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VBaxxaeMeble KOJIJICTH, NPEACTABUTECIN HAYUYHBIX U IPOMBIIIIICHHBIX COO6]J.[€CTB,
ABTOPCKHH KOJJIEKTUB KypHasa «CTpouTenbHasi MEXaHWKa HHKEHEPHBIX KOHCTPYKIIMI B COOPYKEHUI» !

B Poccun 2021 1. 00bsaBieH ['00M HayKu U TEXHOJIOTHNA. B cBA3M ¢ 3TUM pelakiMOHHAs KOJUISTHS KypHaja
«CtpouTtenpHas MEXaHUKA WH)KCHEPHBIX KOHCTPYKIMH M COOPYXCHHUID MPHHSIA PEHICHHE OTMETUTh JaHHOE COOBI-
THE BBIIYCKOM TEMaTHYECKOTO HOMEpa, B KOTOPOM BCE CTAaThU MOCBSIICHBI PEIICHHUIO MPOOIeMBbl 00eCTIedeHUs Ha-
JEKHOCTH U OE30MaCHOCTU OOOJIOUEUHBIX KOHCTPYKIMN M MEPCIEKTUBAM HMPUMEHEHHS OOOJOYEUHBIX CTPYKTYp U
TOHKHX 000J104eK B 1epBoii nosoBuHe XXI B.

Homep comepxut Hay4dHBIE paOOTHI KaK COBPEMEHHBIX BHICOKOPEHTHHTOBBIX, TaK W MOJIOJABIX YYCHBIX, pado-
TAIOUIMX 110 Pa3IMYHbIM HANpaBJICHUAM TEOPUU OOOJIOYEK M 000JIOUEUHBIX CTPYKTYp. [IpeacraBieHsl COBpeMEHHBIE
HCCIIEIOBAHUS TI0 apXHUTEKType 000JI0YEK, UX TEOMETPHUYECKOMY U (DPU3UYECKOMY MOJEIHPOBAHUIO, IOCTPOCHHIO
AHAJINTUYECKUX W YHCICHHBIX METOJIOB pacdera 000JI04eK Ha MPOYHOCTh M YCTOHYMBOCTE IPH CTATHUSCKHUX M IHHA-
MUYECKHUX BO3aeucTBUsAX. [IpuBeneHbl pe3yabTaThl UCCIeI0BaHHUS IPUMEHEHUS PA3IMYHbIX KOHCTPYKIIMOHHBIX MaTe-
pHUaoB A M3TOTOBIEHUS paccCMaTpUBaeMBbIX CTPYKTyp. Clenyer OTMETUTb, UTO COBPEMEHHOE pPa3BUTUE TEOPUHU
pacueTa 000J04YeK 0a3upyeTcs Ha TPyaax U3BECTHBIX poccuiickux yueHblx XX cronerus: B.3. Brnacosa, A.W. Jlypbe,
X.M. Mymrrapu, K.3. T'anumosa, B.B. HoBoxxunoa, A.JI. T'onbaenBeiizepa u Ipyrux, a TakKe OCHOBOTIOJIOXKHUKOB
WHOCTPaHHOM MIKOJbI Teopun odonouek: L.H. Donnel, W. Fliigge, E. Meissner, E. Reissner u ap.

HayunoMy n nmkeHepHOMY IpoheccHOHATEHOMY coodrecTBy Poccnut 11 3apyOeskbst M3BECTHA aKTUBHAS HAYIHO-
HCCIIEIOBATENBCKAsI Pad0Ta MO Pa3BUTHIO TEOPUH 000JIOYEK, MX MPAKTUISCKOMY BHEIPEHUIO, MPOBOANMAS HAYIHOM
mkonoit MmxenepHoil akagemun Poccuiickoro yHusepcutera Apyx0bl HaposoB. lllkona Obl1a OCHOBaHA AOKTOPOM
TEeXHUYECKNX HaykK, npodeccopom B.I'. Pexadom u nomydmna pa3BUTHE IIPH €TO YUICHHUKE, H3BECTHOM CIICIIHAINCTE B
00JTacTH TEOMETPUH U TEOPHH pacdeTa 000JI04eK JOKTOPE TEXHHIECKUX Hayk, mpodeccope C.H. KpuBomamnko.

B By3e CloXUIUCh TECHbIE HAyYHbIE OTHOILIEHUSI CO MHOIMMH M3BECTHBIMH YUYEHBIMH M OpraHuzanusmu Poccuu.
Ha 6a3e NmxenepHoii akagemun PYJIH paboTaeT eanHCTBEHHBIH B Poccuu MexBY30BCKUI Hay4HBIH cemuHap «I eomeTpust
M pacyeT 000J0YeK HEKAaHOHHIECKOH (POPMBDY, COYUPEIUTEISIMI KOTOPOTO SIBITFOTCS IEIApTaMEHT CTPOUTENHCTBA MHke-
HepHOH akagemun PY/IH, xadenpa conpoTuBieHus: MaTepHaoB U Kadeapa FOpoJCKOro CTPOUTENBCTBA U KOMMYHATBHOIO
xo3stiictBa MI'CY, kadenpa Texandeckoil u crpourensHoi Mexannku PIAY — MCXA umvenn TumupsizeBa, 1abopatopust
HenMHeHHoW MexaHuku obosouek UMM KasHIl PAH, kadenpa conpoTHBiIeHHs MaTepHasioB U MPUKIIATHOW MEXaHUKH
II'TY, xadenpa Teopernueckoii Mexanuku PYT (MUNT), kadenpa marmiHoBeeHus U aetaieit Mamma MI'Y MAU.

B PYJIH mHOTO 5IeT aKTHBHO paboTaji IUCCEPTAlMOHHBIN coBeT mo creruanbHocTH 05.23.17 CtpoutensHas
MeXaHHKa, B KOTOPOM 3aIuIieHo Oosee 60 KaHAMIATCKAX AUCCEPTAIHiA 110 PEIICHUI0 HAYYHBIX 33714, CBSI3aHHEBIX C
Pa3sBUTHEM METOIUKH pacueTa u KOHCTpyupoBaHUs odonouek. C 2021 r. paboTaeTr nuCCepPTAIMOHHBIA COBET IO CIIe-
uuanbHocTsAM 05.23.17 CrpoutensHas mexanuka U 05.23.01 CrpoutensHble KOHCTPYKIHH, 31aHUS U COOPYIKECHUS.
Bricokoe kagecTBO 00yUeHHS MIPUBJICKAET POCCUHCKUX M MHOCTPAHHBIX BBITYCKHHUKOB JICTIapTaMEHTa CTPOUTENBCTBA
PYJIH, xoTopsie moctynarmT B acnupantypy no HampasieHuio 08.06.01 «TexHuKa U TEXHOJOTHS CTPOUTENBCTBAY,
HanpaBieHHOCTH «CTpOUTENbHAS MEXaHUKAY).

B nHenanexkoM nmponutoM 3apyOeXKHBIMU M POCCUHCKIMHU YICHBIMU-MEXaHUKAMU M APXUTEKTOPaMHU OTMEYAJIOCh,
Y9TO «30JI0TOH BeK 000J104ek» npumencs Ha 1920—1960-¢ rr., a 3aTeM WHTEpeC K MPOSKTUPOBAHUIO U CTPOUTEILCTBY
000JI0UEYHBIX CTPYKTYp CHU3WIICA, KaK M K UX PUMEHEHUIO B Pa3JIMUHBIX cepax AesTelIbHOCTH YenoBeka. CeronHs
pe3ysIbTaThl HAYYHBIX MCCIICAOBAHUI M MPUMEPHI IOCTPOCHHBIX B HaYaje TEKYIIEro BeKa 00O0JOUEUHBIX CTPYKTYp B
pa3HBIX CTpaHax, PEACTaBIECHHbIE B CTAaThsIX HOMEPA, YKa3bIBaIOT, YTO CIaJ MHTEpeca K NPOEKTUPOBAHUIO U CTPOU-
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TENBCTBY 000JI0YEUHBIX CTPYKTYP M TOHKOCTCHHBIX 000JI0OUEK 3aKOHUYMICS. MOXHO TOJNBKO IPUBETCTBOBATH TEMATHU-
Ky HCCIIeI0BaHUM, OAEP>KUBAEMYIO )KYPHAJIOM.

Xo4eTcss OTMETUTh PEAAaKIIMOHHYIO OJUTUKY KypHaia « CTpouTeNnbHas MeXaHHKa HHKEHEPHBIX KOHCTPYKLUH
U COOPYKCHUI», ITyOIMKAIIMHA KOTOPOTO OTIUYAIOTCS BEICOKMM HAYYHBIM KadeCTBOM, IMPO(ECCHOHATN3MOM, METO -
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Dear colleagues, representatives of scientific and industrial communities,
contributors to Structural Mechanics of Engineering Constructions and Buildings journal!

In Russia 2021 is The Year of Science and Technology. In recognition of that, the editorial board of Structural
Mechanics of Engineering Constructions and Buildings journal decided to mark this occasion by publishing a thematic
issue. All the articles are devoted to problems of reliability and safety of shell structures and perspectives of applica-
tion of shells and thin-walled structures in the first half of the 21st century.

This issue comprises publications of top-rated innovative scientists, as well as young researches, working in the field of
shell theory. Here you may find state-of-the-art investigations on architecture of shells, their geometric and physical modelling,
deriving analytical and numerical methods of calculating shells in terms of strength and buckling, under static and dynamic
load. Results of application of various materials for constructing considered thin-walled structures are also presented. It is worth
to point out that contemporary development of shell theory is based on the works of notable Russian scientists of 20th century:
Vasily Vlasov, Anatoly Lure, Hamid Mushtari, Kurban Galimov, Valentin Novozhilov, Alexey Goldenweiser among others,
and also the pioneers of shell theory school abroad: Lloyd Donnel, Wilhelm Fliigge, Ermnst Meissner, Eric Reissner, etc.

Scientific and engineering professional community in Russia and abroad is aware of research in theory of shells
and their practical implementation, which has been conducted by a scientific school at Academy of Engineering in
RUDN University. This school was founded by Professor Vladimir Rekach and was subsequently developed by his
student — well-known expert in the field of geometry and analysis of shells — Professor Sergey Krivoshapko.

RUDN University has formed scientific ties with numerous well-known researchers and institutions in Russia.
One of a kind interacademic workshop “Geometry and Analysis of Non-Canonical Shells” is held by Academy of En-
gineering of RUDN University. Co-founders of this workshop include RUDN University Department of Civil Engi-
neering, MGSU Department of Strength of Materials and Department of Urban Development and Municipal Services,
RSAU — MTAA Department of Theoretical and Structural Mechanics, IME Laboratory of Non-linear Shell Mechanics
at KazanSc subdivision of RAS, VSTU Department of Strength of Materials and Applied Mechanics, MIIT Depart-
ment of Theoretical Mechanics, MAI MSU Department of Mechanical Engineering and Machinery.

RUDN University had a long-lasting and actively working dissertation council on Structural Mechanics major (code
05.23.17), which had conferred over 60 Candidate of Science degrees related to development of shell analysis and construction.
This dissertation council reopened in 2021 in addition to the council on Structures, Buildings and Constructions major (code
05.23.01). High quality of education is attracting Russian and international graduates of RUDN University Department of Civil
Engineering, who are entering Civil Engineering and Technology PhD program (code 08.06.01) with Structural Mechanics major.

Not long ago architects and researchers in mechanics in Russia and abroad considered “Golden Age of Shells” to be
a period between 1920s and 1960s, and since then the interest in designing and constructing shell structures and also apply-
ing them in various aspects of human activity has dropped. Now, investigation results of presented papers, examples of con-
structed shell structures in the beginning of the current century in various countries, which are highlighted in the articles,
indicate that the interest decline for shells is over. The research themes supported by the journal are only welcomed.

Structural Mechanics of Engineering Constructions and Buildings journal editorial policy is also worth men-
tioning, since the publications are of high scientific value, professionalism, methodically coordinated in terms of rep-
resentation and correspond to the publisher’s reported thematic profile.

Victor Fedorov,

RAACS Academician, DSc, Professor,

Head of MIIT Department of Structures, Buildings and Erections,
member of the Expert Board of Higher Attestation Committee

in Civil Engineering and Architecture
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Abstract. Researchers know that “golden century of shells” falls on 1920-1960
when the finishing of building of a thin-walled shell became an important event
in life of country where this shell was erected. Every built shell was analyzed in
tens of scientific works with a point of view of used method of analysis, applied
constructive materials, cost of erection. Later on, an interest to thin-walled shells
fell down. On the base of the fulfilled research in a paper, it is shown that appli-
cation of shell structures is increasing in the 21st century because it was closely
connected with needs of different branches of human activity. It is proved, that
practically in all countries of the world, design and building of shell structures
and shells was carried out. Only priority in application constructive materials
changed. In the main, reinforced concrete was used earlier but now bar curvilinear
structures, composite shells, and bar structures with the glass filling are in priori-
ty. It is shown that young and prominent architects and engineers tale part in
construction of considered structures and thin-walled shells. All conclusions are
confirmed by references containing 38 used original sources.

Keywords: architectural styles, constructive building materials, thin-walled shell,
shell architecture, shell analysis
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C TOYKH 3peHHs] IPIMEHEHHOTO METOJIa €€ pacyeTa, UCIOJIb30BAHHOTO KOHCTPYK-
TUBHOTO MarepHaia, CTOMMOCTH COOPY)KEHHs. 3aTeM MHTEPeC K TOHKOCTEHHBIM
OOJTBILETIPOJIETHBIM 000JI0YKaM MOIIeN Ha Craj. B mccienoBaHnM MOKa3bIBaeT-
csl, 4TO MPUMEHEHHE 000JI0UeHHBIX CTPYKTYp B XXI B. yBenn4yuBaeTcs B CBS3H C
3arpocaMy pa3HbIX OTpacied NEATeJbHOCTH uesioBeka. Jloka3aHo, 4TO MpaKkTH-
YEeCKHM BO BCEX CTPAaHAX MHUpa Ha Pa3HBIX KOHTHHEHTAX BEJIOCH M BEAETCS MPOEK-
THPOBAaHHUE U CTPOUTEIHCTBO OOOJOYEUHBIX CTPYKTYp U obOosouek. M3menuncs
TOJIBKO TPUOPUTET B MPUMEHEHNH KOHCTPYKTHBHBIX CTPOHUTEIBHBIX MATEPHAIIOB.
Ecnu panbliie B OCHOBHOM NPHMEHSUICS JKeJIe300€TOH, TO ceiyac B IPHOpUTETE

CTep)KHEBbIE KPUBOJIMHEHHBIE CTPYKTYPHI, KOMIIO3UTHBIE 000JOYKH U CTEPIKHE-
BBIE CTPYKTYPHI C 3alIOJIHCHHEM M3 CTEKISHHBIX maHesnei. [[pogeMoHCcTprpoBa-
HO, 9TO KaK HAYMHAIOIIHME, TaK U 3HAMCHUTBHIE apXUTEKTOPHI M HHXKCHEPHI TIPH-
HUMAIOT y4acTHe B MPOCKTHPOBAHHU PACCMATPUBAEMBIX CTPYKTYP M TOHKOCTEH-
HBEIX 000JI0Y€EK.

Jast uuTHpOBaHUS
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Introduction

The statements of the most outstanding architects and engineers on perspectives of using of large-span
space structures and thin-walled shells at present time and in the near future are gathered in a paper [1]. The most
of them back up the opinion that “golden century of shells” was in 1920-1960 years but later on, an interest to
thin-walled shells fell down till 2000. Then the sphere of application of shell structures came to increase in con-
nection with requirements for new forms of public and industrial buildings. The well-known and also young ar-
chitects begin to display a keen interest in design of shell structures [2; 3]. An attempt to exposure the criteria of
estimation of outstanding erections was made in a paper [4] where the authors gave their view on ten of the most
outstanding shell structures of the beginning of 21st century.

The aim of this investigation is study of public requirements on design and building of large-span shell
structures in the world at the beginning of the 21st century.

Architectural styles of shells and shell structures at the beginning of the 21st century

Twenty-five architectural styles, their varieties, and the directions as applied to shells and shell structures
were described in detail in a paper [5].

Figure 1. Industrial building, style “Industrial architecture,” Figure 2. The building in the style
Borracha, Portugal, 2017 “Architectural constructivism,” Moscow
(Available from: https://www.pinterest.ru/pin/530298924878808497/ (accessed: 10.08.2021)) (photo by Sergey N. Krivoshapko)

In the 21% century, architects used 16 architectural styles that are:

— industrial architecture (Figure 1);

— architectural constructivism (Figure 2);

— deconstructivist architecture (Heydar Aliyev Center in Baku, Azerbaijan, 2012);

— bionic architecture (dwelling-house “Egg,” Moscow, 2002);

— organic architecture (villa “Shell,” Kuruizawa, Japan, 2008);

— expressionism (the Quadracci Pavilion of the Milwaukee Art Museum that received the 2004 Outstanding
Structure Award from International Association for Bridge and Structural Engineering, Wisconsin, USA, 2001);

— American modernism (terminal 5 of John Kennedy International Airport, 2008);
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— high-tech (geodesic grid shells; SONY Center dome, Berlin, 2000);

— geometrical high-tech (the biome domes of the Eden Project in Cornwall, UK, 2001);

— ecological high-tech (structures of ecovillage in Dietikon, Switzerland, 2009);

— polyhedron architecture (Figure 3) [6];

— brutalism [7];

— noospheric architecture (Figure 4);

— parametrical architecture [8];

— free-form architecture (digital architecture) (Figure 5);

— productivism (Figure 6).

