represented by the sum of
increments of elastic, plastic, creep and temperature strains. Rabotnov’s theory of damage
accumulation is used to describe the creep process. The description of an oblique angled general
finite element for modeling of flat objects is given. The distribution of displacements and
temperature within the FE is described by the bilinear law. To derive a stiffness matrix of a finite
element, we use the moment scheme of finite elements and the Lagrange variation principle.
Application of the moment scheme of finite elements can significantly improve the efficiency of
numerical study of combined spatial structures on the basis of FEM. The simulation of the
evolutionary nature of the deformation process under creep conditions is based on the discrete
steps of the time parameter. At each step, the Newton-Kantorovich method is used to solve the
systems of non-linear equations of FEM. In the case of fulfilling the convergence condition of the
iteration process using the obtained stresses at the last step of the iteration, the calculation of the
values of accumulated creep strains and damage is performed. The condition of the local loss of the
bearing capacity of the material is checked at the end of each step for all points of the body. The
reliability of the results for two-axis axisymmetric and plane stress-strain state is shown on several
test problems. Thus, the used initial relations, means of finite-element discretization and algorithms
allow us to determine the stress-strain state under conditions of thermally elastic-plastic
deformation in two-dimensional problems.

Key words: thermoviscoelastoplacticity, moment scheme of finite elements, general finite
element, plane two-dimensional bodies, axisymmetrical plane bodies.

Iuckynos C.O., Banep B.B.
IIOCTAHOBKA IBYMEPHBIX 3AJAY TE®OPMUPOBAHUS U
KOHTUHYAJIBHOI'O PASPYUIEHUSI BHEOJHOPOAHOM TEMIIEPATYPHOM
MOJIE

IlpuBeneHBl  HMCXOJAHBIC  COOTHOLICHHS — 3aJaud  TEPMOBSI3KOYNPYrOIIACTUYHOCTH U
KOHTHHYAJILHOTO pa3pylleHus, ucroib3ys teoputo HO.M. PaGotHoBa. IlpuBeneHo ormucaHue
KOCOYTOJIBHOI'O YHHBEPCAJIbHOTO KOHEYHOrO 3JIEMEHTA JJIS MOJCIHPOBAHUS IIOCKUX OOBEKTOB.
OCHOBBIBasICh Ha PELICHUH TECTOBBIX 3a/1a4, JJOKa3aHa JOCTOBEPHOCTh PE3YJIbTATOB, MOIYyYCHHBIX
OCHOBBIBAsICh Ha HCIOJIb30BAHUH YHHBEPCAILHOTO KD JUISt 3a1a4
TEPMOBSI3KOYIPYTOIIACTHYHOCTH.

KarueBble C€JI0Ba: TEPMOBS3KOYIPYIrOIIACTHYHOCTh, MOMEHTHAsi CXeMa KOHEYHBIX
3JIEMEHTOB, YHUBEPCAJIbHbBIM KOHEYHBIH 3JIEMEHT, IUIOCKUE JBYMEpPHbBIC TEja, OCECHMMETPUYHBIC
IUIOCKHUE Tela.



204 ISSN 2410-2547. Omip matepiaiis i Teopis cnopy. 2016. Ne 97

VK 539.3

Tucxynos C.O., Banep B.B. IloctanoBka ABOBHMIpHUX 3aga4 AedopmMyBaHHS i
KOHTHHYAJbHOTO PYIHYBAHHS B HEOJHOPiZHOMY TemmepatypHomy moai // Omip
MartepiaiiB i Teopist ciopyn. — 2016. — Bum. 97. — C. 191 —201.

Poszensadaemocs  nocmanoéka — 3a0ay  MEPMOG SAZKONPYICHONNACMUYHOCTE  §
KOHMUHYanvHo20 pyunysauus. IIpoeodumbca eepugikayis aneopummie pose’sisky Ha
mecmosux 3a0a4ax.
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and continual fracture in nonhomogenous temperature field / Strength of materials
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Formulation of thermoviscoelastoplastic and continual fracture problems is considered.
Verification of calculation approaches is carried out based on test problems.
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MOJAJIbHUM AHAJII3 MOPChKHUX CTAILIIOHAPHUX
MJIAT®OPM HA ITAJIAX
C.B. Mumiox',

KaHJI. TEXH. HayK,
P.M. Ocranenko',

J1.0. YepusiBchKmii'

'Kuiscruii nayionansnuii VHieepcumem 6y0i6HUYMEA [ APXIMEKMypu
Hogimpogromcvkuii npocn., 31, m. Kuis. 03680, e-mail: roma604@bigmir.net

ITpoaHani30BaHO BIUIMB BHOOPY PO3PaXyHKOBHUX CX€M Ha JHHAMIUHI IIOKa3HUKH KPUTOCTIHKIX
MOpCBKUX cTarioHapHux Iatdopm. Iloka3aHo, mo BpaxXyBaHHS HiJAATIMBOCTI MaJbOBUX
(yHIaMEHTIB Ta IPyHTOBOI OCHOBH IIPH AWHAMIYHOMY DPO3PaxXyHKY 31 30iIbIICHHSM TIIHOWUHU
BCTaHOBJICHHS INIATGOPM NPUBOAUTH OO 3MIHM BEJMYMH IWHAMIYHUX MOKAa3HUKIB IOPIBHSHO 3
(OKOPCTKHMM» JHCKPETHHMH pPO3PAXyHKOBHMH CXEMaMH, IO, B CBOIO 4epry, BIUIMBAaE Ha
HAaIpyXeHO — 1e(h)OpPMOBAHHII CTaH eIEMEHTIB IIATHOPM.

KurouoBi c1oBa: Mopcbka crarionapna miatdopma (MCII), minnaTianBicTs Naab0BOT OCHOBH,
nuckpertHi mozeni MCII, AuHaMivHUI pO3paxyHOK.

Betyn. B po3BUTKY CydacHOro iHAYCTPiaJbHOI'O CYCHUIBCTBA BEAYYYy POJIb
3aliMaroTh NaJMBHO-CHEPreTHYHI pecypcH Ta, B Hepuly uepry, Hadra i ras.
BuuepranHs HalOUIBII JOCTYITHUX Ta OaraTWX POAOBHIN Ha CYIIi, TPYAHOLI
BUIOOYTKY BYIJIEBOJIHIB Y BiJJaJIeHUX Ta HEOCBOEHHX paliOHaX BUKIHMKAIOThH
HEOOXiTHICTh OCBOEHHSI MOPCHKUX POOBHII HA(TH 1 razy.

Js YkpaiHu IpiOpUTETHUM 3aBJAHHSAM Y [[bOMY HANPSIMKY € OCBOEHHS
KOHTHHEHTaJIBHOTO menb(y YopHoro ta A30BCHKOT0 MOpIB.

Oco0MBICTIO  TPUPOJHO-KIIMATHYHUX YMOB  A30BO-UOpPHOMOPCHKOTO
perioHy € Te, IO TOpsA 3 He3aMep3aloYMMH aKBaTOPISIMH HPUCYTHI 1
3aMep3ardi — A30BCEKE MOpPE Ta MIJIKOBOJHI 3aTOKH y MiBHIYHO — 3aXiJHIN
yactuHi YopHoro mops. Y cyBOpi 3UMH TOBIIMHA KPHXXAHOT'O IOKPUBY B
KapkiHniTchkiii 3atori Ta Ixapunraduchkiit 0yxti HopHoro Mops gocsrae 60 cu,
y AzoBcbkomy Mopi — 40...50 cm.

IMomyk Ta po3poOka HaTOra3oBUX POJOBHUI HAa KOHTHHEHTAJIBHOMY
menb(di MoB’s3aHl 3 BUPIMICHHSM CKJIaJHUX HAyKOBO — TEXHIYHUX 3a/ad I10
CTBOPEHHIO 3ac00iB Ta METOJIB BENEHHS KOMIUIEKCY pOOIT 1o OypiHHIO,
BUIO0YTKY Ta TPAHCIIOPTYBAHHIO HA(TH 1 ra3y B MOpi. Y CIiIIHE X BUPILICHHS
He Moke OyTH JOCATHYTO 0e3 CTBOPEHHS IIOro Psay MPUHIMIOBO HOBHX
TEXHIYHUX 3ac00iB, OCHAIIEHWX CYYacCHMM OOJNaJHaHHSM, a TaKOX HOBHX
KOHCTPYKTUBHHX (hOPM, NMPHUCTOCOBAHMX JUIsi BUKOHAHHS POOIT HA MOPCHKOMY
enbdi.