The time of finishing of building of shells and shell structures is indicated in the text in parentheses.

s

Figure 3. Cultural-and-trade center ““5 Planets,” Figure 4. A dome dwelling-house, Moscow region
Dmitrovskoe Shosse, Moscow region, 2018 (photo by Sergey N. Krivoshapko)
(photo by Sergey N. Krivoshapko)

Figure 5. A building “The planet KVN”, Moscow, 2011 Figure 6. The arch pavilions, 8x8 m
(photo by E.A. Grinko) (Available from: https://prime-tent.ru/arched-design.html
(accessed: 10.08.2021))

Naturally, every presented style was used not only in mentioned cases. For example, such architectural styles
as free-form architecture, parametrical architecture, polyhedron architecture, and high-tech were used more often
than other styles. It was occasioned by the rapid development of numerical methods of strength analysis, by appea-
rance of computer modelling, new constructive building materials, and of standard computer programs of different
purposes [9]. But some architects have another opinion. So, E.V. Ermolenko considers: “postmodernism, decon-
structivism, parametrical architecture oversated space of life of man and style crisis came into existence” [10].

The researches on subject of this part showed that architects did not use nine architectural styles, their va-
rieties, and the directions since the second half of the 20th century. That is why, application of all known diverse
modern approaches to design of shell structures and shells practices in the 21st century also.

Constructive building materials for shells and large-span shell structures
at the beginning of the 21st century

At all times, stone materials, bricks from burned clay, natural wood, glued wood, metals, reinforced con-
crete, plastics, composite materials, glass-reinforced plastics, glass, tent materials, and so on were used for building
of shells. At different historical epochs, architects and builders gave preference to different constructive materials.

In the 21st century, architects and builders use glued wood [11] (Figure 7), rod steel [12], wire ropes, steel
membrane (a covered skating-rink 200x120 m in Kolomna, 2009), aluminium (domes of a Wastewater Treat-
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ment Plant, Haltom Region Ontario, Canada), titanium panels (National Grand Theater, Pekin, China, 2007),
plastics, structural soda-lime glass (Figure 8), glass-reinforced plastic (a dome of Vladimirskiy Temple, po-
syolok Industriya, Moscow region, 2020), tent materials (the hip roof of SONY Center, Berlin, 2000), guys [13],
reinforced concrete (“Shell residence” by Kotaro Ide, “Clever house” system, bionic architecture, Japan, 2008),
and fine-mesh wire-fabric reinforced concrete (a cottage “Snail,” bionic architecture, Mexico City, Mexico,
20006) for erection of shells and shell structures.

Figure 7. The biggest wooden dome in the world Figure 8. The greenhouse of
with a 43m height and a 90 m diameter, the State Botanical Garden named after N.V. Tsitsin,
cultural-and-trade center ‘“Piterland,” St. Petersburg, 2012 Moscow, 2015 (photo by Sergey N. Krivoshapko)

(Available from: https://www.malls.ru/rus/malls/83604.shtml (accessed: 15.08.2022))

It is obvious that all known constructive building materials found the application in building of considered
structures and shells. But their application frequency changed. For example, reinforced concrete yielded to all
of the rest of the constructive materials. Reinforced concrete shells are used now more in small-scale building,
i.e. for building of dwelling objects, cafes, small offices, sheds, and so on, for erection of coverings of industrial
buildings, or in erections where it is necessary for technological processes. Large-span reinforced concrete shells
are not built practically. Thick-walled reinforced concrete shells, in general, of spherical and cylindrical shapes
find the application in building of objects of civil defense.

Some countries where shell structures and shells were erected
at the beginning of the 21st century

Consider some countries located on different continents.

Europe. Russian Federation (the biggest in Russia glazed dome in Nagatinskaya water-meadow over the
central atrium, Moscow, 2020), Spain (Figure 9), Federal Republic of Germany (Philological library, Berlin, 2005 [14]),
Switzerland (the CERN — Globe of Science and Innovation, timber, Geneva, 2007), Czech Republic (new building
of National Library of the Czech Republic, digital architecture, Prague, 2011), Portugal (Figure 10), Belarus
(the cable-stay two-belt system of a covering of MCSC “Minsk-Arena”, 2010), England (Wembley Stadium with
sliding roof structures and with the 134-metre-high Wembley Arch of 7 m in diameter, London, 2007), Belgium
(Liege Guillemin’s TGV Station, Liege, 2009), Ireland (the antenna from stainless steel of 121.2 m in height, Dub-
lin, 2003, Figure 11), Austria (a roof of Martin Luther Church from bent steel plates of a 8 mm thickness and res-
ting on the legs of the “table”-four steel columns, Hainburg, 2011), France (La Cité du Vin, Bordeaux, 2016),
Denmark (National Aquarium “the Blue Planet” with a facade faced with aluminum plates, Copenhagen, 2013),
Hungary (the glazed many-functional complex Central European Time (CET), built between two store-houses, Bu-
dapest, 2022), Croatia (the Mosque in Rijeka, Rijeka, 2013, arch. D. Vlahovi¢, L. Vlahovi¢, D. Purkan-Horvat,
and D. Mauser), Turkey (Sakirin Mosque with a 39.6 m diameter dome, Istanbul, 2009).

North and Central America. USA (World Trade Center Transportation Hub, New York, arch. S. Cala-
trava, 2016), Puerto Rico (an umbrella shell [15], Figure 12), Canada (Canadian Museum for Human Rights,
Manitoba, 2014, arch. An. Predock), Mexico (a covering of the atrium from prestressed reinforced concrete, In-
stitute of Advanced Technologies and Education, L.G. Land’s arch. group, 2005 [16]), Jamaica (the ecovillage
from poured-in-place domes, the Source Farm ecovillage, 2005).

South America. Extensive information on modern architecture of Latin America is given in a book of
L. Finotti [17] containing 103 illustrations.

Brazil (the theater, Rio de Janeiro, arch. Oscar Niemeyer, 2007), Chile (the Baha’ i Temple of South
America in the form of nine veils, Santiago, design of Hariri Pontarini Architects (Canada), International Award
of the Royal Architectural Institute of Canada, 2016), Uruguay (Montevideo Carrasco International Airport,
the full length is 350 m, the width is 80 m, Montevideo, 2009).
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Asia. China (a complex of the National Grand Theater from glass and titanium, 212x144x46 m, 2007),
Bahrain (Bahrain Museum of Contemporary Art, Muharraq, arch. Z. Hadid, 2012), United Arab Emirates (82 snow-
white domes of Sheikh Zayed Mosque, 2007); India (Global Pagoda, Mumbai, the biggest stone dome in the world
built without support poles, the height of the dome is 29 m, 2009 [4]), Georgia (a covering over the “Mir” foot-
bridge over the Kura river, Tbilisi, 2010), Azerbaijan (Heydar Aliyev Center in Baku, Azerbaijan, 2012), Singa-
pore (“SportsHub” stadium contains the world’s largest 312 m diameter dome structure with a sliding roof,
Kallang, 2015), Abu Dhabi (a steel roof over the thematic park “Ferrari World,” 2010), Jordan (Ayla Golf Aca-
demy and Clubhouse, waving shape of the covering in the form of sand dunes from air-placed concrete, Aqaba,
2018), South Korea (Dior shop in the form of vertical bud of flower, 2015), Tajikistan (Figure 13), Israel (Ash-
dod Performing Arts Center, Ashdod, 2012, arch. Naim Dotan), the Lebanon (Amir Shakib Arslan Mosque,
Moukhtara, 2016), Qatar (Education City Mosque was declared the best religious erection at the World Archi-
tectural Festival in 2015, Doha, 2015), Pakistan (a cool tower of the sixth Nuclear Power Plant, Karachi, de-
signed by China National Nuclear Corporation, 2021).

e

Figure 9. The Queen Sofia Palace of Arts Figure 10. A cruise terminal in the port of Leixoes, Portugal,
of complex “City of Arts and Science”, Valencia, Spain, 2005 arch. Luis Pedro Silva, 2015
(photo by S.L. Shambina) (Availble from: https://www.pinterest.ru/pin/272608583674986563/

(accessed: 10.08.2019))

N

b

Figure 11. The base of the antenna, Dublin, Ireland, Figure 12. A restaurant of “La Concha Hotel”,
arch. Jan Ritchie (photo by Sergey N. Krivoshapko) San Juan, Puerto Rico, arch. Jose R. Marchand, 2009
(Available from: http://www.architecturaldigest.com/homes/hotels/2009
(accessed: 10.08.2019))

Australia and Oceania. Australia (trade center, Melbourne, arch. A.R. McDougal, 2005).

Africa. Algeria (a dome of the Great Mosque of Algiers with a 50 m high, it is the third-largest mosque on
the planet, Algiers, 2020), Republic of South Africa (the chapel “Bosjes” in the form of reinforced umbrella shell, Cape
Town, 2016), Rwanda (three pavilions on Rwanda Cricket Stadium, it is the first cricket stadium in Africa, Kigali, 2017),
Nigeria (traditional conic buildings, 2014 [18]), Ethiopia (a complex of the high-scraper and the dome of headquarters the
African Unite, Addis Ababa, 2012), the South Sudan (International Airport in Juba, designed and erected by China Com-
munications Construction Company, 2018), Cameroon (Musgum tolek or the co-called Musgum mud huts, Figure 14).

Every large-span structure or shell of unusual form becomes by innovative and unique erection. Many
countries are proud of their famous large-span structures and shells built in the 21st century. Above, only some
countries were enumerated and only one of several well-known structures in every country was presented.
The aim of this part is to show an area of the spread of the structures and shells in question.
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Figure 13. A tea-house in the form of melon, Figure 14. A clay dwelling dome, north of Cameron
Gissar, Tajikistan, 2015 (Available from: fishki.net (accessed: 10.08.2021))
(Available from: comunicom.ru (accessed: 10.08.2021))

It is obvious that between 2000 and 2021, erection of shell structures and shells took place in many coun-
tries. Availability of analytical and numerical analysis methods for different building structures, the wide spread
of progressive typical computer programs, acquaintance of architects and engineers with accumulated progres-
sive methods of erection of rod shell structures and shells promoted their widened application for dwelling, in-
dustrial, and public buildings.

Numerical and analytical methods,
used for strength and stability analysis of large-span structures

Research works on perfection of strength and stability analysis, on dynamical problems, on geometrical
modelling of crooked structures for the search of optimal forms never dropped in spite of delay of pace of
the application of shell structures and shells for real erections at the second half of the 20th century [19].

The shells of complex geometry are actively searched in Peoples’ Friendship University of Russia since
1964. The first investigations in RUDN University were fulfilled under the leadership of the first head of
the chair of strength of materials and structural mechanics of RUDN University V.G. Rekatch [20]. He set up
a scientific school “Geometry and Strength of Shells of Complex Form” which continues to function now too.

All of the known methods of analysis of structures in question and shells are based on results of investiga-
tions carried out at the 20th century [21-23]. At that time, numerical (finite element method [24], finite diffe-
rence energy method [25], finite difference method, method of global elements [26], boundary element method [27],
and their varieties [28]), semi-analytical (asymptotic method of small parameters [29]), and analytical (moment-
less theory [22; 30], simple edge effect [22]) methods were devised for shell analysis.

At present time, one can solve any problem from the field of structural mechanics of shell with the help of a FEM.
But V.V. Novozhilov, who took an active part in the development of analytical methods of thin-walled shell analysis,
held that “shell theory that is a fundamental branch of science becomes one of the sections of applied mathematics.
This tendency is side-line effect of intensive introduction of universal numerical methods [22]. Probably, analytical
and numerical methods of shell analysis have the equal right for existence and must mutually add one another.

Now, analysis methods become more exactly [31; 32], additional factors are added [33], and computer
modelling is introduced into practice [34]. Some useful information from the history of development of shell
theory is given in a monography [22] and in papers [19; 35; 36]. By the way, all known at that moment methods
of analysis of thin shells are presented in a manuscript of the noted American scientist J.G. Simmonds [36].

In the 20th century, engineers and academics studied, in general, physical-and-mechanical properties of new
constructive materials [37], but in the 21st century, they began active introduction of new materials into practice.
Hence, the demands for accurate methods of analysis of structures made of these new materials arose [38].

Famous architects, created designs of the most known spatial structures
in the 21th century

E.V. Podgornov (“Piterland,” Russia, 2012, Figure 7).

Helmut Jahn (SONY Center is one of the symbol of Berlin, 2000).

S. Calatrava (the Queen Sofia Palace of Arts and the planetarium of complex “City of Arts and Science,”
Valencia, Spain, 2005, Figure 9).

N. Foster (a center for music education, concerts, and conferences “Sage Gateshead”, UK (Figure 15),
made of glass and stainless steel, 2004 [4]).
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Paul Andrea (China National Grand THeatre, China, 2007; Osaka Maritime Museum, Japan, 2000).

Zaha Hadid (Heydar Aliyev Center in Baku, Azerbaijan, 2012).

F.O. Gehry (Marques De Riscal Hotel, Elciego, 2006 [14]).

IM. Pei (German Historical Museum, Berlin, 2001 [14]).

Hiroshi Nakamura (the futuristic wedding ribbon chapel in the form of a double spiral containing two sep-
arate stairways with a steel frame, Onomichi, Japan, 2013).

Oscar Niemeyer (Museu Nacional Honestino Guimaraes By Oscar Niemeyer, 2006, Figure 16).

Figure 15. Sage Gateshead, UK, 2004 Figure 16. The National Museum of Brazil, 2006
(Available from: hmong.ru (accessed: 10.08.2021)) (Available from: tourweek.ru (accessed: 10.08.2021))

Sou Fujimoto (The House of Hungarian Music within Budapest’ City Park with a floating roof with open-
ings for trees, this is a model ecology with using of standards BREEAM, 2021).

Nader Khalili (“Eco-Dome” made of clay and straw, ecological dwelling for Africa).

V. Kramarenko (a glass dome over the Victory Hall, the museum of the Second World War, Minsk, Bela-
rus, 2014).

Sh. Videchnik (“Borisov-Arena,” stadium — “snake,” 70 km from Minsk, Belarus, 2014).

Simon Vélez (bamboo architecture of shell structures, Columbia).

Conclusion

The conducted analysis of open sources gave an opportunity to draw only one conclusion that at the be-
ginning of the 21st century, recession in interest to shell structures and thin-walled shells finished. It took place
due to appearance of new constructive building materials, broadening of enumeration of analytical, point, spline,
and frame surfaces suitable for the application as middle surfaces of shells, due to appearance of nice methods of
analysis and new computer complexes, and due to raised needs for creation of structures in question. If one
wants to make sure in it, he must analyze the pavilions of the World Exhibition “Connecting Minds, Creating
the Future” EXPO 2020 in Dubai (United Arab Emirates). Shells and shell structures were chosen by many
countries for forming external contours of their pavilions. For example, pavilions of Austria (a complex of cones
of different height from clay and sand), Belarus (polyhedron architecture), Italy (digital architecture for
the covering), Azerbaijan (a roof with air cushion for decrease of temperature, high-tech style), Iraq (geometrical
high-tech style), Russia (a structure from out-of-order weave tubes, free-form architecture), United Arab Emi-
rates (bionic architecture, arch. S. Calatrava), and many others, and also thematic pavilions “Mobility” (trefoil in
high-tech style, arch. Foster + Partners), “Sustainability” (ecotech style, Grimshaw Architects), and interactive
installation “Space forest” from stylized concrete “trees” of different height printed on 3D-printer (arch. firm
MEAN, arch. style “Productivism”) show stable interest of clients to design of shell structures at the beginning
of the 21st century.
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m10ckocTH 6a30B0M KpuBOil. IIpHBOAUTCS BEKTOPHOE YPABHEHUE ITOBEPXHOCTEN,
C IPOM3BOJIBHOM MPOCTPAHCTBEHHOM U IUIOCKOM Hampasiisitoulel kpusoid. Ilomy-
9eHbI (POPMYIIBI TEOMETPHUECKIX XapaKTEepHCTHK IToBepXHOCTH. Ha ocHoBe mo-
JydeHHBIX (OPMyJI MOKa3aHO, YTO KOOPIHHATHAS CHCTeMa HOPMAaTbHOM JIMHEH-
YaToi IOBEPXHOCTU SBJISETCS OPTOTOHAIBHOM, HO B OOLIEM Cilydae HE COINps-
skeHHOoM. IpsiMble TMHMM HE ABIAIOTCSA JMHHUAMH INIABHBIX KPUBH3H MOBEPXHO-
CTU M HOpMaJbHblE JHMHEHYaThle IOBEPXHOCTU B OOLIEM Cllydyae HE SIBISIOTCS
TOPCOBBIMH, Pa3BEPTHIBAIOLIMMHUCS MOBEepXHOCTAMHU. I[lonmyueHo ycnosue Bpa-
mieHus oOpasyromiell NpsMOi B HOPMaIbHOHM IJIOCKOCTU 0a30BOHl KpuUBOI, mpu
BBITIOJTHEHHH KOTOPOTO KOOPAWHATHASI CETh OyJeT CONPsIKEHHOH — HOpMallbHas
JIMHeuaTas MOBEPXHOCTh pa3BepThbiBarolleiics. s npocTpaHCTBEHHOH 6a30-
BOIl KpUBOW 3TO YCIIOBHE CBSI3aHO C KPHBH3HOH 0a30BOil KPUBOM, JUTS TIOCKOM
KpHUBOH 00pasylolas npsiMasi IBHKETCS B HOPMaJIbHOM INIOCKOCTU HAIpPAaBIIsIO-

LIeH MIOCKOW KPUBOW C MOCTOSIHHBIM HAKJIOHOM K IUIOCKOCTH 0a30BOH IJIOCKOH
KPHUBOH — MOBEPXHOCTh OAMHAKOBOIO ckata. Ha ocCHOBE BEKTOPHOIO ypaBHEHHUS
IIOCTPOCHBI PUCYHKH HOPMAJIBHBIX JIMHEHYATBIX MOBEPXHOCTEH € HCIONB30Ba-
HHUeM nporpammuoro kommiekca MathCAD.

Juiss uuTHpOBaHUA

Heanos B.H. I'eomeTpysi HOPMalbHBIX JIH-
HeluaTsIX MmoBepxHocTelt // CTponTenbHas
MEXaHHKa HHXKEHEPHBIX KOHCTPYKLUIL U co-

opyxennit. 2021. T. 17. Ne 6. C. 562-575. KuioueBble ci10Ba: reoMeTpHsi KPUBBIX, TEOMETPHUS MMOBEPXHOCTEH, HOPMAalb-
http://doi.org/10.22363/1815-5235-2021- HbI€ [TOBEPXHOCTH, JMHEHYAThIE TOBEPXHOCTH, T€OMETPUUECKHE XapaKTEPUCTHU-
17-6-562-575 KU TIOBEPXHOCTH

Introduction

The thin state constructions in the form of ruled surfaces are used wildly in building, machine-building,
air and rocket production. It’s based on the most simple way to realize the space constructions formed by
the straight lines. It’s comfortable to made the line straight timbering on the building site or made the timbering
forms for concrete blocks. The thin-walled metal ruled forms (developable surfaces) are made by bending of
the metal list plate.

The geometry of the ruled surfaces are considered in many monographs and science articles. Usually at all
classic monographs [1-7] and at the present monographs and textbooks on differential geometry and at the most
monographs and textbooks on the theory and methods of analyses of the thin-walled state structures, one can
find a section considered to the ruled surfaces [8—16]. In a monography of S.N. Krivoshapko [17], the most full
classification of the ruled surfaces is given and the variety of the subclasses of the ruled surfaces is shown.
The normal ruled surfaces form a subclass of the ruled surfaces. The cylindrical and conical surfaces, the con-
stant slope surfaces, and normal helicoids enter at this subclass. Shaping of the torus surfaces are based on
the construction of surfaces by the system of the tangents to the given space base directrix curve which is
the cuspidal edge of the torus surface, the exception is a forming of torus surfaces with two plane base curves.
The coordinate system of these torus surfaces isn’t orthogonal [9—11; 13]. The analyses of these shells by
the analytical methods aren’t possible usually. Numerical methods are used, for example the finite elements
method [18; 19]. As it will be shown further the coordinate system of the normal ruled surfaces is orthogonal but
not conjugated when the straight line rotates at the normal plane of the base directrix. But at any case it is possi-
ble to use analytical methods for some shells or to use a variation difference method [13; 20; 21] which gives
more exact results in comparison with finite elements method.

The vector equation and the geometric characteristics of the normal ruled surfaces

The normal ruled surfaces are formed by the moving generating straight at the normal plane of the direct-
rix curve [16; 22]. The generating curve may transform and rotate at the normal plane of the base directrix.
The normal ruled surfaces with straight generatrixes at the normal planes of the base directrix constitute one of
subclasses of the normal surfaces (Figure 1).

The vector equation of a normal ruled surface can be written as

plu,v)=r(u)+ve(u), (1)

where r(u)=x(u)i + y(u)j + z(u)k is a radius-vector of the base directrix curve; i, j, k are the orts of the Carte-

sian coordinate system; e (u) =vcosO (u) +Bsin0 (u) is a unit vector in the direction of the generating straight

®OPMOOBPA3OBAHVE OBOMNOYEK 563



Ivanov V.N. Structural Mechanics of Engineering Constructions and Buildings. 2021;17(6):562-575

line; T, v, P are the unit vectors of tangent, normal and binormal of the base directrix curve; 0(u) is a function of
rotation of the generating right line at the normal plane of the base directrix curve; p(u,v) is a radius-vector of

the surface.

Figure 1. Normal ruled surface

The derivative of the vector e(u) is

e'(u)=—k, cos0(u)t+[—vsin0(u)+PBcosd(u)](x,+0")=—k cosOr+(x, +6') g (u), )

k,=s'k, y,=sy, s'= |r’ , k, v are curvature and torsion of the base curve, g(u) =-v sin@(u) +Bcosﬂ(u) is

the unit vector in the normal plane of the base curve orthogonal to the vector e(u),
g (u)=—-vsin®(u)+PcosO(u) =4k sin®(u)r—(x, +6")e(u). 3)

The derivatives of the equation of the normal ruled surface give

p, = (s' — vk, cos 9)‘[‘ + v(xs + 9’)g; p,= e(u); p,=0;
P = [(s’ — vk, cos 9)’ + vk, (Xs + 9’)sin 9:|‘L' +k, (s' — vk, cos 9)v - v(xs + 9’)2e + V(X; + 9”)g ;
p,, =—k, cosbt+ (Xs + 9’)g ;

m :MZ%[_V(L +0") T+ (s'— vk,cosd) g |. )

puxpv

The geometrical characteristics of the normal ruled surfaces
E =A% =(s'—vkcos 0) +v?(x, +0'); G=1; F=0.

564 SHELL FORMING



MeaHos B.H. CTpouTenbHas MexaHuka UHXEHEPHBIX KOHCTPYKLMiA 1 coopyxeHuit. 2021. T. 17. Ne 6. C. 562-575

!

B v(xs +6’)

L= (Pm,m) = —{_[(S' vk cos 9) k sin O

+

(s'—vk,cosB)’;

y +vk, (%, +6')sin6}+(s'—vkscos 0)

M =(p,,m)=] vk cos0+(s' —vk, cos@)]xsze =sxs+0 ;

A ’N=(pvvm)=0' (5)

It’s seen from the formulas of the geometrical characteristics of the normal cycle surfaces that the coordinate
system of the normal ruled surfaces is orthogonal but it isn’t conjugated in common, the generating straight lines
are not the lines of principle curvatures and the normal ruled surfaces are not developable surfaces in common.

The normal developable surfaces

The normal ruled surfaces will be developable if geometrical coefficient M will be equal zero
M=0 - e(u)=—jxsdu+eo. (6)

So, for forming torus normal surface the function of rotation of the generating right line at the normal
plane of the base directrix must be linked up with the curvature of the base curve.

Consider some examples.

A helix is a base directrix [16]:

r(u)= ah(u)+ buk , (7)

h (u) =1icos u+ jsin v is a vector function of the circle of the unit radius,

XZ%’ s'= a2+b2, stS'Xzﬁ,, e(u)=—xsu+90. (8)
S s
We have for conical spiral [16]
r(u)=e” [ah(u)+ bk], 9)
X:%e_pu’ s=spers s =\alie p?)e07p? L === ou)= g6y, (10)
0

As it’s seen from the received formulas of those base curves, the angle of rotation of the generating
straight line at the normal plane of the helix and conical spiral are proportional to coordinate parameter of
the rotation u. The initial angle 0 = 0y in formulas (8), (10) links an initial coordinate of the base line u = 0.
If there is considered the section with the initial parameter uo # 0 then it’s better to use the formula

0(u) =~ (u — 19 )+ 0, . (11)

So the turn of the generating straight line at angle 0 will be at the beginning of the section.

The figures of the normal developable surfaces with a base helix and a conical spiral are shown at Figure 2.

The parameters of the base curves:

a) helix:a=2,5:b=1:u=0+6m: v=0+2;

b) conical spiral: a =2: b =3: p =0,15; u= 72,51 v = 0=6. 6= —7/2.

A developable normal surface with a flat base curve (y = 0, 6 = 6y) and the generating straight line that
moves at the normal plane of the base directrix with constant angle to the plane of the base curve will be the sur-
face of constant slope. If 6= 90°, then a cylindrical surface will be.
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Figure 2. Developable normal ruled surface base curves:
a — helix; b — cylindrical spiral

If 8= 0 and the generating straight line moves at the plane of the flat base curve then the surface degene-
rates into plane. At the plane there is forming the trapezium-curved orthogonal coordinate system, the system of
the curves parallel to the base directrix lines and the system of orthogonal to the base curve straight coordinate
lines. The method of forming the surfaces on the trapezium-curved plans was regarded in a paper [22; 23].

At Figure 3, the surfaces of constant slope with different base curve and different angle of slope of
the generating straight lines are shown. At the top row, the trapezium-curved plans (6= 0) with base curves ana-
log to the base curve of surfaces at lower row are shown.

! T,
U ! [7 T,
S b 2, \\\t‘\i‘\x::tgs\\‘:x‘\'.\mn::::::.'.'.'.':/,c',','s’;;::'
a SN, S\HA7 % R 4
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Figure 3. Trapezium-curved plans and surfaces of constant slope base curves:
a — parabola; b —hyperbole; ¢ — evolvent of the circle; d — ellipse

If the directrix is a straight line then the surface of straight conoid formed [24; 25].
The screw normal ruled surfaces and curves

Consider the normal ruled surfaces which are formed by the generating straight line rotating at the normal
plane of different base directrix proportional to the coordinate parameter u

u—u,

0(u)=2kn +0,, u=uy+u, (12)

U —u,

k is a number of the fool rotations of the generating straight line when it’s moving along the base curve (in may
be not hole number).
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The coordinate curve of a surface is formed with constant coordinate parameter v = vy.

If the base curve is a straight line, then the usual helical surface is formed.

At Figure 4, the normal screw surfaces with a base parabola x = u, y = aw’, a = 0.25, u = —8=8 and with
different number of rotation of the generating straight line, v = 0=3, 6= 0 are shown.

At Figure 5, the normal screw surfaces with a base ellipsex =a cosu,y =bsinu,a=5,b=3,u=02n
and with different number of rotation of the generating straight line, v = 0+1.5, 8= & are shown.
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Figure 5. Helical normal ruled surfaces with base ellipse:
a—e—0o=m; f— 00=2/3m;

At Figure 6, the normal screw surfaces with a base sine y = a sinm u/b, a =2, b = 4, u = 0+mb and with
different number of rotation of the generating straight line, v = 0+1, 6o = 0 are shown; m is a number of half-
waves of the sine. Figure 6, g: v=0.5+1.5; Figure 6, 4: v=1 is a screw curve.

At Figure 7, the normal screw surfaces with a base evolvent of the circle x = a(cos u+tu sin u);
y=a(sinu—ucosu);a=0.5; u=0.51+3.5n; v= 0+1; 8= 1 are shown.

At Figure 8, the normal screw surfaces with a base space helical curve x = a cos u; y = a sin u; z = bu;
a=2.5;b =1 are shown; u = 02n; 6p = m; a—f: v =0+2; g2 v=0,5+2; a) k = 0 is a right helix; g) v =2
iS a screw curve.

At Figure 9, the normal screw surfaces with a base conical spiral x = ae’cos u; y = ae’sin u; z=be™
are shown; a=2; b =3; p=0.15; u = 2n+4xn; o= 7/2; a—f> v = 0+6.
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Figure 6. Screw normal ruled surfaces with a base sine
a—c — on one halfwave; d—i — on two halfwaves

Figure 7. Screw normal ruled surfaces with a base evolvent of the circle
a—b — on one halfwave; ¢ — on two halfwaves
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b k=05 c k=1 d k=15

Figure 8. Helical normal ruled surfaces with base helix

a k=0 b k=05 c k=1

f k=15

Figure 9. Screw normal ruled surfaces with a base conical spiral
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The wave normal ruled surfaces

Consider the subclass of normal ruled wave surfaces with cosine function of the angle of rotation of
the generating straight line at the normal plane of the base directrix curve

0(u)=0, +c| cos Jn Lo +pl, (12)

U —u,

c is an amplitude of oscillation of the angle parameter of the generating straight line at the normal plane of
the base curve when it’s moving along the base directrixu =u, +u,; k is a number of half-wave of the cosine;

p =0, 1,—1is a parameter for tree types of the wave normal ruled surfaces.

If parameter ¢ = 0 and the base directrix is a plane curve then with the help of the equation (12), the sur-
face of constant slope will form. If ¢ > 0 and p = 1, then the wave surface will form which will touch the surface
of constant slope outside. If p = —1, the wave normal ruled surface will touch the surface of constant slope inside.
If p = 0, the wave normal ruled surface will be symmetrical about the surface of constant slope. The surfaces of
constant slope may be called the supporting surfaces of the wave normal ruled surfaces. As it was shown above,
if 8= 0 or 0o = m, then a surface of constant slope degenerates into the trapezium curved plane region. If 69 = 7,
a cylindrical surface will be received.

At Figure 10, the wave normal ruled surfaces with a base parabola x = u, y = au®, a = 0.25, u = —8+8;
v =0+8; 0p= 7, and ¢ = n/4 are shown with different parameters £, p.

a k=1
0 k=2
Ay >’>’/
N
6 k=4
e k=28

Figure 10. Wave normal ruled surfaces with base parabola

On some figures, the wave normal ruled surfaces are shown together with supporting surfaces of
constant slope.

At Figure 11, the wave normal ruled surfaces on the parabolic cylinder with 8= m/2 are shown.

570 SHELL FORMING



MeaHos B.H. CTpouTenbHas MexaHuka UHXEHEPHBIX KOHCTPYKLMiA 1 coopyxeHuit. 2021. T. 17. Ne 6. C. 562-575

p=0 p=1

AT

%%,
1
Yoo

a
£ / .
- AR AF !!,ll_\_‘.‘-\\\_‘\
- e L\ L L 2
e S Sy
S e
= =

Figure 12. Wave normal ruled surfaces with a base parabola, o= 0.75n

At Figure 12, the wave normal ruled surfaces on a base parabola with 8y = /2 are shown.

Consider the wave normal ruled surfaces with a base ellipse.
At Figure 13, the wave normal ruled surfaces with a base ellipse x =a cosu; y =bsinu;a=3;b=2

and parameters 0y = w, ¢ = /4 are shown.
At Figure 14, the wave normal ruled surfaces with base ellipse x = a cos u; y = b sinu; a=3; b =2

and parameters 6y = m, ¢ = n/8 are shown. The figures of the wave surfaces are shown together with a supporting

ellipsoidal cylinder.
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Figure 13. Wave normal ruled surfaces with a base ellipse, 8o=n, c= /4
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Figure 14. Wave normal ruled surfaces with base ellipse, 00 = /2, ¢ = /8
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At Figure 15, the wave normal ruled surfaces with a base ellipse x =a cosu; y =bsinu;a=3;b=2
and parameters 0y = 0,75n. ¢ = n/8 are shown. The figures of the wave surfaces are shown together with a sup-

porting surface of constant slope.
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Figure 15. Wave normal ruled surfaces with a base ellipse, 80 = 0,75x, ¢ = /8

It’s seen from the shown figures of the wave normal ruled surfaces that the modules of waved normal
ruled surfaces with parameters p = 0 u p = —1 may intersect themselves and it depends of amplitude or cosine
and the length of the generating straight lines.

The wave normal ruled surfaces with uneven number of oscillation x = 1, 3, 5, ... will be unlocked (Fi-
gure 13, a, b). If k = 2.6, 10, ... (x/2 is uneven number) then the locked surface with one xOz plane of symmetry
will be formed; if « = 4.8, 12, ... then the locked surface with two planes of symmetry xOz, yOz will be formed.

Conclusion

The manuscript considers the geometry of normal ruled surfaces that are formed by moving straight ge-
nerating line at the normal plane of any base directrix curve. The generating straight line rotates at any law given
in advance at the normal plane of the base directrix curve. The vector equation of the surfaces and the coeffi-
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cients of the fundamental forms of these normal ruled surfaces are presented. It is shown that curvilinear coordi-
nate system of the normal ruled surfaces is orthogonal but non-conjugated in common. So, the generating
straight lines of the normal ruled surfaces are not the lines of principle curvatures of the surfaces in general.
The condition when the coordinate system will be conjugated and the normal ruled surface will be developable is
received. The figures of the normal ruled torus surfaces with plane base directrix curves which are the surfaces
of constant slope and figures of torus normal ruled surfaces with space base curves such as helix and conical spi-
ral are shown.

There are considered the subclasses of the normal ruled surfaces:

a) the screw normal ruled surfaces, that are formed by the movement of the generating straight line at
the normal plane of the base directrix curve with linear law of rotation of the generating line due to the coordi-
nate parameter of the base curve. If the base curve is a straight line one can receive the classic helix;

b) the wave normal ruled surfaces, that are formed by the oscillation of the generating straight line at
the normal plane of the base directrix.

In a paper, the figures of screw and wave normal ruled surfaces with different parameters are presented.