© Mumok C.B., Ocranenxo P.M., Uepnsscrkuii J1.0.
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Ha#0inp MOMMPEHUMH TEXHIYHUMHU 3aCO0aMH  SBJISIFOTBCS  CTaJIeBi
MopchKi crarioHapsi miathopmu (MCII), 3akpimieHi Ha MOPCHKOMY IHI 3a
JIONIOMOTOI0  Tanb, SIKi (IKCYIOTh CHOpYAY BiJl 3CYBHHX HaBaHTa)XKEHb,
BUKJIMKAaHUX BITPOM, XBWJICIO, TEUi€l0 Ta pyxoM KpurH. [Ipu mpoekTyBaHHI
TaKUX CIOpPYJ HAWOIIBII BaXKKUM Ta BiJIIOBITaJBHUM 3aBJaHHSIM € BHOIp
ONITUMAJBHUX NapaMeTpiB oropHux OsokiB MCII, siKi HOBUHHI MaTu BHUCOKY
Ha/IiHHICTh MOPSI 13 3a0e3MeUeHHsIM JOCTaTHROI PEeaKIil ClIopyar Ha 30BHIIIHI
HaBaHTaXeHHs. [Ipy bOMy HEOOXiIHO BPaxOBYBAaTH CKJIAJHICTh PO3PaXyHKY
HanpyxeHo — nedopmoanoro crany (H/IC) necyunx xonctpykuin MCII Ta
HOro 3aJIeXHICTh Bif Te0-, TiIPO- Ta METEOPOJIOTIYHHUX (aKTOpiB, a TAKOXK Bij
PI3HOPITHMX 30BHINIHIX BIUIMBIB, TEXHOJOIi TPAaHCIIOPTYBAHHS Ta MOHTaXY
KOHCTpyKii [1].

IMocranoBka 3agaui. MeToro JOCH/KEHHS € BU3HAUEHHS BIUIMBY Py
BaXUTUBHX (PaKTOPiB HA TUHAMIYHUKA po3paxyHoK kpuroctiiikux MCII. [lo Hux
BITHOCATHCS BpaxyBaHHA IiJATIMBOCTI ITAJLOBOI OCHOBH, BpaxyBaHHS
BOJHOTO CEpENOBUINA TP BUKOHAHHI JWHAMIYHOIO PO3PaxyHKy CIIOpYIH
(mpuenHaHa Maca BOJHOTO CEPEJOBHINA) Ta BpaxyBaHHS BIUIUBY KPIIXKaHOTO
TIOJISL Y BUIIISAL JONATKOBUX B’s3€H, IO IMITYIOTH YMOBH KOHTAKTy CIIOPYAH 3
KPIDKaHUM TI0JIEM.

O0’exTaM¥ JOCITIDKEHHS BUILEONHUCAHNX (aKTOPiB BIUIMBY € KPUTOCTiHKa
MCII TII-1 (mami — TII-1), mo BcranoBieHna Ha CximHo - KazaHTumncekomy
pomoBunii B A30BcbKOMY MoOpi Ha TiuOmHI 12m, Ta KpWrocriiika
rmbokoBogna MCII (mami — T'MCII) mis excruryartarii B MiBHIYHUX MOPSX
(rmmbuna  BcTaHoBieHHS —  120mM), MO0  TEpPCIEKTHMBHO  MOXeE
BHUKOPHCTOBYBATHCh B YMOBaxX YOpHOMOPCHKO — A30BCHKOTIO HIENBQY.

TII-1 ta TI'MCII mnpexncraBisifoTh COOOI TPOCTOPOBI KOMOIHOBaHi
JIUCKOCTEPIKHEBI cuctemMu (puc. 1).

[Mani, mo 3akpimunotots onopHi Omokn MCII 10 TpyHTOBOI OCHOBH,
BHKOHaHI 3 cTajieBux TpyO miamerpom 1220 mm 3 TOBIIMHOIO CTIHKH 26 MM 13
3a0eTOHOBAHOIO BHYTPIIIHBOIO MOPOKHUHOIO, 3arIHOJIeH] B IOHHUH IPYHT Ha
rmubuny 50 v quist TII-1 ta 100 m s TMCILL

1. JMocainxkeHHs BIUINBY BpaxXyBaHHS MiJaTIHBOCTI NAJTLOBOI OCHOBH
npu quHaMivHoMy po3paxyHky MCII Ta BUKOHAHHI MOJATBHOT0 AHATI3Y.
Jns  mporo B iHpopmamiiHOMYy cepemoBumi  (IC) mporpamHO  —
obuucmoBansHoro komiiekey (ITOK) «StructureCAD 7.31 R4» (SCAD) 6ynu
po3pobieni HacTynHi nuckperHi moxeni TII-1 Ta TMCIT:

1. Jduckperni momem TII-1 ta I'MCII 3 BpaxyBaHHAM iIIaTIAUBOCTI

MaJibOBOi OCHOBM Ta IMiTalli€ro nii IPYHTY depe3 MpyXHi B’s31 (T.3.

«IiAIATINBI» MoJieni, puc. 1);

2. Juckperni moxmeni TII-1 ta 'MCII 6e3 BpaxyBaHHS IIiJAaTIHBOCTI

MAJTBOBOI OCHOBH (T.3. <OCKOPCTKI» MOJIEIT).
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Puc. 1. Juckperni moxeni MCII 3 BpaxyBaHHSIM MiJANATINBOCTI aJIbOBOI OCHOBU:
a —wmonuenb TII-1; 6 — moxens TMCIT

B «kopcTkux» Moensx maji Ta IpyHTOBa OCHOBa OynM BiAKMHYTI, a cami
Tu1aThopMu OYIIN KOPCTKO MPHUKPITUIEHI 10 aOCOMIOTHO HEPYXOMOT'O JIHCKY.

Jns monemoBannst enementiB TII-1 ta T'MCII BuKOpHCTOBYBANHCH
CTaHAapTHI NMPOCTOPOBI CTEPXKHEBI CKIHYEHI €JIEMEHTH, a TaKOX NPSIMOKYTHI
Ta TPUKYTHI CKiHYEHI €JIeMEHTH 00OJIOHKH.

Jlis mianaTiauBUX TUCKPETHUX MOJIENEH B3a€MOJisi OCHOBH Ta HajlbOBOTO
(GyHIaMeHTy peai3oBaHa 3 BUKOPHUCTAHHSIM CKIHYEHHX €JIEMEHTIB, IO
MOJIEITIOIOTh MPYKHUI 3B’SI30K MK By3namu. [Ipy)kHa IpyHTOBa OCHOBA ITif
JIE0  30BHILIHIX HABAHTAXKEHb 3aMIHIOBAJIACS CHCTEMOIO 0e3po3MipHHX
30CEPePKeHNX TPYXKHO - MiIIATIMBUX B’SI3€H, IO JUCKPETHO MOJIEIIOIOTH
OIlip TPYHTY JiHIHHAM TeEpeMilleHHsAM mami 1 ii 3aKpydyBaHHIO HaBKOIIO
MO370BXHKOI oci. JlaHi B’5131 yTBOPIOIOTH ClieliaibHi 0e3po3MipHI HPYKHO -
MAJaTIMBI  OMOpHI  €IEMEHTH, sIKi  3’€IHYIOTh BY3JIHM  CTEPXKHEBOI
CKIHUCHHOEJIEMEHTHOI MOJeNi Taji 3 HepyXOMHM aOCONIOTHO TBEPIUM
OITOpHUM A¥cKOM. OOUYMCIIEHHS BiJNOBITHUX YKOPCTKICHUX MapaMeTpiB JaHUX
B’s13€il MPOBOAMIIOCH Ha OCHOBI I'€OMETPUYHUX ITapaMeTpiB AIJSIHOK, Ha SKi
po3bmBanacss manis, Ta BH3HAYEHHX Ha OCHOBI ITOJNIOBUX Ta JIa0OpAaTOPHHUX
BUMPOOYBaHb IPYHTY TPYKHUX IapaMeTpiB minsHok k, 1 k,, 1o
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XapaKkTepu3yloTh NPYXHHUH OIip IPYHTY 3CYBHHM MEpEMIlIEHHSM B3JOBXK 1
HaBKOJIO TTO3/I0BXKHBOI OCI Ta MEpeMillleHHsIM B3/I0BXK NOMEpPEYHNX Ocel maii
BIJIMOBiTHO. YMOBH PO30UTTS Tija Ml HAa JUITHKH JUKTYBAJIKCS IApyBaTOIO
HEO/IHOPITHOIO CTPYKTYPOIO PEANbHOr0 MacuBy IPYHTY, @ TaKoXX HOTpe0oro
3a0e3MeueHHs] NMPaKTUYHOI TOYHOCTI JUCKPETHOTO MOJIENIOBAHHS I1ajbOBOTO
¢dbyaIamenTy moneneit [3].

2. JlocaimxeHHsl BIUIMBY BpPaxyBaHHSl IIPHEAHAHOI MAacH BOJHOIO
cepeoBHINA Y BUIJISIAI 0AaTKOBUX PO3MOAiJIEHHX BY3JI0BHX Mac.