The figures of the surfaces are realized with using of the program complex MathCAD.

It is shown the possibility to construct the different forms of the normal ruled surfaces, which may be used
in building, machine building, air production and other technic area.
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JIMarHocTMKa TOHKOCTEHHbIX KOHCTPYKIUMH CJI0KHOM FeOMETPHH U CTPYKTYPbI
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Hcropus cratbn AHHoTanus. [IpuBeneHBI OCHOBHBIC JTAIbl POXKICHHUS TOHKOCTEHHBIX KOHCTPYK-
[Nocrymuna B pepaxumto: 12 centsidps 2021 r. U, U3MECHEHMSI UX OTHOCHUTCIHLHOM TOJIIMHBEI M MAcChl CAMHUYHON IIJIOIIAJIH;
Jopaborana: 5 HosOpst 2021 r. yKa3aHbl yTH CO3IAHUSI COBEPIICHHBIX TOHKOCTEHHBIX KOHCTPYKIHMHA. OTMEUeHBI
IMpunsra k myOmukamuu: 15 Host6pst 2021 . Ipo0IeMbl, BO3HUKAIOLIUE B POLIECCE IKCILTyaTalluii TOHKOCTEHHBIX KOHCTPYKLIUIH

CIIO’KHOM T'€OMETPHH, a TakKe MOAXOIbI M MEeTOABl MX pacdera. [ obecredeHus
0e3aBapuiiHON PabOTbl TOHKOCTEHHOW KOHCTPYKLUHM C TOHKOCIOHHBIM IOKpBI-
THEM, HaXOSIIXCS 110]] HArpy3KOH M MCIBITHIBAIOIINX BO3IEHCTBIE (PU3NUECKUX
nojie u cpel, HeOOXOIUMO I'PAMOTHO JUArHOCTUPOBATh COCTOSHUS 3IEMEHTOB
KOHCTpyKUnH. OTMeuaeTcs CIUTalHOBBIA BapUaHT METOAa KOHEUHBIX JIEMEHTOB
B aByMepHoll (CB MKD3-2) u tpexmepHoil (CB MKD-3) noctaHoBkax, a Takxe
cunHTe3 TuX BapuantoB — CB MKD3-2 + CB MKD2-3. Coueranue uuen napamer-
pusanuy Bcell 00JacTH U alIpoKCHMAalUs UCKOMBIX NMEPEMEHHBIX B Ipefenax
9JIEMEHTa S)PMHUTOBBIMHM KyOWYECKHMH CIUTAifHAMM MO3BOJISET IOJIy4aTh BHICOKO-
TOYHBIC COI'JIaCOBAHHBIC KOHCYHBIC DJICMCHTHI. PaSpaGOTaHHbIC BapuaHTbl ME€TOJa
KOHEYHBIX JJIEMEHTOB JalOT BO3MOKHOCTH OLICHUBATh HANPSHKEHHO-1e(hOPMUPO-
BaHHOE COCTOSHME KOHCTPYKLHUH CIIOXKHOW IeOMETpUM, B TOM YHCIIE pacdeT
MHOTOCJIOMHBIX, TOHKOCTEHHBIX KOHCTPYKIHUHA C TIOKPHITHEM U JIOKAIBHBIMH Jie-
(beKTaMI/I, a TaK)K€ Y4UTBhIBATH CHC]_II/I(l)I/I‘{eCKI/IC TIOBEPXHOCTHBIC CBOﬁCTBa, OTJINY-
HBIE OT CBOMCTB OCHOBHOT'O MacCHBa. PaccMaTpuBarOTCs HCCIIeNOBaHHS KOHIICH-
TpalMU HANPsDKEHUH OKOJIO JIOKaNbHBIX yriryOneHuil. OTMeualoTcst AByMEpHbIE
9KCIEPUMEHTATBHO-TEOPETHIECKHE METOABI OLICHKH KECTKOCTHBIX CBOWMCTB U
aJirc3uu TOHKOCTCHHBIX, TOHKOCJIOHMHBIX U KOMITIO3UIIMOHHBIX JJIEMCHTOB KOH-

CTPYKIHMH CIIOKHOW CTPYKTYpBI, KOTOPbIE Hapsy C paclpeeeHHON CIOXKHOM
CTPYKTYpOH MOTYT UMETh pacrpesieneHHble qedekTsl. Pa3paboTku ncnosib3oBa-
HBI IIPY PEIIeHNH KOHKPETHBIX 33/1a4 psijia MpeapUsTHHA.
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Diagnostics of thin-walled structures of complex geometry and structure
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Article history Abstract. The main stages of the birth of thin-walled structures, changes in their
Received: September 12, 2021 relative thickness and mass of a unit area are given; ways of creating perfect
Revised: November 5, 2021 thin-walled structures are indicated. The problems arising during the operation of
Accepted: November 15, 2021 thin-walled structures of complex geometry, as well as approaches and methods

of their calculation are noted. To ensure trouble-free operation of a thin-walled
structure with a thin-layer coating, under load and exposed to physical fields and
environments, it is necessary to correctly diagnose the condition of structural
elements. The spline variant of the finite element method in two-dimensional
(SV FEM-2) and three-dimensional (SV FEM-3) productions is noted, as well as
the synthesis of these variants — SV FEM-2 + SV FEM-3. The combination of
the idea of parametrization of the entire domain and approximation of the desired
variables within the element by Hermitian cubic splines makes it possible to obtain
high-precision consistent finite elements. The developed variants of the finite
element method make it possible to evaluate the stress-strain state of structures
of complex geometry, including the calculation of multilayer, thin-walled struc-
tures with coating and local defects, as well as to take into account specific sur-
face properties other than those of the main array. Studies of stress concentration
near local depressions are considered. Two-dimensional experimental and theo-

retical methods are noted for evaluating the stiffness properties and adhesion of
thin-walled, thin-layer and composite structural elements of complex structure,
which, along with a distributed complex structure, may have distributed defects.
The developments were used in solving specific tasks of a number of enterprises.
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Beenenue

[To3HaBast OKPY>KAFOIIHI MUP | PeITias BO3HUKAIOIINE MPOOIEMBI, YEIOBEUECTBO TPOITLIO OOJNBIIION ITyTh Pa3BH-
tus. K Hauamy snoxu Bo3poskaeHus nmpakTudecku ObUIa 3aBepIlieHa 3aKiaaka (hyHIaMeHTa MHOTHX HAyK, B TOM YHUCIIE
MaTeMaTUKH U MEXaHWUKHU. B 94acTHOCTH, M300pETEHBI KOJIECO M PhYar Kak OCHOBA MAIlIMHOCTPOSHUS; KHPITHY, OCTOH
W KpHUBOJMHEHHBIE (POPMBI KaK OCHOBA CTPOWTEIHFHOTO Jefa; chOpMyIMpOBaHA METOJOJIOTHS TIO3HAHWS M Pa3BUTa
TEXHUKa SKCIICPUMEHTa; OCYILIECTBIICH TEPeX0 Ha MO3UIMOHHYIO CHCTEMYy CUMCICHHS Ha 0ase apabckux mudp
Y Ha CHCTEMY MaTEMaTUYEeCKUX CUMBOJIOB OCHOBBI COBPEMEHHON MAaTEMATHUKU U BEIYUCIUTEIHHOM TEXHUKH.

CoBpeMeHHass MexaHHKa OypHO pa3BUBAeTCs, ed eIle MPeJCTOUT PEIIUTh MHOTO Ipo0JieM, KOTOpPBIE CTa-
BUT TIepe]l Hel COBpeMeHHOe OOIIeCcTBO, MPeXk/Ie BCEro MpodIeMbl IPeJOTBPaIleH!s] TEXHOTEHHBIX KaTtacTpod
U pelIeHue BOMPOCOB IKOJIOTUHU, CO3[JaHUE JIETKUX U MPOUYHBIX TOHKUX CTPYKTYp M UCCIEIOBAaHUE X CBOMCTB B
Pa3IMYHBIX cpefax v (GU3MUSCKUX MOIAX U T. 1.

B nccnenoBanmm oTMedaroTcsi Hanboee BayKHBIE ITAIbl POXKICHUS TOHKOCTEHHBIX KOHCTPYKIUH B CTPOU-
TCJIBHOM JCJIC. OT KaMCHHBIX TJI6I0 J0 HU3AIIHBIX TOHKOCTCHHBIX KOHCprKIII/Iﬁ CJII0KHOM reéoMETpUH, ABJIAIO-
IIUXCSl BEHIIOM UX pa3BUTHUS. TOHKOCTCHHBIC KOHCTPYKIIHH, COYCTAIONIUE B Ce0€ JISTKOCTh C BBICOKOW MPOYHO-
CTBIO, HAXOMAT IMIMPOKOE MPUMEHEHHE B CTPOWUTENHCTBE M MAITMHOCTPOCHHH, B aBHa- U PAKETOCTPOEHHH, KO-
pabnectpoenun, HepTeXUMHUHU | T. 1. MicTopuueckue acrekThl pa3BUTHS TOHKOCTEHHBIX KOHCTPYKIHH TTO3BOJIS-
0T BBISIBJIATH aKTyalbHbIE TIPOOJIEMBI ¥ HAMTPABIICHUS NaTbHEUIIIETO UX PA3BUTHS.
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CoBpeMeHHBIE TOHKOCTEHHBIC KOHCTPYKIMU BOCIIPMHUMAIOT OOJIbIIME HArpy3Ku, padOTar0T B arpeccHB-
HBIX cpellaX, UCIBITHIBAIOT BO3AeHCTBHE (Du3nueckux moiyieil. B mpolecce sKcruyaTanuu B 3JIEMEHTaX KOH-
CTPYKUIMH BO3HHUKAIOT Ae()EKTHl, B TOM YHCIIEe KOPPO3HOHHBIE. B paboTe oTMeuaroTcsi HEKOTOpBIE MPOOIEMBI,
BO3HHUKAIOIIUE B IIPOLECCE IKCIITyaTallMd TOHKOCTEHHBIX KOHCTPYKITUH.

IupokoMy pacmpoCTpaHEHUIO TOHKOCTEHHBIX KOHCTPYKIUH CIMOCOOCTBOBAIHM TEXHOJIOTHUYECKUE BO3-
MOYKHOCTH, & TaKXke YCIEIIHOE pElIeHHEe HAy4YHBIX HpoOieM, B YacTHOCTH pa3paboTKa TEOpHH O00O0JOYEK.
K 1960-1970-m rr. ObLTH pa3paboTaHbl ) (eKTHBHBIE METOABI pacueTa TOHKOCTEHHBIX KOHCTPYKIHMA Ha 0Oaze
Teopur 000s049ek. OTMEUaroTCs MOAXO0Ibl pacyeTa TOHKOCTEHHBIX KOHCTPYKIMH CIOKHOW I'€OMETPHH, aKIIEeH-
TUpPYeTCsl BHUMaHUE Ha CIUIAHOBOM BapuaHTe MeToJa KOHeuHBIX sseMenToB (MKD) kak addexkTuBHOrO MeTO-
Jia pacyerta HanpsokeHHO-IedopmuposanHoro coctosiHus (H/IC) obonoyek ca0xKHOM reoMeTpuu.

B HacTosimee Bpems HaOMIOJaeTCsl BCEBO3pACTAIOIIEee NPUMEHEHHE Pa3IWIHbIX TOHKOCTEHHBIX U TOHKO-
CIIOMHBIX KOMITO3HMIIUH CIIOKHOH CTPYKTYPBI C YHUKAILHBIMH (PH3HKO-MEXaHUYECKUMH CBoicTBaMH. Bompock
ONpeAeNeHHsl )KECTKOCTHBIX CBOMCTB TOHKMX KOMIO3WIMH CIOXHOW CTPYKTYpPBI M OLIEHKH HX JOITOBEYHOCTH
SBJSIETCSL YpEe3BbIUAMHO akTyanbHbIMU. B pabote yznensercs BHumaHue 3¢G¢GEKTUBHOMY 3SKCIEPHUMEHTAIbHO-
TEOPETHUECKOMY METOAY OLIEHKH KECTKOCTHBIX XapaKTePUCTUK TOHKOCTEHHBIX M TOHKOCJIONHBIX KOHCTPYKITHIA
CJI0KHOM CTPYKTYpPBI M TEOMETPUH M aT€3MOHHBIX CBONCTB pa3IHYHBIX OKPBITUH.

Po:xieHUe TOHKOCTEHHBIX KOHCTPYKUMA B CTPOUTEJILHOM Jejie

Bces pedarenpHOCTD YenmoBeKa, HaurHas ¢ TITyOOKOW IPEBHOCTH W 10 HACTOSIIETO BPEMEHH, TECHO CBs3aHa
co ctpoutenbcTBoM [1-3]. [Ipenku U3 OPOH30BOM 3MOXU OCTABHIIN IMOCIIE Ce0s KOMIO3UIIMKA M3 MACCUBHBIX Ka-
MEHHBIX OJIOKOB (MEHTHPBHI, JOJIbMEHBI U Kpomiexu). B /Ipeaem Erunte coopykeHbI rpaHAMO3HbIE KaMEHHBIS
MUPaMUBI, CTPOUTETEHBIMH JIEMEHTaAMH KOTOPBIX OBLTH TpEXMEpHBIE KaMEeHHbIE OJIOKH M BBICYIIICHHBIE HA COJTHIIE
KApnu4d. [IpeBHHE rpeky MCIOJIb30BANN KaMEHHbIE OJIOKH, KUPIIMYHBIE CTEHBI U JIepeBsHHbIE Opychs. [IpopsiB
B CTPOUTEILHOM Jienie ObuT cienaH B J[peBHeM Pume Omaromaps n3oOpeTeHHIO OETOHA, KOTOPBIM JTal BO3MOXK-
HOCTh peajM3alliy CIOXHBIX KOHCTPYKTHUBHBIX (popm. [lomyumnu pa3BuTHE apodHbBIE CTPYKTYPHI, MOSIBHINCH
0oJbIIMe KaMeHHbIE TOoayc(heprUecKUe KyImoyia — MPOCTPAHCTBEHHOE pa3BUTHE apok. B BusanTtum u B ucnam-
CKHX CTpaHax IIMPOKOE PACIPOCTPaHCHHUE MONYYMIN KYIIOJia, ONMUPAOIIUECS Ha apKu. B apxutekrype mciam-
CKHX CTpaH MOSIBUIIUCH aPKHU CO CIIOKHBIM KOHTYPOM, B OTIMYHE OT apOK MOIYKPYTIONH (POPMBI, UCTIOIH3yEMbIX
B JlpeBHem Pume. HoBbie opMBI mMenH OOJBIIYIO BHIPA3UTEIEHOCTh W BBITOJTHO OTIMYAIHNCH B MTPOYHOCTHOM
OTHOLICHUHN — HAJIMYMUC YTJIa Ha BEPUIMHE apKU HCKIIHOYai0 BOSHUKHOBCHUC 30HBI PACTAXKCHUA U YBCINYHUBAJIO
HAJIeKHOCTh KOHCTPYKIIUU TIPU 3€MIICTPSICEHHSIX.

B XII B. B CIaMCKHX CTpaHaX MOSBIINCH IBYXCIIOMHBIC, TOQPHPOBAHHBIE M COCTABHBIE KYII0JIa, KOTOPHIE,
MTOMHUMO apXUTEKTYPHOU BBIPA3UTEIHLHOCTH, CYIIECTBEHHO YIPOYHSIIA KOHCTPYKIIHIO KyToJia B 1ieioM (puc. 1).

Puc. 1. Ot rnagkux KaMeHHBIX KYTIOJIOB JI0 TO(pPHPOBaHHBIX
Figure 1. From smooth stone domes to corrugated

Heckonpko 1mo3ke B CTPOUTENBHBIX KOHCTPYKITUSX POMAHCKOW apXUTEKTYPhI TOTYUMIH PACIPOCTPAHCHUE
CBOJIBI W KYIIOJIa, yCHIICHHBIE peOpamu. B rorudeckoli apXMTEKType Pa3BHIU TEXHOJIOTHUIO COOPYKECHHUS KOH-
CTPYKIUH U3 apoK, apkOyTaHOB, KOHTP(HOPCOB, UTO 00JIerdano nporecc cOOPKH KOHCTPYKIIMHU U TTO3BOJISLIO CO-
3maBath cioxHbIe kKommo3uiui. B X1V B. B Utanmuu u B XV B. B Apyrux cTpaHax 3anaaHoi EBpomsr Hawamach
snoxa Bo3pokneHus — CHHTE3 KOJIOHHA/, apOYHBIX rajiepei, CBOJ0B U KYTOJIOB, KOTOPhIE MPUAAIN MOCTPOITKaM
BEIIMYECTBCHHOCTD.

[TepBbie kymosia OBUIA TOJICTOCTEHHBIMH KaMEHHBIMHU 000JI0YKaMH TIEPEMEHHOH XecTKoCcTH. Tommuna A
Kymosia puMmckoro IlanTeona MeHsics OT 2,5 M y ocHOBaHUA 10 1,4 M B BepUIMHE MPH JUAMETPE OCHOBAHUS
D = 2R = 43.3 M; OTHOCHTEBHAS TOIIIMHA cocTaBisiia A/R = 1/8,7-1/15,5. K XIX B. oTHOCHTEILHAS TONIIHHA
KYTIOJIOB CHU3MIIAch 10 1/25. PoxneHne >kene300eToHa CrIocOOCTBOBAJIO CIEAYIOIIEMY KPYITHOMY CKa4Ky B CTPOU-
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TENBHOM JIeJie — TOJIIMHA ITOKPBITHS 3aHMs ¢ AuamMeTpoM Kymona 40 M B ropoxe Mene (epmamus, 30-¢ TT.)
COCTaBMJIa BCETO 6 CM, TO €CTh OTHOCHTENbHAs TommuHa /#/R = 1/333! C OTHOCHUTEILHON TOJIIMHON CBs3aHa
Macca eIMHUYHOH TUIOMIAIU MOKPEITHA ;. Ecin Macca KBapaTHOTO MeTpa JPEeBHEPUMCKOTO KAMEHHOTO KYTO-
7a cocTaBsuIa okoo m; = 8000 Kr/M%, TO y KeNle306eTOHHBIX TIOKPBITHIT OHA CYIIECTBEHHO CHU3MIIACK: €IMHIY-
Has Macca KyTola pelHKa ¢ mpojieToM B 76 M B Jleitnure (I'epmanus) coctaBuia ny = 476 Kr/M%, a KBaJpaTHBIH
MeTp MOKpHITHS 31aHus B T. Anzepcone (CIIIA) cocraBuma Beero m; = 256 xr/m*. CieayromuM KpyIHBIM a-
TOM CTall0 HCIIOIF30BAaHME METAUTUYeCKuX MOKphITHH. [losBumch rmaakue (MeMOpaHHBIE), ITOJKpPEIUICHHBIC
pebpamu, ToOpHUPOBAHHBIE M ceTYAThIe TOHKOCTCHHBIE TOKpHITHA. B 1896 1. mmkenep B.I'. IllyxoB mpomeMon-
cTpupoBan Ha Hukeropoickoil BEICTaBKE COOPYKEHHE ¢ MeMOpaHHOM Kphbiieli. MeMOpaHHbIE TTOKPBITUS CHH-
MaJTi BOTIPOC 00 YCTOMYMBOCTH KOHCTPYKIUH, TIPY STOM TIepeada yCUIINH PacTsHKEHUEM — OJIMH U3 BHITOJIHBIX
CIToco00B paboOTHI KOHCTPYKIHH. [IprMepoM MeMOpaHHOTO MOKPBITHSA pa3zMepoM 224x183 M SIBUIICS CTaIvoOH
«Onmumnuiickuin» (MockBa), eAMHUYHAS MacCa MOKPBITHA U3 CTAJIbHBIX JINCTOB TONIIMHONW 5 MM COCTaBHMJIa BCe-
ro m; = 39 xr/mM*. Bonbmioi 3(peKT Tat0T MOKPHITHS U3 ATFOMHHUEBEIX cITaBoB. Tak, eqMHMYHAS Macca chepu-
YeCKOT0 KyToJja U3 TopUpOBaHHBIX MaHeNeH ToMUHON 3,2 MM nuameTpoM 91,5 M u cTpenoii mogpema 25,9 M
B Jlourssio (CILIA) causunack 10 m; = 22,6 Kr/M” Ipu OTHOCHTENIbHOM TonmuHe A/R = 1/143.

B cTpoutenpHOM Jienie YenoBEYECTBO MPOILIO OONBIIONW MyTh: OT HE3aTCHIMBBIX KAMEHHBIX JIOJIEMCHOB
OpOH30BOH AMOXU JI0 M3SIIHBIX TOHKOCTEHHBIX MOKPBITHIA, OT MPUMHUTHBHBIX TITHHSHBIX IOMOB JI0 CTOSTaXKHBIX
KHITBIX KOMIUIEKCOB; OT KAMEHHBIX MEHTHPOB JI0 aXKYPHBIX ISITHCOTMETPOBEIX Tenebamien. CoueTanne paszind-
HbBIX KOHCTPYKTHBHBIX (1)0pM 1 MaTCpUaJIOB IMO3BOJIUIO CO3JaTh BECINMYCCTBCHHBIC U TAPMOHUYHBIC CTPOUTECIIb-
HBbIE KOHCTPYKINH (pHUC. 2).

Puc. 2. TOHKOCTEHHBIC U TOHKOCJIOMHBIE 3JIEMEHThI KOHCTPYKIMI CI0XKHOM F€OMETPUH U CTPYKTYPbI
Figure 2. Thin-walled and thin-layered structural elements of complex geometry and structure

[InpokomMy pacmpoCTpaHEHHIO TOHKOCTEHHBIX KOHCTPYKIIHHA CIOCOOCTBOBAIM TEXHOJIOTUYECKHE JOCTH-
JKEHHS, YCIIEIIHOE PelIeHre HayYHBIX 3aJjad TeOpuH 000JI0UeK U pa3BUTHE METOJ0B pacuera. Bee aTo mo3Bonu-
JIO CO3/1aBaTh OTHOCUTEIBHO COBEPLIECHHBIE TOHKOCTEHHBIE KOHCTPYKIIUH U COOPYXKEHHs. XOTS 10 OTHOCUTEIb-
HBIM Ka4eCTBEHHBIM NapaMeTpaM PyKOTBOPHBIE KOHCTPYKIIMH BCE €Ie OYEHBb NaJIeKH OT YHHKAIBHBIX MPUPOJI-
HBIX 00BEKTOB, B KOTOPBIX (JOpMa M MaTepHuall Ka)KI0To JIeMEHTa TAPMOHUYHO COUYETAETCs ¢ UX (DyHKIIHOHAIb-
HOCTBIO.

I'myboxoe n3ydeHne mpUpOTHBIX KOHCTPYKIUN, OCBOSHHIE HOBBIX TEXHOJIOTHI IPOU3BOJICTBA M COBEPILICH-
CTBOBAHHE METOJIOB pacueTa MO3BOJHUT B OYIyIIeM CO3/1aBaTh Oojiee M3SAIIHBIE U BEIPAa3UTEIbHBIE PYKOTBOPHBIE
TOHKOCTEHHBIE KOHCTPYKIIUHU CJIOKHOM T€OMETPHUH U CYIIECTBEHHO PACIIUPUTh UX IPUMEHEHHE.

Bo3nukamue B nponecce IKCIJIyaTAlMy NPodjieMbl

KoHncTpykiny npeqHa3HadeHBI ISl BBHITIOTHEHHS OIPEACICHHBIX (YHKIUH B TE€UYEHHE 3aJJaHHOTO CpPOKa.
K cosxanenuro, MHOTHE U3 HUX, HE OTpab0TaB 3aJJaHHBIN CPOK, paszpymatotcs. C pacumpeHreM o00JIacTy mpuMe-
HEHHSI TOHKOCTEHHBIX KOHCTPYKIHMH, B TOM YHCJIE AJISl OTBETCTBEHHBIX M3JEIUH HEPTEXUMUHU U PUOOpOCTpoe-
HUU, aTOMHOH 1 aBUAKOCMHYECKOH MTPOMBINUICHHOCTH, TIOCTOSTHHO Y)K€CTOUYAIOTCSI TpeOOBaHUSs, IPEABIBIIEMbIE
K MX Ka4eCTBY W HanexkHOCTH (pyHKImoHuUpoBaHma. ObecredeHne 0e30MacHOCTH KOHCTPYKITUH SBIISICTCS BaK-
HOM mpobsiemoii [4—6], kotopas Bxoaut B Ilepeuens kputnueckux Texnonoruii Poccuiickoit deneparun (1. 21).

CoBpeMeHHBIE TOHKOCTEHHBIE KOHCTPYKIIMH COCTOST HEIOCPEJICTBEHHO W3 HECYIIEro TOHKOCTEHHOTO
dJIEMEHTa W 3aIIUTHOTO MOKPHITHA. J{JIs 3aIIuThl HECYIIUX 3JIEMEHTOB KOHCTPYKIMH OT KOPPO3WH W JPO3HH,
OT BBICOKHX TEMIIEpATyp U OTHS, OT BUPYCOB U OaKTEpHii, OT Pa3IMYHbIX MOJCH U CpPell, a TAKKE AJISl TIOTIIONIe-
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HUSI BOJIH 33/IAHHOTO JTHAIia30Ha aKTUBHO Pa3padaThIBAIOTCS PA3INYHbIC KOMITO3UIIMOHHBIC TIOKPBITHS, B TOM YHCIIC
(YHKIMOHAIBHBIE  HHTEIUIEKTyanbHbIe [7—10].

B mpormecce akcmmyaTanui TOHKOCTEHHBIX KOHCTPYKIWH BBIXOISAT W3 CTPOS 3alUTHBIC TOKPBITHS BCIEI-
CTBHE M3MCHEHUsI CBOMCTB TIOKPHITUS U aJire3uBa. B pe3ynbrare 3TOro Ha MOBEPXHOCTH 3JIEMEHTA KOHCTPYKIIUH
BO3HUKAIOT pa3linuHble Je(eKThl (IapaliHbl, TPEIIUHbI, BMATHHBI U T. [I.), IPOUCXOJUT KOPPO3HMOHHBIA M3HOC,
MOSIBIISIIOTCA JIOKaJIbHBIE YITTYOJeHUs U T. 1. Bce 3To IpUBOIUT K CYIIECTBEHHOMY MEpepactpeelICHUI0 HalpshKe-
HU B 3JIEMEHTaX KOHCTPYKIHUH, K M3MEHEHHIO MEXaHHMUYECKHX CBOMCTB IMOBEPXHOCTHBIX CIIOEB TOHKOCTEHHOTO
aJIeMEHTa KOHCTPYKITHH, a B 00JIACTH JIOKATBHBIX AePekToB (prc. 3, 4) BOZHUKAIOT KOHIICHTPAIMH HATIPSHKECHHH.

Puc. 3. Koppo3noHHBIiT H3HOC 3JIEMEHTOB KOHCTPYKLMHU KpynHOorabapuTHoit rpagupau ITAO «HuxHeKaMCKHEDTEXUM»»
Figure 3. Corrosion wear of structural elements of a large-sized cooling tower of PJSC “Nizhnekamskneftekhim”

Puc. 4. VI3H0C 1 pa3pyLieHne JIEMEHTOB KOHCTPYKIMH KpyItHoradaputHoro orcroitaika ITAO «HimkHekaMCKHEGTEXM»
Figure 4. Wear and destruction of structural elements of a large-sized sump of PJSC “Nizhnekamskneftekhim”

s obecnieuenns Oe3aBapuiiHONH pabOThl KOHCTPYKLHMH C MOKPBITHEM, HAXOISAIMIMXCA TOJA HAarpy3kod U
WCTIBITHIBAIOIIUX BO3ACHCTBHE (DPU3NUECKUX MOJIEH U cpell, HEOOXOOUMO TPAMOTHO TMarHOCTHPOBATH COCTOSHUS
3JIEMEHTOB KOHCTPYKIMH, JOCTOBEPHO OLICHWBATh HECYILYIO CIIOCOOHOCTh COCTaBHBIX 3JIEMEHTOB, BKIIIOYas CO-
CTOSTHHE TIOKPBITHS M aare3unBa. J{Jsl pelieHns 3Toi KOMIUIEKCHON Mpo0ieMbl He0OOXOAUMO yMETh ONpEAeysTh
M3MEHEHUS J)KECTKOCTHBIX CBOMCTB MOKPBITHHM M aAre3Un TOHKOCIONHOTO MOKPBITHA ¢ TOHKOCTEHHBIM 3J€MEH-
TOM, a TaK)K€ OLIEHMBATh W3MEHEHUE JKECTKOCTHBIX CBOWCTB IIOJ BO3IECHCTBUEM cpenbl M (pU3MUIecKuX MOoneH.
Pemenue npo6ieMbl TO3BOJIUT MPHOCTAHOBUTH Pa3pyIIeHUE W MPOJUIUTh «OKU3HBY KOHCTPYKIHMH, TO €CTh Tpe-
JOTBPAaTUTh TEXHOTCHHYIO U 9KOJIOTHUECKYI0 KaTtacTpody Jr000ro ypoBHSI.

IHoaxoasl pacyeTa TOHKOCTEHHBIX KOHCTPYKIMI CI0KHOM reOMeTpHHA

[Tox o0GomoukaMyu CIIOKHOW TEOMETPHH IMOAPa3yMEBAIOTCS 00O0JIOUKH, MMEIOIINE CIOXKHYI0 (GopMmy cpe-
JIUHHOW MOBEPXHOCTH M CIIOKHBIN KOHTYD [5; 11-13]. PaznnyaroT 000109k KAaHOHUYECKOH (hOPMBI, OTIHCHIBAC-
MbI€ aHATUTUYECKHUMHU (HOpMYIIaMH, a TaKkKe 0O0JOYKH HEKaHOHMYECKOH (POpMBI, KOT/1a HEBO3MOXKHO OIHCATh
¢dopmy ananuTrdecku. Bragane XX B. ObUIH 32JI05K€HBI OCHOBHI JINHEHHOW TEOPHH IUIACTHH U obosouek. [amee
€CTECTBCHHBIM HAIPABJICHUEM Pa3BUTHS CTala HEJMHEHHAs TeOpusi 000J0YCK, B KOTOPOH yUHUTBHIBAIOTCS HEJH-
HelHbIE KOMIIOHEHTHI B reoMmeTpuueckuX [14] u pusmueckux cootHomenwusx [15]. JIas rpaMOTHON AUArHOCTHKU
TOHKOCTEHHBIX 000JI0YEK CII0KHOM TeoMeTpruH He0OXOqUMO, MPEKIe BCEro, TOCTOBEPHO OIIEHWBATH MX HAIps-
JKeHHO-1eopMupoBanHoe cocrosiHue. Js pemienus 3Toi 3anaqu mo onpezencHuo H/IC TOHKOCTEHHBIX KOH-
CTPYKIIUI CIIOKHON reOMETPUU MPUBJICKAIOT U3BECTHBIC MOIXO/bI: METOJ KOHEUHBIX Pa3sHOCTEH, METOJ KOJLIO-
Kalli{, METOJ TPAHUYHBIX 3JIEMEHTOB, BapHAIIMOHHBIE METO/IbI, SKCIIEPUMEHTaNbHbBIE U 1p. [lonydaer pazButue
WUTEPaIMOHHbIN T0aX0 [16], MUPOKO UCTIONB3YETCS METO KOHSUHBIX JIEMEHTOB [17-39].
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B Teopun o6onodek npumenenne MKD Hadanoch ¢ MCIOIB30BaHMS TNIOCKHMX KOHEYHBIX 3JIeMEHTOB [17-26].
N3BecTHBI 351eMEHTHI, 0a3UPYIONTHUECS HAa COOTHOMICHISIX TPEXMEpHOU Teopuu yrpyroctu [17-19; 27]. s pac-
YeTa TOHKOCTEHHBIX KOHCTPYKIIMI €CTECTBEHHBIM SIBIISIETCS 000JIOYeUHBINH Toxo 1, Hampumep [17-19; 28-35].
MHorocoliHble KOHEUHBIE 3JeMeHTHI [36—38] momy4aroT, Kak MpaBHiI0, HA OCHOBE TPEXMEPHOTO KOHEYHOTO
3JIEMEHTA CILIOUIHON CpPEeJbl C JIMHEHHON almpOKCUMAIUEH O TOJIIUHE C MCIIOJIb30BAHUEM O0OJOYCUHBIX TH-
note3. iMeroTcs paboThl, B KOTOPBIX paccMaTpuBaroTcs Oonblme aedopManuy, B yactHoctu [17-19; 39].

CnaiiHOBBIH BAPHAHT METO1a KOHEYHbIX 3JIEMEHTOB
st pacaera HAC 000109ek CJI05KHOMH reoMeTpuu

CoBpeMeHHasi TEXHOJIOTHS MO3BOJISET B ONPEACICHHON CTEIIEHN M3TOTABIMBATH 000JI0YCUHBIC KOHCTPYK-
uu pa3nunyHoi (Gopmbl. OTHAKO BOMPOCH! OMpEAeTeHHs MPOYHOCTH MPH 3TOM He ympomarotcs. s addek-
TUBHOTO HCIIONB30BAaHMS TOHKOCTEHHBIX KOHCTPYKIIMH CIOXHOW (OpPMBI HEOOXOTUMO yMETh PACCUHTHIBATH
HJC Ttakux oObexTOB. Bo3HHMKaeT HEOOXOAMMOCTh Pa3pabOTKKM BBHICOKOTOYHBIX METOAOB pacdera 000J04YeK
CIIO’)KHOU T€OMETpHHU. B TpaguLIMOHHOM KOHEYHO-3JIEMEHTHOM IMOIXO0/E MIPH PACCMOTPEHUH OOBEKTOB CI0KHOM
TEOMETPHUH HEBO3MOXHO 00ECIednTh COBMECTHOCTH DIIEMEHTOB, He 0OecleunBaeTcsl Aake Hepa3phIBHOCTH I10-
Jiel epeMeneHnH 1Mo Bcel JIMHUK COCeNHUX 3JIEMEHTOB, HallpUMep TPU PACCMOTPEHUH HM30TapaMeTPUIeCKUX
3IIEMEHTOB.