BpaxyBaHHs1 1aHOr0 (hakToOpy € JOCHTH BaXTUBUM NpH po3paxyHky MCII
Ha [JMHAMiYHI HaBaHTa)XEHHS, 30KpeMa, Ha CEHCMIiYHI BIUIMBH, KOJH
BUHHMKAIOTh CYMICHI KOJIMBAaHHS CHOPYAM 3 BOJHUM CEpPEIOBHIIEM.
Po3paxyHok cucremMu «cnopyia — BOJHE CEPEIOBHINE» € 3aJadyero
rifponpyxHocTi. BoHa Moke BHpINIyBaTHUCs TPH JOCTATHBO 3aralbHUX
MOJOXKEHHAX Tpo xapakrep pyxy MCII ta BomHOro cepenoBuina, aue B
3araJbHOMY BUIIAJKy Taki pillleHHS MMOB’s3aHi 31 3HAYHUMH MaTeMaTUYHUMHU
TPYIHOIIAMH 1 TOMY B NMPAaKTHYHUX PO3PaXyHKaX BHKOPUCTOBYIOTHCS IOCHTh
pinko. Ta Bce X HpH PO3IIAAI TaKMX 3a]ad HaWOIJbII YacTO MaroTh Micle
HACTYITHI BHUXI1/JIHI TPUIYLIEHHS:

- KOJHMBaHHS CHCTEMH «CIIOpYyJa — BOJIHE CEPEJOBHIIE» IEepe10ayatoThCs

MaJIMMH, 4epe3 [0 PiBHSHHS KOJMBAaHb KOHCTPYKIIi Ta MEXaHIKH piIHHH

MOXITUBO JIIHEapHU3yBaTH;

- piaWHA BBAXKAETHCA 17ICATLHOIO, YACTO — HECTHCKAEMOIO;

- TpU BU3HAUYCHHI NPUETHAHUX Mac BOJHOTO CEpEJOBHUINA MOBEPXHEBi

XBHJI HE BPaXOBYIOThCS;

- JIONYyCKAa€eThCs TPH PO3PAaXyHKY CHUCTEMH «CIIOpyAa — BOJHE

cepeIoBUINE» BpaxyBaHHSI ITiAaTINBOCTI OCHOBH.

BusHaueHHsT TpHe€AHAHOI MacH BOJHOTO CEPEJOBHINA ITPOBOAMIOCH
LIIAXOM JI0ABAHHS 10 MACH KOHCTPYKII IpHeIHAHOI Macy piguanm M | 1m0
BXOJIUTh 10 MacH piiuHu M, BUTICHEHOI 3aHYPEHOI YaCTHHOIK KOHCTPYKIIi:
M=&-M, [4].

OCKIUIBKH MPH AMHAMIYHOMY PO3paxyHKY JaHUX ITUCKpeTHUX mozeneit TII-
1 i TMCII po3rismatoTbesi KOJIMBAaHHS ITaKETIB CTEP)KHIB, BU3HAYECHHS
koedimienty & mpoBommtocs 3a rpadikom &= f(d/t) (puc. 2).

3riiHO POEKTy BIJOMYHUX OyIiBeNbHUX HOpM [2], mpu po3paxyHKy MCII
HA JWHAMIYHI HAaBAaHTAXXCHHS, 30KpeMa CEHCMIiuHI BIUTUBH, HEOOXITHO
BpaxoBYBATH JIif0 KPKAHOTO IOJIsl B 3MMOBHUI MeEPioj y BUTIISI TOAATKOBHX
B’S13€#, 10 IMITYIOTH YMOBHM KOHTAKTy CIOpPYIH 3 KprKaHuM mosem. Jlis
peamizauii JaHOi YyMOBHM B JHUCKPETHHX po3paxyHkoBux monensix TII-1 Tta
I'MCII Gyno 101aTKOBO BCTAHOBJIEHO Ha PiBHI i1 KPUTH 10 IEPUMETPY KOJIOH
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mo CTPpUMYIOTb HepeMiHleHHfI By3J'IiB B JBOX

OITOpHI  JKOPCTKi B s3I,
OPTOrOHANBHUX HAMPSAMKAX B TOPU3OHTAIBHIHN [LIOMIUHI.
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Puc. 2. Koediuienr & s Bu3HAYEHHS IPUEIHAHOT MACH PiIMHY IPH KOJMBAHHI MAKETIB

CTEpXKHIB

B pe3ynbraTi npoBeIeHHS MOJAIBHOTO aHai3y AUCKpeTHUX moxeneit TTI-
1 Ta 'MCII orpumani 3HaueHHs nepioniB nepmmx 10 BracHUX (OpM KOIHBAHb
(tabm. 1).

Tab6mums 1

3navenHs nepionis (7, ¢) nepumux JecsATH BIacHUX (OpM KOJIUBaHb
nuckpetHux monenent TI1-1 ra TMCIIT

"ZKopcTki" auckperHi Mogei "H'MaT“;‘:;:HHiHCKPeTHI
Ne bes 3 NpHETHAHOIO MACOI0 Bes 3 NpHETHAHOIO
¢op- npues- BOJIU npHenHa- Maco BOJIH
MH | HaHOI 3 1o1aTKOBU- HOT MacH 3 JI0faTKOBH-
Macu - MU B'S35MH BOIH - MU B'SI3SIMH BiJT
BOH BiJI KpUTH KpUTHU
TI-1
1 0,890 | 0,890 0,885 0,893 0,894 0,884
2 0,812 | 0,812 0,812 0,813 0,813 0,812
3 0,662 | 0,696 0,658 0,718 0,725 0,658
4 0,459 | 0,459 0,429 0,492 0,538 0,429
5 0,317 | 0,317 0,279 0,436 0,536 0,279
6 0,291 0,291 0,270 0,382 0,473 0,270
7 0,270 | 0,270 0,220 0,340 0,424 0,262
8 0,226 | 0,226 0,219 0,271 0,302 0,220
9 0,182 | 0,183 0,181 0,269 0,274 0,219
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10| 0,177 | 0,177 | 0,173 | 0,230 ]0270| 0,181
r™McC
1] 2,659 [2,907 1,160 2,893 | 3,768 1,453
2 | 2351 [2,992 0,985 2,808 | 3,274 1,425
3 | 2,025 | 2,203 0,928 2,194 [ 2,646 1,258
4 | 0,682 | 1,267 0,916 0,931 | 1,793 1,252
510638 [ 1,114 0,915 0,801 | 1,550 1,240
6 | 058 | 1,076 0,896 0,757 | 1,427 1,160
7 | 0,547 0,950 0,868 0,652 | 1,324 1,109
8 | 0460 | 0,945 0,813 0,555 | 1,303 0,943
9 | 0,450 | 0,885 0,793 0,540 | 1,135 0,917
10 | 0,436 [ 0,838 0,779 0,506 | 1,021 0,866
BucHoBkH

Pe3ysnpraTi BUKOHAaHHS MOAAJIBHOTO aHaNi3y AMCKpeTHHX Mmozeneil TII-1
ta I'MCII cBimgats mpo Te, mo BIUMB (akTopiB (BpaxyBaHHS MiAaTINBOCTI
MaJIbOBOi OCHOBH, ONOPY BOJHOI'O CEPEIOBHIINA NPH BUKOHAHHI JHHAMIYHOTO
PO3paxyHKy CHOpYIH Ta Jii KPM)KAaHOTO MOJIs, IO MOJENIOETHCS y BUIIISIL
JIOATKOBUX B’SI3€H, SIKI IMITYIOTH YMOBH KOHTaKTy CIIOPYIHM 3 KPIKaHUM
mojeM) Ha JWHAMIYHI TMOKa3HWKM 1 , BiamoBimHo, Ha HJIC enemeHriB
KOHCTPYKIii 3MiHIOEThCS NPH pi3HUX rnOnHax BcraHoBieHHS MCII. Tak, npu
HeBelIMKHX TImoOnHax (Ha mnpukmagi TII-1) B <OKOPCTKHX» AMCKPETHHX
MOJIETISIX BpaxyBaHHS IPHEIHAHOI MAacH BOJHOTO CEPEIOBHINA Ta B’S3€d BiJ
KPUT'M TpPAaKTHYHO HE BIUIMBA€ Ha 3HAYCHHS JUHAMIYHHMX IIOKa3HUKIB. B
«IiaIATINBUX» JAUCKpeTHUX Mmozensx TII-1 BpaxyBaHHS NpHeAHAHOI MacH
BOJIHOTO CEPEJIOBUINA Ta B’SI3€H BiJl KPUTH BUKIIMKAJIO IOCUTH BiTUYyTHY 3MiHY
IUHAMIYHUX [TOKa3HUKIB.

IMpn 3Haynmx riauOunax BcranoBieHHs MCII (ma mpuxnaxi 'MCI)
BpaxyBaHHSl MPUETHAHOI MAacH BOJHOTO CEPEOBHUINA A€ BarOMHH MNPUPICT
3HAa4eHb JMHAMIYHHMX IIOKA3HUKIB SIK JUII <«KOPCTKHUX», TaKk 1 JJIs
«miaaatauBux» qUuckpetHux moxeneir ['MCII. Takox 3HAYHO 3MIHIOKOTHCS
JIMHAMIYHI TIOKa3HWKM NPU BCTAHOBJICHHI JIOJIATKOBUX B’SI3el BiJ| KPM)KAHOTO
TIOJIS.