D¢ dhexTHBHBIM METOIOM 000JI0UETHOTO MOAX0a ABIseTCs cIutaitHoBbIi BapuanT MKO (CB MKD-2) [40-42],
OIIEHKa TOYHOCTH CXeMbl BhIonHeHa B [43]. Ha mepBoM atare perraercs 3agada mapamMeTpH3allii pacCMaTpH-
BaeMoro o0bekTa. Mcnonp3yercs anmpoKcHMAaIHs MCKOMBIX HEM3BECTHBIX KyOWYeCKHMH CIUIaiHAMH B IIpeje-
Jax Kaxkmaoro anmemeHTa. Ha 6aze BapuammonHoro Merona Jlarpanka moiy4aroTcs HelTMHEeHbIe ypaBHEHUS PaB-
HoBecHa. Ha kaxgom miare pacdera HampsKeHHO-Ie(hOPMAIMOHHOTO COCTOSHESI pacCMaTpHBaeMOTo OOBeKTa
MPOU3BOAMTCS BHIYMCICHHE METPUKHU, TEH30POB HANPSDKEHUH U JiehopMallvii, KOPPEKTUPOBKA T€OMETPUICCKHIX
U MEXaHWUYECKHUX IMapaMeTpOB, YTO MO3BOJSIET JOCTATOYHO TOYHO MPOCISKUBATH Mporiecc AePopMHUPOBAHUS.
ANTOpUTM MpOrpaMMBI TIPEyCMaTpUBAET paciapalieIiBaHHe BEIUUCICHUS OTAEIBHBIX OIIOKOB C LEIhI0 YCKO-
peHus cuera.

O06onoueynsie Mozeny, B ToM urcie CB MKD-2, B cuity IByXMEpHOCTH NIOCTaHOBKH, HE TIO3BOJISIIOT OTIpe/ie-
JSTH HAIPSKEHHO-Ie(OPMUPOBAHHOE COCTOSTHUE JeeKTHHIX 00nacTell THIIa HECKBO3HBIX TPEIINH, JIOKAIhHBIX
yriryosneHnii u 1p. Bo3HuKaeT He0OX0IMMOCTE UCITONB30BaHUS TpeXMepHBIX Mofenei. Mnes CB MKD-2 passu-
ta ans pacuera H/IC snemeHToB KOHCTpyKuuit B TpexmepHoil nmocranoBke CB MKD-3 [44; 45]. Couetanue
UJeH TIapaMeTpU3aIui Bcell 00JacTH U ammmpoKCHMAaIUsl HCKOMBIX TIEpEMEHHBIX B Mpeenax KakKIoro dJeMeHTa
SPMUTOBBIMH KyOMYECKHMH CIUTaifHAMH TO3BOJISIET ITOJyYaTh BHICOKOTOYHBIE COTJIACOBAHHBIE KOHEYHBIE dIIe-
MeHTHL. Pa3paboTaHbl YHCIIEHHBIE MOJENH UIMHIPHYECKUX, TOPOUAATBHBIX U IUKIUYECKUX 000JI0YEK CIIOXK-
HOW T€OMETPUHU TPEXMEPHBIMH KOHeuHbiMU diieMeHTaMu CB MKD-3 u uccnenoBaHbl KOHIIGHTPALMU HATIPSKE-
HUH B 00JIACTH JIOKANBHBIX yriryOnenuit (puc. 5) [46—48].

Puc. 5. JlokanbHble yriry0OieHHs B TOPOUJATBHOM, MIMHIPUYECKON U IIUKINIECKOH 000I0UKaX: cXxeMa MO
Figure 5. Local depressions in toroidal, cylindrical and cyclic shells: model scheme

JlanbHelee pazBuTue crutaiiHoBoro Bapuanta MKD — pa3paboTka YHCIEHHOW MOJeNT CHHTE3UPOBAHHO-
TO 3JIEMEHTa CJI0XKHOM IeOMeTpHUU Ha 0a3e TPEXMEPHBIX 3JEMEHTOB C KyOMYEeCKOH anmpoKcHMaluel HCKOMBIX
MEPEMEHHBIX BO BCEX TPeX HAIPAaBICHHUIX paccMaTpUBaeMOW 00JAaCTH M ABYMEPHBIX AJIEMEHTOB C KyOM4eCcKOi
anmnpoKcuManyeil HCKOMBIX MEPEMEHHBIX MO ee rpaHsM. PazpaboTaHHbie MOIenU MO3BOJSIOT onpenensts HJIC
MHOTOCJIOWHEIX [49] M TOHKOCTEHHBIX JIEMEHTOB C TOHKUM ITOBEPXHOCTHBIM TTOKPBITHEM (pHc. 6) [50].

Pa3paboTranHble BapHaHTBI METO]a KOHEYHBIX JIEMEHTOB MO3BOJISIIOT MPOoBOAKUThH olieHKy HJIC kKoHCTpyK-
LU CI0KHOW reOMETPHHU, B TOM UYHUCIIE pacuyeT MHOTOCIONHBIX, TOHKOCTCHHBIX KOHCTPYKUUH C MOKPHITHEM H
JIOKaJIbHBIMU Ie(DEKTaMH, a TaKkKE yUUTHIBATH CIELU(HIECKHE MOBEPXHOCTHBIC CBOICTBA, OTJIMYHBIE OT CBOMCTB
OCHOBHOT'O MaccCHUBa.
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Jlyis 3a7aHusl KOOPJMHAT CIIOMKHBIX MOBEPXHOCTEH W JIOKABHBIX Je(GEeKTOB pa3paboTaHbl criocoObl mapa-
METpHU3alUKU: TaTeHThI Ha u300peTeHue Ne 2374697, Ne 2517149, Ne 2665499 (puc. 7, 8).

<7 A

Puc. 6. O6nekThl uccnenopanus mo CB MKD3-2 (a), CB MK3-3 (6) u CB MK3-2 + CB MK3-3 (s)
Figure 6. Objects of research on spline version: FEM-2 (a), FEM-3 (6) and FEM-3 + SV FE-3 ()
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Puc. 7. IToBepxHOCTH CO CIOKHBIM KOHTYpOM (T1aTeHT Ne 2374697) Puc. 8. JlokanbHble yriayOiaeHus, clenok aedexra

Figure 7. Surfaces with a complex contour (Patent No. 2374697) (matent Ne 2517149)

Figure 8. Local indentations, defect impression
(Patent No. 2517149)

Pa3paboTku Mconp30BaHbI PH pacueTe Kopmyca KpymHoradbaputHoit rpagupan CK 1200, monactn BeH-
tisitopa 3toi rpaaupuu i [TAO «HwxHekamckHedTeXuM», U OLEHKH KOHIIEHTPAIMK HANpPsHKEHUH B 00-
JIacTH JIOKaJIbHOTO yrayonenus B Tpyoomposoae 1t OO0 «I asnpom Tpancra3z Kazaub». [Iporpamma pacuera
H/C nonarok padounx konec Typookommpeccopa Baenpens B HUU «Typbokommpeccop» u ap.

JKCNepUMeHTATbHO-TeOPeTHYECKHI MeTO/I OL[eHKH KeCTKOCTHBIX CBOICTB
TOHKOCTEHHBIX KOHCTPYKIHUH CJI0KHOI CTPYKTYPHI H TeOMeTpHHA

Hcxons n3 QpyHKIMOHATIBHOTO HAa3HAYCHUS, pa3padaThIBalOTCsl Pa3IUuHble TOHKOCTEHHBIE M TOHKOCIIOM-
HblE€ KOHCTPYKLUH, UMEIOLINE CIOXKHYIO CTPYKTYPY U F€OMETPHIO, B YACTHOCTH MHOTOCJIOWHBIE KOMIIO3UIOH-
HBIe 37eMeHTHI (puc. 9). ClokHast CTPYKTypa M TeOMETpHUsl BOSHUKACT U B MPOILECCEe HKCIUTyaTallud KOHCTPYK-
L1H, HaIIpUMep BCIEACTBHE KOPPO3HH, LIAPANNH U T. 1.

Puc. 9. IIprmMepbl TOHKOCTECHHBIX JIEMEHTOB KOHCTPYKIIHI CIIOXKHOM CTPYKTYPBI U T€OMETPHU
Figure 9. Examples of thin-walled structural elements of complex structure and geometry

Bo3HUKaOT TpyIHOCTH NPH ONHCAaHUM T€OMETPUHM M CTPYKTYPBl TOHKOCTEHHBIX 3JIeMEHTOB gaxe MKDO.
CrargapTHOE OIHOOCHOE WCITBITAHWE Ha PaCTSDKEHHE TOJOCKH HENPHEMIIEMO ISl OLEHKH JKECTKOCTHBIX CBOMCTB
TOHKOCTEHHBIX, TOHKOCIIOMHBIX ¥ KOMITO3UITHOHHBIX 3JIEMEHTOB CI0KHOM CTPYKTYPHI U HE IPUMEHHMO TSI MC-
XOJTHO HEIUIOCKUX JJIEMEHTOB.

Merton «uHaenTopa» [51] HeaddekTuBeH mpu uccaer0BaHUN 00Pa3LOB, HMEIOMIKX CI0XKHYIO CTPYKTYPY H
TP HATMYUHN HAHO- ¥ MUKPOJe(eKTOB. B 3apopIIieBOM COCTOSHUM HaXOTUTCSI MOJIEKYJISIPHBIN MOIX0 Ha 6a3e
MOII[HBIX KOMITBIOTEPOB, BOSHUKAIOT TPYAHOCTH MPU ONHCAHUU CIOXKHOM CTPYKTYPBI C pa3INYHBIMU CBOMCTBa-
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MU COCTABHBIX KOMITIOHEHT, a TaKXKe MPH 3aJlaHuU WHPOpMAIUK o Aedekrax Ha HAaHO-, MUKPO- H MAKPOYPOBHSX
omHoBpeMeHHO (puc. 10).

Puc. 10. HeB0o3MOXHOCTb MCIIOJIb30BaHUS H3BECTHBIX METO/IOB
Figure 10. Impossibility of using known methods

PaspaboTan 3(hHeKTUBHBIN TBYMEPHBIA SKCIEPUMEHTAIBHO-TCOPETHYCCKUI METO/ OILICHKH JKECTKOCTHBIX
CBOMCTB TOHKOCTEHHBIX, TOHKOCIOWHBIX U KOMIIO3UIIMOHHBIX 3JEMEHTOB KOHCTPYKIUN CIOXKHOU CTPYKTYPHI,
KOTOPBIE HAPSTy CO CIOXKHOUW CTPYKTYPOH MOTYT UMETh pactpenesieHable aeekTsl (puc. 11) [52-54].

PesunoBas chepuueckas
00os04Ka

DparMeHT yCTaHOBKH

Puc. 11. Cxema yCTaHOBKH:
1 — NCTOYHHK BO3/yXa; 2 — HI3MEPUTEIIbHBII KoMILTeKc; 3 — o0pasel; 4 — y3ell KpeIUIeH:s; 5 — MAaHOMETp
Figure 11. Installation diagram:
1 — air source; 2 — measuring complex; 3 — sample; 4 — mounting unit; 5 — pressure gauge

Merton Ga3upyercsi Ha 3KCIEPUMEHTAIbHBIX JAHHBIX U TEOPETHYECKHX COOTHOLICHMAX, IOJyYCHHBIX U3
HenMHelHo! Teopun 000104ek. Co3/laHbl YHUKAJIbHbBIC KCIIEPUMEHTAIBHBIC YCTAHOBKH U pa3pa0dOoTaHbl HOBBIC
criocoObl: mateHThl Ne 2184361, 2296976, 2310184, 2387973, 2403556, m0o3BOJIAIONIUE TOTYYaTh CTAOUIBHBIC
9KCIIEpHUMEHTAJIbHbIE MapaMeTpsl. VccnenoBansl pa3nuiHbele 00pasubl, B TOM YUCIE KOMIIO3HLIUOHHBIE CTPYKTY-
pHI [55; 56].

Pazpabotku ncnonb3oBansl B [IAO «HmkHekaMckHeQTeXUM» MpH ONpeAEICHUN MOAYJSL YIPYTOCTH TOH-
KOCTEHHBIX 3JIeMeHTOB KoHCTpykumi, B OO0 «I'a3npom tpancras Kazane» npu ananuse cocoOoB U Mopesen
OIIpEeIeNICHHUSI MEXaHUYECKUX CBOMCTB IOKPBITUH U aATe3UBa.

3KcnepnMeHTaJn,Ho-Teopeanecmlﬁ METOA OLICHKH aJIT€3UN HOKprTI(Iﬁ

[ToBepXHOCTHBIE TTOKPHITHS MO3BOJISIOT PEIIATh MHOKECTBO MPOOJIEM HAJICKHOCTH, JOJITOBEUYHOCTH U Oe3-
OITACHOCTH TOHKOCTEHHBIX KOHCTPYKIUH. OHU 00ECIIeUHBAIOT 3alUTY W U3OIIIUI0 TIOBEPXHOCTH H3/CIHM, pa-
0OTaroIMX B pa3jMyYHBIX Cpeax U IMOJ BO3ICHCTBHEM pa3auuHbIX (uzmueckux moner [7—10; 57]. [lokpeiTus
(hOpMUPYIOTCS Ha MOBEPXHOCTSAX KOHCTPYKIUH CIOXKHOW IeOMETPHH, HAPUMED HA IMIMHAPUICCKUX U TOPOH-
JANBHBIX TOBEPXHOCTAX TpyO. Mcxonms W3 yclnoBHWIA 3KCILTyaTalluH, pa3padaThIBAOTCS MOKPHITHS W aATe3WB
CIIOKHOHM CTPYKTYyphl. [Ipy BBIOOpE MOKPHITHS, aAre3uBa M TEXHOJOTHH €r0 HAHECCHHS IMOSBIIOTCS BOMPOCHI,
CBSI3aHHBIC C ONpPEACICHUEM UX HEOOXOIMMBIX T€OMETPUUCCKHUX M (PU3MUECKUX MapaMeTpoB, C OICHKOW MeXa-
HUYECKHX CBOWCTB U CPOKa UX CIY)KOBI B 3aBHCHMOCTH OT OKPY’KAlOIIeH cpelbl U (PU3NIEeCKUX TOJeH U T. M.
(puc. 12).

Bo3HukaeT HE0OX0AUMOCTD OIICHKHM CBOMCTB MOKPBITUH M a/I'€3MBa M 3aKOHOMEPHOCTH UX M3MEHEHUS IO/
BO3JICHCTBUEM CpPEJIbl, PU3NUCCKHUX TOJICH, ()OPMBI TOBEPXHOCTH U Jp. (puc. 13).
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Tlomnoxka + nmokpsITHE

e |

—— 1
[ ]

Komnosumms ¢ nedexrom
B BUJIE PACCIIOCHUS

Puc. 12. Conneunslie napyca LightSail-1 u Termmoorpaxkarorrie MeMOpaHbI
Figure 12. LightSail-1 solar sails and heat-reflecting membranes

Puc. 13. CxeMbI Harpy >KeHHI:
a — IJIOCKUEC, 0— C(IlepI/I‘{GCKI/Ie; 6 — TOPOUIJAJIBHBIC; 2 — KOHUYECKUE O6’I)CKTI)I
Figure 13. Loading schemes:
a — flat; 6 — spherical; 6 — toroidal; 2 — conical objects

Puc. 14. CxeMbI 5KCTIEpIMEHTAIBHBIX YCTAaHOBOK, (OTO (parMeHTa ycTaHoBkH, pacuetHoe HJIC
Figure 14. Schemes of experimental installations, photos of the installation fragment, estimated VAT

Pa3zpaboTan HOBBIH IKCIIEPUMEHTAITBHO-TEOPETUICCKUN METO/ OLICHKH aIre3uH MOKPHITHS K TUIOCKOW U
MIHHAPUIECKON motoxke [58; 59]. BrepBbie nccne0BaHO BIMSHUE Me(OopMaIlii MOBEPXHOCTH HA aare3uio
nokpeITus (puc. 14) [60].

K pa3pabotke «IKCIIEpUMEHTAIBHO-TEOPETUUSCKUN METO UCCIICIOBAHUS alre3UU TUICHKH K IOJJIONKKE)
MPOSIBUJIA MHTEPEC TOCyAapcTBeHHas Kopropanus «Poctexy.

3akiaoueHue

Jlnanektrka pa3BUTH KOHCTPYKIHI: OT MPOCTHIX MACCHUBHBIX 3JIEMEHTOB K TOHKOCTEHHBIM KOHCTPYKIIH-
SIM CITOYKHON T€OMETPHH U CTPYKTYPHI.

3anMCTBOBaHME MPUPOIHBIX aHAJOTOB, pa3padOTKa HOBBIX TEXHOJIOTHI MPOWU3BOJICTBA H COBEPIICHCTBO-
BaHUE METOJIOB PacyeTa MO3BOJIAT CO3/1aBaTh BHIPA3UTEIILHBIC PYKOTBOPHBIC TOHKOCTCHHBIC KOHCTPYKIIUHU CIIOXK-
HOU TEOMETPHUH U PACIIUPATH UX MPUMEHEHHE.

Jns obecnievyenust Ge3aBapuifHON pabOTHl TOHKOCTEHHON KOHCTPYKIMHA HEOOXOIWMO TPaMOTHO JHWArHO-
CTHPOBAaTh COCTOSIHUE €0 3JICMEHTOB.

CrmnaitHoBeiii BapuanT MKD U 3KCIepUMEHTALHO-TEOPETHYECKUE METObI — 3()()EKTUBHBIN WHCTPYMEHT

JIUaTHOCTHKH TOHKOCTEHHBIX KOHCTPYKIIUH CIIOKHOW F€OMETPHU M CTPYKTYPHL.
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Hcrtopus ctaTbu AHHoTanus. IIpeanoxen oOmuii METOJ MOCTPOEHUs PELICHUS] YPaBHEHUH 3a-
[Hoctrynmna B penakuuto: 7 urons 2021 r. MKHYTBIX U OTKPBITBIX TOHKHX O0OJIOYEK C COXpaHEHHEeM mopsaka nuddepeH-
Jopaborana: 2 aBrycra 2021 r. LUaJIbHBIX YPaBHEHUI U BBINOJIHEHUEM BCEX I'paHUUYHBIX ycnoBuil. CooTHoILIe-
[punsita k myOnmkaimu: 21 cenrsiops 2021 r. HUS YIIPYTOCTH NMPeo0pa3oBaHbl K BUJLY, TO3BOJISIOIIEMY B COOTBETCTBHH C paHee

npeanoxeHHsIM MeTonoM CeH-Benana — Ilukapa — banaxa npousBectu urepa-
LIMOHHOE BBIYMCIECHHE BCEX MCKOMBIX HEU3BECTHBIX 3ajgaud. IIponenypa mo-
CTPOCHUS PELICHUsI CBOAUTCS K 3aMeHE BOCbMU I GepeHITHANbHBIX YPABHEHUI
MepBOTO TIOPSAKA MCXOJHONW CHCTEMBI TEOPHH OOONIOYEK HAa BOCEMb COOTBET-
CTBYIOLIMX MHTETPAIbHBIX YPABHEHUS C MaJIbIM MHOXKUTEJIEM, UMEIOIUM CMbICT
OTHOILEHUS HMIUPUHBI OOOJIOYKH K €€ AJMHE WM M3MEHSIEMOCTH HaNpsKEHHO-
Je(OpMUPOBAHHOTO COCTOSHUS B TIONEPEUHOM HAIlpaBIeHNH. BbuncieHHsle myTeM
IIPSIMOTO MHTErPUPOBAHUS IATHAALATh HEM3BECTHBIX UCXOIHOW 3alaud BbIpa-
JKEHBI 4epe3 IISITh OCHOBHBIX HEM3BECTHBIX. BBHINOIHEHNE I'PaHUYHBIX YCIOBUI
Ha JUIMHHBIX CTOPOHAX IIOJIOCHI IIPUBOAUT K PEIIEHUI0 BOCBMU OOBIKHOBEHHBIX
i depeHIaIbHBIX YPAaBHEHUH JUI MEUVICHHO MEHSIOIMXCS U OBICTPO MEHs-
IOIIMXCSI KOMIIOHEHTOB OCHOBHBIX HEU3BECTHBIX. MeEIIeHHO MEHSIOIUECS KOM-
HOHEHTHI ONHUCHIBAIOT KIACCHMYECKOE HANPSHKEHHO-Ae(OPMUPOBAHHOE COCTOS-
HEe. BeicTpo MeHstomIecs — onpenensioT kpaeBble 3hGEKTh B TOYKAX pa3pbiBa
HEIPEPhIBHOCTH MEJUIEHHO MEHSIOMIErocs KJIaCCUIECKOr0 PEICHUS U BhINOJIHE-
HHUE HEyIOBJIETBOPEHHbIX UMM I'DAHUYHBIX YCIOBUH H3-3a IOHWKEHUS IOPSIKa
muddepeHIaIbHBIX YPaBHEHUH KIaCCUYECKOW TEOpUM, OCHOBAHHOM Ha THIIO-
te3e Kupxroda. B o0mmem ciayuae peleHue MIpeAcTaBIseTCs B BULE aCUMITOTH-

YECKUX PAIOB [0 MAJIOMY NapameTpy U3MEHSIEMOCTH ¢ ko3 (UIueHTaMU B BU/IE
CTENEHHBIX PAZOB II0 MONEpPeYHOil KoopauHare. V3inoxkeHue MmpomuIoCTpUpo-
BaHO MPUMEPOM ITOCTPOCHUSI UTEPAIIMOHHOTO Ipolecca A JJIMHHON KpyroBoi
LWIMHAPUYECKOH MaHenu. B cuiry TeopeMbl 0 HEMOABMKHOM TOYKE UTEPALUOH-
HBIH TIPOLIECC ABIAETCSA CXOIAIIUMCS.
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Iterative methods for constructing an equations of non-closed shells solution
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Article history Abstract. The elasticity relations are transformed to a form that allows, in ac-
Received: June 7, 2021 cordance with the previously proposed Saint-Venant — Picard — Banach method,
Revised: August 2, 2021 to iteratively calculate all the required unknowns of the problem. The procedure
Accepted: September 21, 2021 for constructing a solution is reduced to replacing eight first-order differential

equations of the original system of shell theory with eight corresponding integral
equations with a small parameter that has the meaning of the ratio of the shell
width to its length or the variability of the stress-strain state in the transverse
direction. The fifteen unknowns of the original problem calculated by direct in-
tegration are expressed in terms of five main unknowns. The fulfillment of
the boundary conditions on the long sides of the strip leads to the solution of
eight ordinary differential equations for slowly varying and rapidly varying com-
ponents of the main unknowns. Slowly varying components describe the classi-
cal stress-strain state. The rapidly changing ones determine the edge effects at
the points of discontinuity of the slowly changing classical solution and the ful-
fillment of the boundary conditions unsatisfied by them due to the lowering of

the order of the differential equations of the classical theory based on the Kirch-
hoff hypothesis. In the general case, the solution is represented as asymptotic
series in a small variability parameter with coefficients in the form of power
series in the transverse coordinate. The presentation is illustrated by an example
of constructing an iterative process for a long circular cylindrical panel. By virtue
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Beenenne

Ha HacTosmem stane Teopusi yupyrocTy, a8 IMEHHO TaKHE €€ pa3JieNibl, Kak Teopus 000J0YEK U IJIACTHH,
TpeOyeT SBOMONHY B OoJiee U3AIHYIO U HEMPOTHBOPEUNBYIO, a TpaHCPOpPMAIIHI €€ METOJIOB, IIOUCK 0oJee YHH-
BEPCAIBHBIX MOIX00B M AITOPUTMOB SBISIFOTCS aKTyaJbHBIMH HAayYHBIMH 33JadyaMi, 0OCOOEHHO B CBETE pa3BH-
THS CETOJHS MaTePUANIOBEICHHUS, CO3JaHUs KOMIIO3UTOB, aHM30TPOITHBIX MaTEPUAIOB, UMEIOIINX CBOHCTBA, KO-
TOpBIE HE YYUTHIBAIHNCH B KIIACCHYECKUX MOJENAX. ABTOPOB MPUBJIEKAIOT HEKIIACCHUECKUE MOJIETH 000JI0UEK H
rractuH [ 1—4], HaydHBIMH MIKOJIAMH BEJEeTCS MOUCK MOIXOA0B, MTO3BOJISIOMINX MOMYyYUTh PEIIEHUs I CITyda-
€B, KOI'JIa KJIaCCHYeCKasi TCOPHsI C BBEICHUEM TPATUIIMOHHBIX JOMYIICHUH HE aeT YIOBJICTBOPUTEIbHBIX OTBE-
TOB Ha TIOCTaBJICHHBIC 3a/1a4M WJIM BO3HUKAIOIUINE BBIYUCIUTEIbHBIC TPYTHOCTH MPEACTABISIOTCS HEMPEOIO0TH-
MbIMH [5—8].

TouHOE aHATUTHUECKOE PEIICHHUE TPEXMEPHOH 3a7ayd TEOPUH YIPYTOCTH CBSI3aHO C PSAJIOM BBIUHCIIH-
TENBHBIX TPYJTHOCTEH, TIOATOMY, KaK MPaBHIIO, TPEXMEPHAs 3a7adya CBOJUTCS K JBYMEPHOH NpU IMOMOIIH BBEIC-
HUSl HEKOTOPBIX TUTOTE3. B 1eoM npukiagabie METOIBI PEIICHHS 33[1a4 TEOPHH IDIACTUH M 000JI0YEeK MOKHO
KJTaccu(UIMPOBaTh ciaeayromuM oopasom [3; 9; 10]: 1) MeTon rumoTes; 2) METOA Pa3IOKEHUH IO TOJIIUHE;
3) aCUMIITOTHYECKUE METOABL. ACUMIITOTUIECKHE METOIbI 0COOCHHO MHTEHCUBHO Pa3BUBAIMCH BO BTOPOI ITOJIOBHHE
XX B., OCIIE TOTO KakK CTAJIO SICHO, YTO Kjaccuyeckas Teopus JIsBa He BO BceX Cllydasx 0OecIeuyuBacT HE00X0-
IAMYIO TOYHOCThH PEIICHUS. 3a1adn TUHAMUKH, CIIOWCTBIX M aHM30TPOITHBIX 000j109eK, TepMoynpyroct [11; 12]
B paMKaXxX KJIaCCH4eCKOH Teopuu JIsBa HE MONYyYal0T TOCTATOYHO TOYHOT'O PEUICHHMSI, MPUEMIIEMOTO JIJIS IPAaKTH-
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yeckux 1enei. IlonpaBku PeliccHepa m THMOIIIEHKO MO3BOJISIOT YYECTh KacaTelbHbIE HAMPSDKEHUS U yIOBIIE-
TBOPUTH TPEM TPAHUYHBIM YCIOBUSAM Ha Kpasgx. llomepeuHble HalpsKEHHS BO BCEX METOJAaX OTOpachIBaIOTCA
KaK HeCyIIECTBEHHBIE, YTO, K TIPUMEPY, JUIA CIIOUCTHIX 000JI0UEK MPEICTaBIIeTC HEOOOCHOBAHHBIM.

Meton pa3nokeHUs] KOMIIOHEHT IO HalpsDKeHUH U aedopmanuit B psiabl HOJMHOMOB IO TOJIIMHE,
HaIpyuMep B BapHaHTE ¢ MOJMHOMaMH JIexkaHpa, MEEeT TO MPEUMYIIECTBO, YTO YPAaBHEHHS ITOTYYar0TCS OTHO-
CUTENFHO MPOoCThIMA. Ha OCHOBE 3TOT0 mMOAX0/1a HAMCAHO MHOKECTBO pabOT, MOCBAIICHHBIX TUHAMHYECKAM
3a/1a4aM U TePMOYIPYTOCTH, CIIOUCTHIM 000109KaM [13—15]. OqHako coBnaieHne MOMYyYSHHBIX PEIISHU C IKC-
MEPUMEHTOM 3a4acTyIO WJIM HE IPOBEPSUIOCH, MM HEAOCTAaTOUHO.

BypHo pasBuBaronimMcs HalpaBlIeHUEM B COBPEMEHHOI TEOPUM YIIPYTOCTH TaKXke SIBISIETCS PUMEHEHNE
B3aMEH KJIACCHYECKMX MOJIOKEHHM MEXaHWKH CIUIOIIHBIX cpe] Mojenu KoHTHHyyma Koccepa [16], mpeacras-
Jsrotel co0oi 00O0O0IeHNe ypaBHEHMH MeXaHWKH Ouiepa. [lomysipHOCTh 3TOro MOIXoja MPOIUKTOBAHA
Ha3peBIIeH HEOOXOAMMOCTHIO YUUTHIBATh CBOWCTBA CTPYKTYPHI MaTepraia Ha MHKPOYpPOBHE. Mojenn MUKPO-
MOJISIPHBIX 00O0JIOYEK M WX CBOMCTBAaM IOCBAIIEHA 3HAYMTEIbHAs YacTh HOBEUIINX IMyOIUKAIUi 10 0003HAYCH-
HOIl Temartuke [17-22].

B HacTosmeit paboTe 1aHoO pa3BUTHE pabOT O CO3IaHHM HENPOTUBOPEUNBON TEOpHU 000JIOYEK Ha OCHOBE
KJIACCUYECKOTO TI0/IX0/1a MEXaHUKH CIUIONTHBIX cpell [23; 24]. B paMkax mpeioKeHHOro MOAX0Aa HTEPAIHOHHO
pelraeTcs TpexMepHas 3afjada TEOpUH YIPYTOCTH 0e3 BBEACHHS KaKHX-JIMOO TUIOTE3 JUIA CBEACHUS K ABYMEp-
HOW TeopuH. MTepanoOHHBIN MpoIecC CXOAUTCS HE3aBHCHMO OT BHIOOpA BEIMYMH HAYAIBHOTO MPUOIMKEHUS.
[Ipu 3TOM B TIpoIECcCE pElIeHHs MONyJaloTCsl YpaBHEHUS B HAIPSDKCHUSX M TEPEMEIICHUSX, KOTOPhIe MOXHO
npeo0pa3oBaTh K YpaBHEHHUSIM B YCHIIMSIX U MOMeHTax. OHHM COBINAAYT C KJIACCHYECKHMMHU C TOYHOCTBIO 10, BO-
o0111e TOBOps, HEKOTOPBIX JIMIIHUX, YUTEHHBIX B KJIACCHUECKOi Teopun. KaxxaoMy wieHy B KaKJOM YpaBHEHHUU
JTaeTCs OIEHKA M0 MAJIOMy IMapaMeTpy: Maiibie (OHU K€ BBIXOSIINE 32 pAMKH TOYHOCTH) WICHBI OTOPACHIBAIOT-
cs1. Maremarndeckas peann3anus IpeaioKeHHOTO IMOAX0/1a MO3BOJISET N30eKaTh 3HAYNTEIFHBIX BEIUNCIATENb-
HBIX TpyIHOCTEH. MeToJ SBISIETCA CXOASIIUMCS, YTO TPECTaBIsETCs MPUHIMIAATRHO BaXXHBIM. [Ipemmoxen-
HBIA TIOJIXO/ B TIEPCIIEKTUBE MOAOKAET U JUIsl pacueTa aHU30TPOITHBIX U CIOUCTBIX 000JI04eK, He TpeOys HUKa-
KHX TPUHIUITHATBHBIX U3MEHCHUH, TOpaOb0TOK MM BBEICHUS TOMYIICHUN, YBEIHUUUTCS JIUIIb 00EM BBIKIIAIOK.

CoBpeMEHHOCTh XapaKTepU3yeTCsl NCTIONb30BaHUEM 3JIEKTPOHHBIX BBIUMCIUTENBHBIX MAIIMH B CaMbIX pas-
HBIX O0JIACTSAX 4YeJIOBEYECKOU JesTeNbHOCTH. [loa uX BAMSHHMEM CyIIECTBEHHO M3MEHWIJICA XapaKTep MpUKIal-
HBIX HCCIeNOBaHWA. MHOTHE METOAB! MPUOIMKEHHOTO ONpEeNIEHHUs MapaMeTPOB B PA3IUIHBIX (DH3MUECKUX U
TEXHUYECKUX 33/1a4aX OT)KMBAIOT CBOH BEK; MCCIeN0BaTeNN, 0COOEHHO MOJIOABIE, TPEAIIOYUTAIOT 00paImaThCs K
BEIYMCITUTEIBHBIM MAallliHAM ¥ TI0JIh30BAThCS MOAXOSAIIMMU YHCICHHBIMI MeTOAaMU. boubme cepun pacde-
TOB MPEBPATUIIMCh B CBOCOOpa3Hble MALTMHHBIE IKCIIEPUMEHTEHI, IPOBEICHIE KOTOPBIX HE TPpeOyeT BHICOKOH Ma-
TeMaTH4ecKoil KyabTypbl. ECTeCTBEHHO, BO3HHKAET BOIIPOC O MECTE, KOTOPOE 3aHUMAIOT celdac MpU PEeLIeHUH
MPUKIJIAIHBIX 3a/1a4 aHAIUTHYECKHe MeTobl. He MOMKHBI IM OHM YWTH B MPOILIOE M YCTYIUTh MECTO HOBBIM,
MalIuHHBIM MeTonaMm [25; 26]?

Jis pemieHus TOH WIM WHOW 3a/1a4d, IPEXKIE BCETO, HEOOXOANMO aHATNTHYECKOE IIOCTPOCHNE MaTeMaTH-
gyeckoid Mojenu. [Ipu co3manuu Moenu 0OBIYHO TPUHUMAIOT BO BHUMaHHE OJHH 0COOEHHOCTH MOJIENH, TIPeHe-
Operas apyrumu. J{ns peaqu3anny 3TUX BaXKHBIX TOJIOKEHUN HYKHO ONPEAETUTh OTHOCUTEIIbHBIC TOPSAKH pa3-
JIMYHBIX 3JIEMEHTOB CHUCTEMBI, CPaBHUBAs UX JIPYT C APYTOM U C 3apaHee BbIOpaHHBIMH XapaKTEPHBIMH 3JIEMEH-
TaMu, IpUBE/ IepeMEHHbIE U, COOTBETCTBEHHO, YPaBHEHHUS K Oe3pasMepHOMY BUAY C BBIIETICHHEM MAaJIbIX WIH
OOJBIITNX ITapaMETPOB.