OTKe, MOCIHiPKeHHS BIUIMBY BUIIEONHMCAHUX (PAKTOPIB MPH JTUHAMIYHOMY
PO3paxyHKy JIHMCKpeTHHX Mopenei kpurocTiiikux MCII cBiguaTh 1po
HEeOoOXiTHICTh IX BpaxyBaHHS, OCKUIBKH € OYEBHHHMM BIUIMB JaHHUX (haKTopiB
Ha JMHAMIiYHI MMOKAa3HUKH CIIOPY/H, 10, B CBOIO 4epry, BUKimkae 3miny HJIC
enementiB MCII.
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Myitsuk S.V., Ostapenko R.M., Cherniavskyiy D.O.
MODAL ANALYSIS OF SEA STATIONARY PLATFORMS ON PILES

The influence of the calculation schemes choice on dynamic parameters and stress-strained
state of bearing structures of ice-breaking marine stationary platforms and their dependence on
geo-hydrological and meteorological factors, external influences, technology of transportation and
structure installation are analyzed. The most difficult and responsible problem when designing
such structures is to select the optimal parameters of the support units of the marine stationary
platform, which must have high reliability along with providing of sufficient reaction of the
structure to external loads.

To study the effect of taking into account the compliance of the pile foundation, the aqueous
medium and the ice field, a comparison of the modal analysis results of two types of calculation
schemes was made. In the first type of scheme, the piles and the ground base were discarded, and
the platform itself was rigidly attached to a completely stationary disk (scheme 1). The interaction
between the base and the pile foundation was taken into account for the next type of scheme
(scheme 2). Standard spatial and rod finite elements, as well as rectangular and triangular finite
element elements, were used for the both type of schemes. For the scheme 2, the interaction of the
base and the pile foundation is realized using finite elements that simulate the elastic interaction
between the nodes. The elastic soil foundation under the influence of external loads was replaced
by a system of dimensionless concentrated elastic- compliant joint that discretely simulates the
resistance of the soil by linear displacements of the pile and its twist around the longitudinal axis.

The results of modal analysis show that the effect of taking into account of the compliance of
pile foundations and soil foundation in a dynamic calculation increases with increasing of
installation depth of platforms and leads to a change of the dynamic parameters values in
compliance with "rigid" calculation scheme, which in its turn, affects on the stress-strained state of
the platform elements.
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Keywords: sea stationary platform (SSP), yielding of the pile foundation, discrete models of
SSP, dynamic calculation.

Muvwyiox C.B., Ocmanenxo P.M., Yepusaeckuii /. 0.
MOJAJIBHBIN AHAJIN3 MOPCKUX CTAIIMOHAPHBIX IIJIAT®OPM HA CBAAX
IIpoananu3npoBaHO BIMSHHME PACUETHBIX CXEM HA JMHAMUYECKHME MOKA3aTeNd JIEAOCTOMKUX
MOPCKUX CTallMOHApHBIX IUaThopM. BakHo, 4TO ydeT MOAATIIMBOCTH CBaifHBIX (YHIAMEHTOB U
TPYHTOBOI'O OCHOBaHHMSI IIPH IMHAMHYECKOM pacuyeTe C yBEIMYCHHEM IIIYOHHBI yCTaHOBKU
wiatGopM NPUBOIUT K H3MEHEHUIO 3HAYCHHI IMHAMHYECKHX IOKa3aTeled B CpPaBHEHHH C
(OKECTKMMH»  JUCKPETHBIMU  PacyeTHBIMH CXEMaMH, 4YTO BIMSET HAa HANpsKEHHO —
JehOPMHPOBAHHOE COCTOSIHIE IEMEHTOB IIAT(HOPM.
KiioueBble cioBa: Mopckas cranmoHapHas miatdopma (MCII), momaTimBoCTh CBaifHOM
OCHOBBI, JUcKpeTHble Mojen MCII, nunamuueckuit pacuer.

YK 539.3

Muyiox C.B., Ocmanenxo P.M., Yepusascoruii /1.0.

MopaabHuii aHATI3 MOPCHKHX cTaioHapHUX miIaTdopM Ha naisax / Omip MaTepialiB i Teopist
cropya. —2016. — Bum. 97. — C. 202-209.

B po6oti mpoaHaii3oBaHO BIUIMB PO3PAaXyHKOBHX CX€M Ha JMHAMIUHI ITOKa3HUKH KPUTOCTIMKHX
MOPCHKHX CTalliOHAPHUX IIATHOPM.

Tab6mn. 1. In. 2. bibmiorp. 3 Ha3B.

UDC 539.3

Myitsuk S.V., Ostapenko R.M., Cherniavskyiy D.O.

Modal analysis of sea stationary platforms on piles // Strength of Materials and Theory of
Strustures. — 2016. — Issue 97. — P. 202-209.

This paper describes the influence of design models on dynamic parameters of sleetproof sea
stationary platforms is analysed.

Table 1. Fig. 2. Ref. 3.

VK 539.3

Muvyiox C.B., Ocmanenxo P.M., Yepusscoxuii /[1.0.

MopajabHblii aHAIN3 MOPCKHX CTAHMOHAPHBIX mjaaTdopm Ha cBasx // CompoTuBicHHE
MaTepuasoB U Teopus coopyxenuit. —2016. — Boim. 97. — C. 202-209.

B pabore mnpoaHaNM3UPOBAHO BIMSHHE pPACUETHBIX CXeM Ha JUHAMUYECKHE [OKa3aTeln
JIEZIOCTOMKIX MOPCKUX CTallIOHAPHBIX MIAT(HOPM.

Tab6mn. 1. Puc. 2. bubmuorp. 3 Ha3s.
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YK 539.3

OCOBJINBOCTI PO3PAXYHKY ITAJIBOBUX OIIOP MOPCBKHUX
CTAIIOHAPHUX IUIAT®OPM HA CEMCMIYHI BILIUBU

C.B. Mumiox',
KaHJI. TEXH. HayK,

P.M. Ocranenko',

B.B. Ky3bmin'

'Kuiscruii nayionansnuii VHisepcumem 6yOi6HUYMEA [ APXIMEKMypu
Hogimpoghromcvkuii npocn., 31, m. Kuis. 03680, e-mail: roma604@bigmir.net

PO3risiHyTO pO3paxyHOK MOpPCHKOI cTalioHapHOi IuaTGopMH Ha CEHCMIi4HI BIUIMBH 3
BUKOPHCTaHHSM JUCKPETHHX CKIHYCHHOEIEMEHTHUX MOJeNneidl Ta 3pobieHi HMpomo3umii mono
MIOKPAIIEHHS] HOPM IIPOEKTYBAHHSI TAKUX CHOPYH HA CEHCMIYHHX TEPHTOPISIX.

KurouoBi cioBa: mMopcbka cramionapra miatdopma (MCII), celicMivHi BIUIMBY, TUCKPETHI
mozenm MCIL.

Beryn. Ha nanmit MoMeHT B YKpaiHi iCHye NeBHa HecTauya BYTJIEBOJHIB,
TIOTEHIIAJIbHI PECYpCH SKHMX INPHOIU3HO OLIHIOIOTHCA A0 2,5 TpmH.M3. s
MIPOMUCIIOBOTO OCBOEHHSI IIMX 3araciB MOTPiOHO 3a0e3NednTH IUTaHOMipHE
BUBYEHHS A30BO-UOpPHOMOPCHKOTO pErioHy, sike repeadadano O iHTEeHCHBHE
TepeBeIeHHs] MPOTHO30BaHMX pPECypCiB B PO3BiJgaHi 3amacu, OYAiBHHUIITBO
CHeLiaIbHUX TEXHIYHUX 3aco0iB Ta JOTPUMAaHHS >KOPCTKHX EKOJOTIYHUX
BHMOT i1 4ac MPOBEJEHHs BChOT'O KOMILJIEKCY POOIT.

3 yciei pi3HOMAHITHOCTI TEXHIYHUX 3ac00iB, IO MPHU3HAYAIOTHCS JUIS
PO3BiyBaHHS Ta OOYBaHHS BYIVIEBOJHEBOI'O MAIMBA HA KOHTUHEHTAJIHHOMY
menbdi MOpiB, HAMOUIBII MOIIMPEHUMH € MOPCBKI CTaI[lOHapHi IIaThOpMU
(MCTI), sKi eKCIUTyaTyIOThCS B EKCTpEMaJbHHX YMOBaX. BOHHM TOCTiIHHO
MiAnaroThecs Il BITPY, BITPOBHX XBWJIb, TEXHOJIOTIYHHUM HABAaHTAXKEHHSM,
MOXYTb O00pOCTaTH JILOAOM Ta CHPUMMATH IMITYJbCHI HaBaHTAXEHHS Bij
neoxy mpu Horo pyci. Kpim Toro, MCII migmaroThcst nii HaBaHTa)kKEHb, IO
BUKJIMKaHI CTUXiHHUMHU JIMXaMH, 30KpeMa, 3eMJIETpyCcaMH, PO3SMHBOM IPYHTY B
OCHOBI CHOPYIH, HEPIBHOMIpHUMH JedopMalisMu IPYHTY, IO BUKIUKAIOTH
3MiHy #oro ctpykrypu. OcoOnuBUM € celicMiuHe HaBaHTaXXEHHS, METOIMKH
BpaxyBaHHS BIUIMBY SIKOTO Ha CIIOPYAY, Ha BiJIMiHY BiJl 3aKOPJIOHHUX HOPM, HE
JIOCUTB JIOCKOHAJIO BiJNpanboBaHi y BITYM3HSIHUX HOPMATHBHUX JOKYMEHTAX.

IMocranoBka 3amaui. O0’€KTOM JOCTI/DKEHHS Ha CEHCMIYHUIA BIUIUB €
Mopchka crarioHapHa mmiatrdgopma TII-1, mo BcraHoBieHa Ha CXimHO-
KazanTuncekomy popoBuii B A30BcbkoMy Mopi. [laHa criopyna npezcraBiisie
c00010 MPOCTOPOBY KOMOIHOBAaHY TUCKOCTEPIKHEBY CHCTEMY, IO CKIIAJAETHCS

© Mumok C.B., Ocranenko P.M., Ky3bmin B.B.
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3 HPUJOHHOI ONOPHOI YacTHHH (POCTBEpPK, KOJIOHH CKJIAJAEHOro Iepepisy),
naryOHMX OJIOKiB, IpUYaIiB, (haKeIoBiBOLY Ta aHTEHHOI Bexi (puc. 1,a).

a [

Puc. 1. Mopceka cranionapsa riargopma TII-1 Ha CxigHo-Ka3aHTHIICEKOMY POJIOBHII B
A30BchKOMY MOpi: @ — Mogens TII-1; 6 — muckperHa ckiHdeHHOeneMenTHa Mojens TII-1

[Mani, 110 3aKpiruIIOIOTH OMOPHUM OJOK MO I'PYHTOBOI OCHOBH, SIBIISIOTH
coboro craieBi Tpyou miamerpoM 1220 mm 3 TOBIIMHOIO CTIiHKH 26 mm i3
3a0eTOHOBAHOIO BHYTPIIIHBOI MOPOKHUHOIO, 3a0WTI B JOHHUH TIPYHT Ha
rmubuay 50 m. Ilami mpoxomsTe uepe3 BepTUKAIBHI €EMEHTH POCTBEPKY
ormopHoro Oyoky (Tpyba miamerpom 1420 mm) 3 OETOHYBaHHSAM MiXTPYOHOT
nopoxHuHU. Take 3’eaHaHHS 3a0€31e4ye JOCTATHIO )KOPCTKICTh CTHKY Tajb Ta
POCTBEpKY.

Jis mocnmiypkeHHsl Ta aHajii3y BIUIMBY CEWCMIYHOTO HAaBAaHTAXKEHHsS Ha
omopui enementn TII-1 B mporpamuo-po3paxynkoBomy komiuiekci (ITPK)
“Structure CAD” (“SCAD”) Oyno po3poOiieHO Ta peai30BaHO KiTbKa
i7leaTi30BaHUX AUCKPETHUX CKIHYEHHOEGIIEMEHTHUX MOJENEH, a came:

1. /luckpeTHa CKiHUEHHOEIEMEHTHA MOJIENb 3 BPaxyBaHHIM IiIIaTIIMBOCTI
MaJbOBOI OCHOBU Ta IMITAIliEr0 JIii TPYHTY uepe3 TNpyxHi B’s3i (T.3.
“migmaTiuBa’” Mojenb, puc. 1,0);

2. JluckpeTHa CKiHUEHHOEIEMEHTHA MOJIENb 3 BPaxXyBaHHIM I IIaTIIMBOCTI
MaJIbOBOi OCHOBHM Ta IMITALli€l0 IPYHTY y BUINISAAI CHUCTEMH 00 €MHHX 8-
BY3JIOBHX MapaJieiernine/iiB 3 IPUCBOEHUMH XapaKTepPUCTUKAMU IPYHTa;

3.  JluckperHa  CKiHYEHHOENIEMEHTHAa  Mojenb 0e3  BpaxyBaHHS
MiJIATIMBOCTI AJTbOBOT OCHOBH (T.3. “9KOPCTKA’ MOJIEN).
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3araJbHUM ~ HEJONIKOM JaHUX MOJENeH € CKIIAQJHOIII BpaxyBaHHS
IUIACTUYHOI POOOTH TPYHTOBOI OCHOBH, IIO B yMOBaxX 3HAaYHMUX MYJIOBHX
BIJKJIAZiB Ta CIA0KMX MHJIYBAaTO-TJIMHUCTUX TIPYHTIB MOXE JOCHTH CYTTEBO
BIUIMHYTH Ha TOYHICTh MapaMeTpiB CKIIAJHOTO HaIpy>KeHO-Je(hOopMOBaHOTO
crany (HC) nanb (cTUCK, KpydeHHSs, 3TUH Ta NONEPEYHHUIT 3CYB).

JI71s1 TOpIBHSIIBHOTO aHAJI3y Pe3yJIbTaTiB PO3PAXYHKY OYII0 00paHO MOei
Nel ta Ne3 — “mimmatnuBy” 1 “kKopcTKy”. B ocTanHii Mojexi naji Ta rpyHTOBa
ocHOBa Oynu BiIKWMHYTI, a cama muiatdopma Oyia >KOPCTKO HPHUKpIIUIeHa 10
a0COJIFOTHO HEPYXOMOTO JWCKa.

Jns monenroBanHs eneMeHTiB TII-1 BHKOpPHCTOBYBaNWCh CTaHIApPTHI
MIPOCTOPOBI CTEpP)KHEBI CKIHYEHI €IEMEHTH, a TaKOX NPSIMOKYTHI Ta TPUKYTHI
CKiHUYEHI eJIeMEHTH O00OJIOHKH. B3aeMoJiist 0cHOBM Ta manboBOro (hyHAaMEHTY
Oyna peajizoBaHa aHajoriaso jao [1].

Jlana nuckperHa “migmatinusa’ mozpenb TII-1 napaxoBye 3125 ByzmiB Ta
6215 enemenTis, 3 Akux 672 eleMeHTa MOJECIIOIOTH Haii Ta 696 eIeMeHTIB —
IPYHTOBY OCHOBY Y BHTJISI CIICIIAIBHUX 0€3PO3MipHUX TPy HO-ITiITATITHBHX
enemeHTiB. PozpaxyHok nanoi moneni TII-1 morpeOyBaB BUpILIEHHS] CHCTEMHU
JHIMHUX anreOpaidHuX piBHAHB 3 14568 HeBimOMUMU.

Juckperna wmojens 0Oe3 BpaxyBaHHS MiATATIUBOCTI IalbOBOI OCHOBHU
(“>xopcTka” Momens) Brirouae 1757 By3miB Ta 4823 eneMeHTiB, cucTeMa
JMHIAHUX anreOpaiyHuX pIBHAHBb JUIS PO3PAXyHKY JKOPCTKOCTI MOJETi
HapaxoBye 10392 HeBimoMux.

OcHoBHY yBary Oyno mpuiinieHo po3paxyHky TII-1 Ha mito ceficMidHOrO
HaBaHTa)XEHHS, BEIMYMHA $KOrO, 3TiAHO 3 CEHCMOJIOTIYHOI KapTOo
paiionyBaHHs, Oyna npuiinsaTa 9 OaniB, BpaxoBYIOUHU T€, LIO MaJli CIUPAIOTHCST
Ha cnaOki BogoHacuueHi rpyHTH [2]. Pospaxynok TII-1 npoBoauscs B IC TTPK
“SCAD” s3rigno [2], a Takox Ha ocHOBI pekomeHzauiii [3]. B ocHoBy
Metoauku po3paxyHky TII-1 mokmaneHa JiHIHHO-CIIEKTpajdbHAa TEOpis, sKa
pO3IIIsiiae  CIOpyAY Yy BHIJIIAI JUHAMIYHOI CHUCTEMH 3 JUCKPETHO
pO3IIOAIIEHNMH  BY3JOBMMH MacaMu. Henmonmikamu JaHOi METOAUKH €
HEMOJJIUBICTh PO3PaXyHKY CHOPYIH SK HEJHIHHO 1ehOpMiBHOI CHCTEMH, TO1
SIK TIPM CHJIBHUX 3eMJIETpYCax CIIOPY/Aa YacTKOBO MPALIOE 32 MEXEI0 IPYKHOT
cTajii, a TAKO)X MOXJIMBICTh HPOSIBIEHHS T.3. “e(eKTy BTpaTH 3HaKa’, KOIU
BHUKOPHCTaHHS MOJYJIB 3TMHAJIBHUX MOMEHTIB, MO3JIOBXHIX Ta MOINEPEYHUX
CHJI TIPUBOJIUTD 3MiHM CTHCHYTO-3ITHYTHX CTEPKHIB HA pO3TATHYTO-3irHYTI. Lle
CTOCYETBCSI 1 000JIOHYACTHX €JIEeMEHTIB [4].

1. KnacuyHa nmoctaHoBKa 3a/1ayi PO BU3HAYEHHSI TUHAMIYHOI peakuii
cmopyaum Ha il ceiicMiuHoro HaBaHTaskeHHs. [lepenOauaerbcs, 1O
Cropy/lia TIOCTaBJIcHa Ha OPCTKY IWIaTGQOpMy, UIS SKOi MOXIIMBI TUTEKA
MOCTyNaJbHI NepeMimieHHs. KomuBaHHs CIOpy/Ax BiIHOCHO PyXOMOI CHCTEMH
koopauHaT OXYZ mpencraBisiioTh COOOI0 BITHOCHUH pyX, pyX miaTdopmu
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BiJTHOCHO YMOBHO HEPYXOMOI CUCTEMH KOOPJIMHAT, 1[0 3B’s3aHa 3 OCHOBOIO J10
30y/KeHHS! CEHCMIYHHUX KOJIMBaHb, - MEPEHOCHUH PYX, a PyX TOUYOK CIIOPYIH
BiJTHOCHO YMOBHO HEPYXOMOI CHCTEMH KOOpANHAT — aOCOTIOTHHH.

B celicMiyHHX HOpMax HaBaHTAXXEHHS PyX B3JOBX KOXHOTO HAIPIMKY
BBXKAETHCS CTATHCTHYHO HE3aJISKHUM BiJ| iHIIMX HanpsiMkiB. [Tpu npomy st
MIPOCTOPOBOI CXEMH, SIK Y JaHHX BHIIQJIKaX, 3a7ada 3BOMUTHCS 10 BUPILIEHHS
TPhOX BapiaHTIB 3ajadyi, IO BiIPI3HAIOTHCS HANPSMKOM [l CEHCMIYHHX
HaBaHTaxeHb. J{uckperHi mozeni TII-1 po3paxoByBannch Ha Jif0 CEHCMIYHOTO
HaBaHTa)XEHHS 110 HANpPSIMKY MEHIIOi »KOPCTKOCTi crnopyau. Kpim toro mpu
po3paxynky TII-1 OyB BUKOpPUCTaHUM HEPETIAMEHTOBAHUIA BITUYU3IHIHUMU
HOPMAaTHBHUMH JIOKYMEHTaMHU KpUTEpi HeoOXiqHOI KiJIBKOCTI BIacHUX (hopM
KOJIMBaHb, SIKMH € MaTeMaTHYHO oOrpyHTOoBaHMM [5]. MixkHapoaHi ceficMiuHi
wopmu (UBC-97, UBC-2000, PS-92, AFPS, Eurocode-8), a Takoxx HOpMHU JIIs
MIPOEKTYBAaHHS 00 €KTiB aTOMHOI €HEPreTHKH, BUMaraloTh, 1100

n ( Fidir )2
—F—209, dir=x,y,z,

ge '™ - xoedimienT BKITaxy MACH CHCTEMH ISt § -i BIACHOI hOPMH KONHBAHb

mpu 30y/PKEHHI CEHCMIYHOTO CUTHANY Y HANPAMKY dir = x, v,z , M id” - cyma
BCIX PyXOMHX MacC CUCTEMH B HANPSIIMKY dir = X, V,Z .

TakuM YMHOM, KUTBKICTH BJIACHUX (POPM BBAKAETHCS JTOCTATHBOIO, SIKIIO
BOHa 3a0e3mneuye He MeHme 90% MONaTbHUX Mac B KOXKHOMY HAINpPSMKY, €

‘ 12 .
mdr = ( Fid”) / M %100% - MonaneHa maca [6].

BukoHaHHS 1aHOT BUMOTH MPU PO3PAXYHKY JHMCKPETHHX MOJIeJeil Ha Mo
CCHCMIYHOrO  HABaHTAXEHHA  Oyno  3a0e3MeYeHO  BHKOPUCTAHHIM
pozpobienoro B [IPK “SCAD” ceiicMi4HOTO peXxuMy BHUCOKOIPOTYKTUBHOTO
61okoBoro Meroxy JlaHmoma, 1Mo 03BOJISIE BU3HAYUTH HEOOXiJHY KUIBKICTH
BJIACHUX BEKTOPIB T4 BiJMOBIJHUX IM BJIACHHX YHCEN, IO, B CBOK Yepry,
JIO3BOJISIE JIOCATTH ITOTPiOHOI CyMH MOAIQTbHUX Mac [2].

Jo po3paxyHkoBoi koMOiHamii Oy BKITIOYCHI HACTYITHI HABaHTAKCHHS:
BiacHa Bara KoHcTpykuii (W =0,9), Bara 6etoHy B konoHax (y =0,9), Bara

6anactaoi Boau (y =0,9), Bara TexHonoriunoro oonaxHanus (Y =0,8), mis
TiIpOCTATUYHUX  CWJI  BUIITOBXyBaHHS (W =1), mis  celicMiuHOrO
HaBaHTaxeHHs (Y =1), ne Y - KxoedilieHT crnonydeHb. Bara mpuennanoi
MacH Boau Oyia BpaxoBaHa Yy BUIIA/I BY3JIOBHX Mac B TUHAMIYHOMY PEXUMI
PO3paxyHKYy.
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Pesynmeratt  po3paxynky Bumieonucanux wmozened TII-1 wHa mdiro
celiCMIYHOrO HaBAaHTA)XXKEHHs NOKa3aJlu IeBHE po3XxopkeHHs1 napametpiB HIAC
JUTSL BiJITIOBITHUX €JIEMEHTIB OMOPHOI YaCTHHHU. Tak, B €JIEMEHTaxX “¥KOPCTKOI”
MOJIETTI CIHOCTEpPIraeThcss 3MEHIIEHHS 3TMHAJIBHUX MOMEHTIB Ta MOMEHTY
KPYTiHHS, IMONEPEYHUX CHJI, a TAKOXX 3MIHHMH XapaKTep IO3/I0BXKHBOI CHIIH
MOPIBHSHO 3 BIJNOBIMHUMHU €JIEMEHTaMH “TiamariauBoi” wmopeni. Take
BigHomeHHs mapaMeTpiB H/IC naHuX AMCKpeTHUX MOjeJel MOSICHIOETHCS Ha
OCHOBI aHaJi3y rpadikiB alpoKCUMOBAaHHUX CHEKTpiB peakuii (puc. 2, 3) [2].

binpma yacTvHa 3HaYeHb NEPiONIB OCHOBHMX BIIACHHX ()OPM KOJIMBAHb
(Tabm. 1) mma “migmaTauBoi” Momenmi Jiekuth B Mexax Binm T=0,11c¢ mo
T=0,18 ¢ ta Big T=0,37 ¢ mo T=0,56 c, Tomi K I “KOPCTKOI” MOJEIi — BiJl
T= 0,02 ¢ no T=0,05c¢, MmO B CBOI Yepry BUKIMKAIO 3HWKCHHS PpEaKIlii
cUCTeMHM Ha ceiicMiuHy [ifo (moxwna AinsHKa rpadika  KoedimieHTa
munamiunocti B=C,(T)/(K.g), ne C,(T) - cumektp mpuckopess; K, -
Koe(illieHT CeHCMIYHOCTI; g -TIPHCKOPEHHS BIIBHOTO MajiHHA, puc. 3), a,

OTXe, YacTKoBe 3MeHIIeHHs napamerpiB HJIC eneMeHTiB OMOPHOI YaCTUHU
“KOPCTKOI” MOJIENI MOPiBHAHO 3 BimmoBinaumu 3HaueHHsMu HJIC enemeHTiB
“migmatauBoi”’ Mojei (puc. 2).

C.(T)/(K.9)
3,00 ‘
2,50 1
2,00 1
1,50 1
1,00 1
0,50 - 1T.c

0 025 050 075 1,00 125 1,50

Puc. 2. ApoKCHMOBaHI CIIEKTPH peaKiiil Ta 3HaUeHHsI IIepiofiiB OCHOBHUX BIACHHX (HOpM
KOJIMBaHb “MiIAaTIMBOI” MOJEl

C.(M/(K.9)

3,00
2,50 N
2,00 b
1,50 N
1,00 b
0,50 1T, ¢

1 1 1 1 1
0 025 050 075 100 125 150

Puc. 3. ApoKCHMOBaHI CIIEKTPH peaKiiil Ta 3HaUeHHs IIepiofiiB OCHOBHUX BIACHHX (HOpM
KOJIMBAHb “HKOPCTKOI” MOJei
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Tab6mums 1

OcHOBHI BiacHI (hOpMH KOJIMBaHb PO3PAXYHKOBUX MOJIENEH Ta TX BKJIa B
HAKONUYEHHS MOJAJIBHUX Mac MO HampsMKaM

Ne opmu | Yacrora, Iy | Tlepion, ¢ m, ,% m,, % m, %
“Tlignatausa” MOIEIb
3 1,786 0,5598 8,76 16,11 0,02
4 1,938 0,5159 10,50 9,032 0,04
5 2,512 0,3981 5,75 21,32 0,02
6 2,597 0,3850 36,55 0,80 0,01
7 2,684 0,3726 2,04 15,46 0,00
12 5,521 0,1811 0,08 0,00 4,51
13 5,709 0,1752 0,05 0,00 4,97
14 5,980 0,1672 0,02 0,01 14,35
16 7,050 0,1418 0,00 0,02 5,00
18 7,583 0,1319 0,01 0,12 5,911
19 7,940 0,1260 0,00 0,06 24,12
23 8,542 0,1171 1,23 6,11 0,58
29 8,716 0,1147 5,33 0,05 0,32
70 8,875 0,1127 1,04 9,88 0,41
71 8,997 0,1112 0,04 1,68 10,52
72 9,028 0,1108 1,11 2,00 9,25
123 10,15 0,0985 4,23 0,10 0,00
“¥Kopcrka” Monenb

7 5,528 0,1809 3,58 0,00 0,57
10 7,428 0,1346 0,00 0,07 4,08
47 21,84 0,0458 15,30 0,01 0,00
48 22,04 0,0454 0,01 3,28 2,09
50 22,50 0,0444 0,02 18,73 0,14
54 23,37 0,0428 1,29 1,75 3,71
56 23,97 0,0417 0,03 0,55 6,30
63 27,02 0,0370 3,56 0,03 0,22
94 34,63 0,0289 14,32 0,00 0,00
100 36,35 0,0275 0,00 0,00 9,75
164 47,24 0,0212 0,00 3,70 0,00

3rigno [3], npu pozpaxynky MCII Ha celicMiuHe HaBaHTa)KEHHsI HEOOX1/THO
BpaxoBYBaTH JII0 JILOJOBOI'O IOJISI B 3UMOBHI MeEPiof] Y BUINIAI JIOJaTKOBUX
B’s13€#, IO IMITYIOTh YMOBH KOHTAaKTy CIIOPYAM 3 JIbOJOBUM moieM. Jlis
peaizauii 1aHOT yMOBH B JHCKPETHHX po3paxyHkoBux mojnensx TII-1 Oymo
JIOATKOBO BCTAHOBJICHO Ha DiBHI Aii JILOJAY 1O MEPUMETPY KOJOH OIOpHi
KOPCTKi B’S131, [0 CTPUMYIOThH INEPEMIIIEHHS BY3JIiB B JIBOX OPTOTOHAJIBHUX
HaNpsIMKax B TOPU30HTANIBHIH TUTOLIHHI.

[MopiBHsNBHMIA

aHai3

pe3yiIbTaTiB

PO3paxyHKy

BIJIIOBIAHO

JIIA

“miamaTiuBoi” Ta “KOPCTKOI” Mojenel nokasye, wo koediuienr k = F /F, ,
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ne [f{ - BHyTpilllHE 3ycWJUIi B €JI€MEHTI AUCKPEeTHOI Mojeni 0e3 OmOpHHX
B’A3eil BiA 5bogoOBOro mons; F, - BiANOBiAHE 3HAYEHHS BHYTPIIIHBOTO
3YCWIIJISL B €JIEMEHTI TUCKPETHOI MOJENi 3 ONOPHUMH B’SI35IMH BiJ| JIbOJIOBOT'O
mojs, mpuiiMae 3HadeHHs Bix 0,5 g0 1,9 ang excTpeManbHHX 3HAYCHB
napamerpiB HJIC. B eneMeHTax 3 HE3HAUHUMM BHYTPIIIHIMH 3yCHIUIIMHU
3HauYeHHS k BapitoeThes B Mexax 0,05-23,0.

2. OniHka BINIMBY ceificMiYHOr0 HABAHTAKCHHS NMOPIBHAHO 3 IHIIMMH
OCHOBHMMH HaBaHTaKeHHAMHU. J[711 po3paxyHKy Oyia BUKOpHUCTaHa MOJIEIb
Ne3. Cxema po3paxoByBajiacsi 3a TpbOMa HACTYIIHUMHU KOMOiHAIliSIMH
HaBaHTaKEHb!

- komOinamisi Nel [BmacHa Bara koHcTpykuii (W =1), Bara OeToHy B

komoHax (y=1), Bara OamactHoi Bomm (WY =1), Bara TEXHOJOIiYHOTO
obnagnanHs (Y = 1), Ais TiAPOCTATHYHUX CHJI BUIITOBXYBaHHS (Y =1)];

- xoMmOiHarist Ne2 [BrmacHa Bara KoHCTpykwii (Y =0,9), Bara OeroHy B
komonax (y =0,9), Bara OamactHoi Bogu (Y =0,9), Bara TEXHOJOTIYHOTO
obnaxnanus (Y = 0,8 ), Aig TiIpOoCTATUYHUX CHJI BUIITOBXYBaHHSA (Y =1), mist

CeiCMIYHOTO HaBaHTAXXEHHS B HAINPSMKY MEHIIOI JKOPCTKOCTI cnopyzmu (3
TUTOLIMHY KOJIOH, Y =1)];

- koMOinamisi Ne3 [BmacHa Bara koHcTpykuii (W =1), Bara OeToHy B
komonax (y=1), Bara OamactHoi Bomm (W =1), Bara TEXHOJOTIIYHOTO
obmamnanHs (W =1), Ois TiApPOCTaTUYHHMX CHJ BUINTOBXYBaHHSI (Y =1),
CTaTUYHA Mdis KPUTW B HANPSIMKY MEHINOi >KOpCTKOcTi crmopyan (y=1),
mynbcalis BiTpy B HampsiIMKy MEHIIoi >xopcTkocti crnopymu (v =0,8)], ne
Y - Koe(illieHT CHOIy4YeHb.

Bara npuenHanoi Mmacu Boau Oyia BpaxoBaHa y BUIVISAI BY3JIOBHX Mac B
JMHAMIYHOMY PEKHMI PO3PaxyHKY B yCiX KOMOiHAIisX.

AHaiz OTpUMaHMX pe3yNbTaTiB Ja€ 3MOry CTBEp/KYBaTH, LIO JUIA
€IIEMEHTIB POCTBEPKY 3HAa4YCHHs OCHOBHUX mapamerpis HJIC mpu xomOiHamii
No2 mepeBuIIyIOThH BimnoBiaHi mpu koMmOiHati Nel Ha 50-90%; st eneMeHTiB
KOJIOH — Ha 15-75% 3a ymoBH, IO Juis aHamily Oyiau oOpaHi eleMeHTH 3
MakCUMaJbHUMHU  3HaueHHsAMH mapamerpiB  HJIC Big  celicMidHOrO
HaBaHTa)XeHHs (KoMOiHaris Ne2).

Hopisusaas HJC TII-1 nmpu xomoOinamisx Ne2 Ta Ne3 nae 30iumbIIeHHS
ocHoBHUX mapamerpiB HJIC st enemeHTiB pocTBepky Ha 25-65%; s
€JIEMEHTIB KOJIOH CIIOCTEpIraeThcsl CKIAJHMKA XapakTep IeperajiB 3HaueHb
napamerpiB HIIC, ski komuBarotecst Bim 45% no 160% 3a ymoBu, 10
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koMOinHamiss Ne3 € OCHOBHOIO MNpHM BHM3HAYEHHI MaKCHMaJbHUX 3YCWIIb B
eJIeMEHTaxX CHOpY/IH BiJl /il OCHOBHUX HaBaHTaXeHb [3].

3rigno [3], BHyrTpimHI 3ycwuis B cnopygax tunmy MCIT HeoOximHO
BH3HAYaTH 3 BPaxyBaHHSIM HE MEHIIE TPhOX BJIACHUX (DOPM KOJIHMBAHb, SKIIO
nepiof nepuoro (HU3bKOro) TOHy BIacHUX KoiauBaHb 1, 20,4 c.

B pesynbrarti po3paxyHKy Ha Jif0 CEHCMIYHOTO HaBaHTaXXEHHS JTUCKPETHOI
ckiHueHHoeneMeHTHOI Moneni TII-1 3 BpaxyBaHHSIM ITiJIATIMBOCTI MaJbOBOL
OCHOBM OTpHMMaHi 3HauY€HHS HEOOXiJTHOI KiJIbKOCTi BIACHUX (OPM KOJIHMBaHb,
MozansHux Mac Ta napamerpis HIC npu 7; = 0,88¢ = 0,4¢ (tadmn. 2).

OueBUIHO, [0 KOHTPONbOBaHI BenWMYMHM, a came mapamerpu HJIC,
NPaKTHYHO 3GiratoTecs mpu Y m, > 64%, ¥ m, >63%, Y m >1%, Tomy

ymoBa Y, my;, 290%, dir=x,y,z rapaHrye Te, IO NOJABaHHS HACTYIHUX
BJacHUX (HOPM MPAKTHYHO HE 3MIHUTH pe3ynbTary aHamizy. Kpim toro, s
3a0e3mnedeHHs 30ikHOCTI TapametpiB HIIC HeoOXiHO BpaxOBYyBaTH HE MEHIIE
BOCBMH BJIaCHHUX (DOPM KOJTUBAHb.

Tabmums 2

3aneXxHicTh HAKOMMYEHNX MOJAAIBHUX Mac 3a TpbOMa HaNpsIMKaMH Ta
napametpiB H/IC Bix KUIBKOCTI yTpUMyBaHHUX BIACHUX (OPM IS HIKHBOT'O
PO3KOCY OIOPHOI KOJIOHU

KiTJ;L- Smg, | XMy | YXm,, | N, | Mxp, | My, | Oz, | Mz, | Oy,
bopm %, % % xkH | kHm | kHm xH xH xH

2 0,18 0,27 0,01 |-672,22 | 1,88 9,93 -26,90 3,23 -2,06
4 19,45 | 2541 0,07 |-1360,80( -0,52 26,08 | -60,97 | -10,22 | 1791
8 64,01 63,18 1,02 |-1454,00 -6,66 30,93 | -64,52 | -10,86 | 24,32
11 64,72 | 64,25 5,17 |-1454,54| -6,66 31,05 | -64,61 | -10,88 | 24,36
14 64,89 | 64,27 | 29,00 |-1458,54| -6,66 31,05 | -64,61 | -10,88 | 24,36
17 64,90 | 6496 | 3524 |-1454,56| -6,69 31,06 | -64,61 | -10,88 | 24,43
21 64,96 | 6530 | 69,11 |-1459,03| -6,69 31,06 | -64,61 | -10,88 | 24,43
139 96,20 | 9594 | 97,81 |-1462,27| -6,76 31,17 | -64,77 | -10,94 | 24,45

BucnoBkn

[NopiBHANBHUIA aHaNI3 PO3PAXYHKY JAWCKPETHHX CKIHYEHHOEIEMEHTHHX
mozaeneit TII-1 na ceifcmiuny nito (“miggaTnmBa” Ta ‘“9KopcTka” MOJEN)
MOKa3aB 3MIHHMI XapakTep CIiBBiJHOIIEHb BEJIMYHMH IapaMeTpiB CKJIaIHOTO
HJIC omopHux eneMeHTiB cnopymd, ToMy mpu pospaxyHkax MCII Ha
KOMOIHOBaHI CTaTHYHO-JAWHAMIYHI HABAHTAXXCHHS JUIS OTPUMAaHHS OLIBII
TOYHHMX PE3YJbTaTiB Ta TONAIBIIOI pPO3POOKM peKOMeHAaliil om0
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(opMOYTBOpEHHsSI S(PEKTUBHUX OIMOPHUX OJIOKIB HEOOXiJTHO BpaxyBaTH
B3aEMOJIIF0 CUCTEMH “‘CIIOpY/Aa-NaiboBa OCHOBA™.

[MopiBasiHass mapamerpiB HJIC eneMeHTIB ONOpHOI YacTWHHM Ta aHaIi3
nepiofiB  BiacHUX (OpPM KOJMBaHb PO3paxXyHKOBUX Monenedl npu il
CeliCMIYHOrO HaBaHTa)XKEHHSl BKa3ye Ha HEOOXIJHICTh MPOEKTYBaHHS OiIbII
KOPCTKUX KOHCTPYKTUBHHX cxeM MCII, ockinbku Takuil minxiny Beme A0
301IbIIEHHS] OCHOBHMX BHCOKOYACTOTHHUX BJIACHHX (OpPM, IO, B CBOIO UEpTy,
3HWKYE 3araJIbHy PEeaKIilo CHCTEMH Ha ceiicMiuHe HaBaHTa)KEHHSI.

[MpoBeneHHss aHami3y 3aJEKHOCTI HAKOMMYEHHS MOJAIBHUX Mac Ta
napamerpiB HJC Bij KiJIbKOCTI yTPUMYBAaHMX BJIACHUX (OPM KOJWBAHb JAE
3MOTY CTBEp/DKYBAaTH TMPO HEOOXIJHICTHP BIOCKOHAJICHHS  ICHYIOUHX
BITYM3HSHUX HOPM, 1[0 PErIaMEHTYIOTh METOANKN BU3HAYCHHS Ta PO3PaXyHKY
Ha cefCMIYHY JIit0 TIJPOTEXHIYHNX CIIOPY/I.
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Myitsuk S.V., Ostapenko R.M., Kuzmin B.V.
PECULIARITIES OF THE CALCULATION OF THE PILE SUPPORTS OF SEA
STATIONARY PLATFORMS ON SEISMIC INFLUENCES

The calculation of the marine stationary platform under seismic influences using finite element
method is considered. The marine technological platform is a metal structure consisting of decks
(upper and lower), a support block, two berths, a communication tower, a torch arrow console. A
seismic load is of particular importance when exploiting marine technological platforms. The value
of seismic load was taken of 9 points according to the seismological map of zoning. Seismic
actions on the buildings are caused by waves of deformations and displacements which spreading
on the earth's surface from the earthquake epicenter and transmit the kinematic excitement of the
building through the supporting elements of the platform. For a comparative analysis of the
calculation results, a "compliant " and "rigid" design scheme was chosen. In the "rigid" design
scheme the pile and ground base were discarded and the platform itself was rigidly attached to a
completely stationary base.

The result of the comparative analysis showed the variable nature of the ratios of the values of
the complex stress-strain state parameters of the structure supporting elements. Therefore, it is
necessary to take into account the interaction of the system "building — pile political basis" when
calculating marine stationary platforms for combined static-dynamic loadings for obtaining more
accurate results and further developing of recommendations for the formation of effective
supporting blocks.

Comparison of the stress-strained state parameters of the supporting part elements and the
analysis of the eigenforms and oscillation’s periods the calculation models under the seismic load
indicates the necessity of designing of more rigid constructive schemes of marine stationary
platforms, since such an approach leads to an increase of the main high-frequency eigenforms,
which in it’s turn, reduces the overall reaction of the system to seismic loading.

The analysis of the dependence of modal masses accumulation and the stress-strain state
parameters on the number of retained eigenforms of oscillation makes it possible to state that there
is a the necessity to improve the existing domestic norms governing the methods for calculating of
hydraulic structures under seismic loading.

Keywords: sea stationary platform (SSP), seismic influences, discrete models of SSP.

Muvwyiok C.B., Ocmanenxo P.M., Ky3omun b.B.
OCOBEHHOCTH PACUETA CBAMHBIX OITOP MOPCKUX CTAIIMOHAPHBIX
MJAT®OPM HA CEHCMUYECKHUE BO3JENCTBUA

PaccMoTpeH pacueT peanbHOH MOPCKOHM CTAal[MOHApHOH IUIATGOpPMBI HA CelCMHYECKHe
BO3JEHCTBUS C HCIOJIB30BAHMEM JHMCKPETHBIX KOHEYHOINEMEHTHBIX MOJEIEH M  CHeNaHbl
MPEJIOKEHUS] OTHOCUTENBHO YIY4IIEHHs HOPM HPOEKTUPOBAHUS TaKUX COOPYXKEHUH Ha
CeHCMUYECKHX TEPPUTOPHSIX.

KuioueBble ciioBa: Mopckas crannonapHas miatdopma (MCII), ceficMuueckie BO3el CTBHS,
nuckperHsie Mmonenu MCII.
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Knura mnpucesdena icropii OymiBenbHOT
MEXaHIKH 1 Teopii cmopym i 3a 3aIyMoM
MIPEJCTABISAETHCS Y BUTIISANI HAPUCIB PO3BUTKY
OKpeMHX 1IX HampsMiB, TMepeNiK  SKHX,
MIPUPOHO, € BIIKPUTUM JI0 po3mupenHs. [Ipu
IFOMY KOXXKHOMY 13 HamnpsMiB IpUTaMaHHA
MEBHA 1CTOpis BUHWKHECHHS 1 CTAaHOBJICHHS
BIJIMOBITHUX TOHSTH, IPUHIMITIB, iJIeH, 33134 1
METOJIIB TX peai3altii.

Buxmagenns  3micty 3a  po3gisamu
CYNMPOBOIKYETbCS  (haKTaMH 3 KHUTTS 1
MiSUTPHOCTI  BUJIATHUX YYE€HUX, a TaKOX
Mi3HABAJbHUMH  UTOCTpAIlissMU. AJpKe, 3a
cioBamu k. MakcBena, “Hayka 3aXOILTIOE
HAC JIMIIIE TOJi, KOJHU 3aI[iKaBUBIIVCH KHUTTIM
BEJWKHUX  JIOCTIJHUKIB, MH  IIOYUHAEMO
CTEXHTH 3a ICTOPIEIO X BIAKPUTTIB”.

Kuura moxe OyTH BHKOpHCTaHa SK IIJPYYHUK JUISi CTYAEHTIB BHIIHX
HaBYAIBHUX 3aKJaJiB MNpW peami3amii MaricTepcbKux IporpaM, BHBYEHHI
CHeLiaIbHUX KYpCiB ToOm[o. 3arajoM, BOHAa 30pi€HTOBaHAa Ha CTYJCHTIB 1
YUTadiB, SKi BXKE BHBYAIM OOOB’A3KOBI KypCH OyaAiBEIbHOI MeEXaHiKd 1
CYMDKHHUX TEXHIYHHMX AMCIMIUTIH, 8 TaKOXX BUKJIA/JA4iB 1 HAYKOBO-TEXHIYHHX

MIPAIliBHUKIB.
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