Bompmias gacte crioco00B MpHONMMKEHHOTO PEIIeHHs] YpaBHEHHH OCHOBaHA Ha W€ TOCIeN0BaTEINbHBIX
MpHOIIKEHUH. DTa ues NpUMEHseTCs KaK IIPU PelIeHnH YPaBHEHUH, TaK | JJIS PEIISHUs psia MPaKTUIECKIX
3agay. OgHuM U3 HanbOosee 3()h(HEeKTUBHBIX METOIOB peaH3alyy IOCISI0BATENbHBIX MPUONMKECHUH SABISIOTCS
ACUMNTOTHYECKHE METOABI TEOPUH BO3MYILIEHH.

ACHUMNTOTHYECKHE METO/IbI PELICHNUS YPAaBHEHNN OTHOCUTENIFHO TMOKHU BCJIEICTBHE BO3MOKHOCTH JENIaTh
3aMEHBI 3aBUCUMBIX U HE3aBHCHUMBIX MTEPEMEHHBIX, IIOCTE Yero 3a/1a4ya BHITJISIIUT COBEpPIIeHHO nHade. CunuTaer-
s, 9TO B HACTOSIIIIEe BPeMsI HEBO3MOXKHO C(hOpMYIHPOBATh EAMHCTBEHHYIO KOHCTPYKTHBHYIO MPOIENYPY, BKIFO-
YAFOIIYI0 BCE BO3MOYKHBIE PUMEHEHHUST METO/IA.

XapakTrepHasi 0COOEHHOCTh aCUMIITOTUYECKUX 3aj1ay sl U PepeHInabHBIX YPAaBHEHUI COCTOHUT B TOM,
YTO OOBIYHO MOXHO MHTYMTHUBHO JIOTaJIaThCs, Kakas acUMOTOTHYECKas (opMyJia WM ACUMITOTHUCCKUN PsiJ
JIOJDKEH OBITH Mmoiy4eH. B ¢pu3nveckux 3amayax Maniblii mapameTp Oepercs u3 0e3pa3MepHBIX YPaBHEHUH MyTeM
nepexona K 6e3pazMepHbIM BennunHaM. Dusndeckne 3aqauu ynoOHBI ¢ TOYKW 3PEHHSI MPUMEHEHHS METOJI0B
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Teopuu Bo3MymeHnH. OqHAKO Jaxke ecii o0Imast Ipupoaa perIeHnii H3BECTHA, JOKa3aTh, YTO ITO JEHCTBUTEb-
HO acCUMNTOTHYECKass (hOpMyJia, TOBOJLHO TPYIHO.

Cunraercs, 4T0, €CIIHM IIPU MPUBEICHIH CHCTEMBI YpaBHEHUH 3a7aui K Oe3pa3MepHOMY BHIY MOSBIISIOTCS
MIPEICTABIIAIONINE COO0H KOA(PHUIMEHTH Majble IOCTOSIHHBIE BEJIMYHHBI, PEIICHNE CHCTEMBI MOXKET Pa3bICKH-
BaThCSI B BHUJIC PA3JIOKCHHUI HEU3BECTHBIX B PSAIBI MO CTEICHAM MAJIOro mapamerpa, Hampumep L. g 3amad

TCOPUU TOHKHUX YIIPYIUX 000/104E€K OHU BBITJIAAAT TaK
a 2 3
u, = (”1(0) ) ) U +) ,
a, 2 3
u,=n (MI(O) + Mul(l) +u ul(z) +U M1(3) +-- ) ,

s=p (S(o) S IS ) F IS+ ) ’

& =p (%) By I8 ) TS+ ) ’

& =p (82(0) HEy ) +WE ) + W By + ) )

L= p (tl(o) TH,) + uztl(z) + u3t1(3) +) ’

= () + ity 1 1 4o,
(
(

T=H (%) T T T )

K, =p” Ky o) M ) + ule(z) + u31<1(3) +-- ) ,

Ko+ By UKy 1K)+ ) ’

2 3
ml(o) + uml(l) +u ml(z) +U ml(3) +-- ) ,
2 3
mz(o) + umz(l) + U m2(2) +u m2(3) +-- ) ,
i 2 3
h=pn ( (0)+uh(l)+u h(2)+p h(3)+ ),
— kl + + 2 + 3 +eee
Tis T H Tis0) THT30) TH Tiz) TH T ’
2 3
(123(0) THTy30) TH Ty tH T23(3) +e ) :
3meck mepevncieHsl Bce 15 MCKOMBIX HEM3BECTHBIX TEOPHH 000JI0YEK, 3aIIMCAHHBIX B BHE Pa3lIOKEHUI
B PsJl IO CTEMEHSM HEKOTOPOro Majoro mapaMmeTrpa L, U HCIOJb30BaHbl Clelyomue o0o3HaueHus: U, U, —

TaHTCHIIUAJIBHBIC TIEPEMEIICHUA CpeHHHHOﬁ MOBEPXHOCTH; § — KacaTeJIbHOC TaHI'CHIHUAJIBHOC IICPEMCILICHHUC,

€, €, — TaHreHIManbHble Ae(OPMAIUU CPEAUHHONW NOBEPXHOCTH; I, [, — HOpPMalbHBIC TAHTEHIUAIbHbIC
Hanpspkenus; K;, K,, T — U3MEHEHUs! KPUBU3H IIOBEPXHOCTU; M, N1, — HETaHTCHLNAIbHBIC HAIIPKCHUS U3-

ruba; /i — HeTaHTCHIMAIBEHOE HAPSHKCHUE KPYUICHHSI SIIEMEHTA CPEUHHOM TOBEPXHOCTH; T5, T,;— HETAHICH-

UAJIbHBIC KaCAaTCJIbHBIC HAIIPAXKCHUA.
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Jlerxo BHIHA 3amMCh MCKOMBIX (DYHKIMH IO aHAJOTMU C 3alUChIO YHCET B HEKOTOPOW CHCTEME CHHCIIe-
Hus L. Haxondmiasics B NeBOM 4acTH Ka)XJIOTO pPaBEHCTBA YMCIIOBas (YHKIIHS MPEACTABISIETCS B BUAE CyMMBI

OTMEUYEHHBIX MHJIEKCAaMU B CKOOKaX YMCIOBBIX (pyHKIWH. BeIpaxkeHne B CKOOKaX MOXHO OINpPENEUTh KaK MaH-
THCCY YHCTIOBOM (DYHKINH, a MHOXKHTENb Mepeji CKOOKOH — KaK ee MOpsAIoK. '

Ecimm nokazareny mopsiIkoB HaleHbl KaKUM-TO 00pa3oM TSl BceX (DYHKIIMIA, TO pas3jioyKeHHs] MOYKHO BHECTH B
YpaBHEHUS |, IPUPABHUBAS WICHBI C OJJMHAKOBBIMU TIOKA3aTENISIMU MEXKITy COOOH, ITOTyYHTh TIOCIIEI0BATEILHOCTh YpaB-
HEHHI UTePaIlMOHHOTO MIpoIiecca TS ONPEICIeHIs] HEM3BECTHBIX B XKelaeMoM MpuOmmkeHnd. [Ipu 5ToM B ypaBHEHHSIX
JIOJDKHBI OBITH ONpeieNieHbl aCHMITTOTHYECKUE TOPSIKA CUMBOJIOB TU((hepeHIIMPOBaHHST OTHOCUTENIFHO MAaJIoro Tapa-
MeTpa sl MeIUICHHO M OBICTPO MEHSIOIIMXCS BennuuH. HaiineHHble mokasareny MOJDKHBI YIOBIETBOPSTEH YCIOBHSAM
Pa3peIIMMOCTH 33JIa9H, TO €CTh IIO3BOJIATH TIOCTPOUTH PEIIIEHHE U BHITIOHUTD BCE TPAaHUYHBIC YCIIOBUS [27].

KoHcTpykTHBHAS TIpoIieaypa ONpeAciieHNs MoKazareliel onrcana, HanpuMep, B [23; 24]. B kpaTtkoM u3-
JIOKEHUM OHA COCTOMT B 3aMeHE MU PEpEeHIIUATBLHBIX YPABHCHUN MEPBOTO MOPSIKA HHTEIPATBHBIMU MO CXEME
[Mukapa — JIuaneneda [28-30].

!
[lyctb  npaHo  ypaBHeHue y = f (x, y), mpaBas ~ 9acTb  KOTOPOTO B MPSIMOYTOJIbHUKE

|x—x0| <a, |y-— y0| < b HempepbIBHA U UMEET HENPEPHIBHYIO YACTHYIO MPOU3BOHYIO o y . Tpebyercs HaifTh

YIOBIIETBOPSIOIIEE TIPU X = X,, HAYaJIbHOMY YCIIOBUIO PEIICHUE ) (xo) =Y,-

Murterpupys o0e 4YacTH ypaBHEHHMs OT X, JO X, TOIyYuM J-dy=I f (x, y)dx W

0 Xo

y(x):y0+j£f(x,y)dx.

0
Takum obpas3om, ucxoaHoe AuddepeHIuanT HOe YpaBHEHHE MEPBOTO MOPSAAKA 3aMEHSeTCs MHTErpalib-
HBIM YpaBHEHHEM, B KOTOPOM HEW3BECTHas (YHKLHUS ) HAXOAUTCS MO 3HaKoM HHTerpana. Ilpum stom uH-

TErpajbHOC YPaBHEHUE YIOBIETBOPSACT Mup(HEepPeHINATBHOMY YPAaBHEHUIO M HAYaJIbHOMY YCJIOBHIO. 3aMEHss

B paBEHCTBE y(x) =Y +I f (x, y)dx GyHKIMIO ) 3HAUYEHHEM ), HOJNY4YMM IIepBO€ IpPUONMKEHUE

Xo

yl(x)=yo+jff(x,yo)dx.

X0

3aMeHUB 3aTeM B YpaBHCHUM Y HaﬁHeHHBIM 3HAYCHUCM yl’ mojrygyacM BTOPOC HpI/I6JII/I)KeHI/Ie

X
W (x) =)+ j f (x, yl)dx . Ilpogomxkas mporiecc ganee, MOCIeA0BaTENbHO HAXOIUM

Xo

V3 (x)=y0 +j|if(x,y2)dx.

Xo

v ()= [ (50, )

Xo

Takum 06pa3om, moydaeM MOCIeI0BaTeIbHOCTh YTOUHEHHBIX (pyHKITHI

Yo ()5 21 (%), 2, (%), 23 (), 3, (%), 9, (%)

! Bo MHOrMX paGoTax mpwu MpecTaBIeHrd GYHKIMI B BUJE PSIOB 110 MAIOMY MApaMETPy MOKA3aTeNN MOPSAIKOB MONATaloT PaB-
HBIMH HYJIO (CM., HanpuMep, [26]). DTo crpaBeIUBO TOIBKO MPU PELICHUH OJHOTO JHHEWHOro nuddepeHInanbHOro ypaBHEeHHs ¢ O/l
HMM HEU3BECTHBIM, TaK KaK pelieHue Au(GepeHIHanibHOro ypaBHCHUS ONPEIENAETCS ¢ TOYHOCTBIO JI0 TPOHU3BOJIBHOTO MHOKHUTEIIS.
B Tex HEeMHOTOUHCIICHHBIX PaboTaX, I/ie MOPSAKU YYUTHIBAIOTCS, IOKA3aTEIH IIPEANONIAraeTCsl OPEENATh HHTYUTHBHO [27].
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4 v
Ecnu B ypaBHenun y = f (x, y) MMeeTCsl MaJbIii apaMeTp W MpU 3TOM YpaBHEHHE MOXKHO 3aIHCaTh

U (V3 v
B dopme y = },tfH (x, y), MOCJIEZIOBATENILHOCTh YTOYHEHHBIX (PYHKIMHA OyAeT acCHMNTOTHYECKH yOBIBAIOIICH
BMeCTE C L :

o ()t (), 02wy (x), 10y (x)myy () ", ().

Merton Ilukapa — JIungeneda mgaeT nocnea0BaTeIbHOCTD MPUOIMKECHUH K PELICHUIO YPaBHEHUS, TaK UTO
NpUOIKEHHE (n)—e MOJTy4aeTcsl U3 (n—l)—ro npubmwkenus. Utepaumonnsiii psan [Mukapa — Jluageneda

IIPOCT B pCainu3alvu. HOJ'IyLIGHHBIC C IOMOIIBIO 9TOT'0 aHAJIN3a PCILICHUA OOBIYHO SBIISIOTCS CTEINIEHHBIMU paaamMu.

Hcxoanble ypaBHeHHsI TEOPUM 000J104€K

YpaBHEHUS, ONMUCHIBAIONINE HAMPSHKECHHO-IS(hOPMHUPOBAHHOE COCTOSHHE 00OJIOUKH [4] 3amuIieM B clie-
IyIoLIeM BUJIE:

— TaHI'CHUHAJIbHBIC YPABHCHUA PaBHOBECUS

2 6 C’ ; 2 1 — 4 4 Y _
2¢e (——l A2t1(0)__2 AIS(O)+_1 1‘2(0)__ Zs(o)j_ 1 2( 1+ le),

0 0 04 04
287 | ——— At ——— A5, +—t  ——25, |= A4 (X,, —X,_),
( oa, 1°2(0) oa, 2°(0) oo, 1(0) o0, (o)j 1 2( 2+ z—)

~

t
—ai ! iAzrm+—a Aty |+e2| 224 20 1o
3 44, \ Oa, oo R R,

2

1 1 0 0
=Z+—Z_+8§E|:a—%A2(XI++Xl_)+a—2Al(X2++X2_):|; (1)

— HETAHI'CHIUAJIbHBIC YPAaBHCHHU PAaBHOBECUA

0 0 04 04
¢ [—87]/12'%1(0) _EAI}I(O) a_o:mz(w - 8(112 h(o)j +24 4,15 = A4, (X, +X,_),
0 0 04 04
g [_ oo, AlmZ(O) N oa, Azh(o) + 5‘0le M)~ aazl (0)]"'2’41’421'230 =44, (X2+ +X2—); 2)

- q)OpMYJ'H)I, CBA3BIBAIOIINEC KOMITOHCHTBI TaHFeHHHaHBHOﬁ I[e(l)OpMaHI/II/I C NCPEMCIICHUAMMU .

1 ou, 1 04 1
€)= + Uyy +— W,
A b0, A oo, R,
_ Lo, 1 o4 L
0°

€0y = Uy, +—
004, 00, AA, 60, ° R,
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0 =St 2 O M, 3)

— (hopMyIBl, CBSI3BIBAIOIINE KOMIIOHEHTHI M3TMOHON HETaHTeHIHATbHOH aedopManvy (M3MEHEHHS KpH-
BU3H) C TIEPEMEIICHUEM:

K _ 1L o low, 1 04 1adw,
O 4 da, 4, da, AA, do, A, do,

< _ 1 0 1ow 1 04,1 ow,
0 4 Ba, 4, 60, AA, do, A da,

4 0 1ow 4 0 1 ow .

Toy =~ 2 2 ’ “)
A4, oo, A7 0o, A, oo, A; oo,

— (hOpMyIIBI, CBA3BIBAIOIIME TAHT€HIINATBHbIE HANPSKEHHS C TAHT€HIMAIBLHBIMU 1e(POPMALUAMH:

o1 L1 e .

10) T2 (81(0) +VEyo) ) - b T4 (82(0) Ve ) © S0 T ) (1+v) ROE )
— (1)0pMyJII>I, CBA3BIBAIONIUEC HECTAHI'CHIIMAJIbHBIC HAIIPAXKCHUA C HCTAHI' CHIIMAJIbHBIMU L[e(i)OpMaHI/DIMI/I:

1 1 Lo
o) T 12,72 (K1(0) T VKy) ) o) T4 (Kz(o) VK ) ) » Mgy = m%) g (6)

rae tl(())’tZ(O) — TaHI'CHIIMAJIbHBIC HOPMAJIbHBIC HAIIPSAKCHUSA, S(O) — TAaHI'CHIIUAJIBHOC KAaCaTCJIbHOC HAIIPSKCHUC,
ml(o),mz(o) — HCTAHI'CHIHAJIbHBIC HOPMAJIbHBIC HAITPAKCHUA, h(O) — KPYTAILICC HAIIPIKCHUC, T130, T230 — IIOIIC-
PCYHBIC KaCaTCJIbHBIC HAIIPAKCHUA, 81(0),82(0) — TAaHI'CHIHAJIbHBIC HOPMAaJbHbLIC KOMIIOHCHTBI I[C(i)OpMaHI/II/I;

03(0) — TaHI'CHIMAJIbHasA ,Z[eq)OpMaI_II/IH caBura; Uu,,,U,, 1 W, — TaHICHOHAJIbHBIC 1 HOPMAJIBbHOC ICPCMCIICHUA
TOYCK CpeHHHHOﬁ MIOBCPXHOCTHU.

v * (V3
BBenen Manblii mapametp €=/ / R,rtme h — pasmepHas moiyToIIuHa 00010uKH, R — HEKOTOPHIiA pas-

MEPHBIA XapaKTePHBIH paguyc CPEIWHHON IMOBEPXHOCTH 000JIOUKH. MHIEKCH HOJb B CKOOKaxX W 0e3 CKOOOK
YKa3bIBAIOT HA TO, YTO 3TH YPaBHEHHMS TOJTYYCHBI U3 YPABHEHUH TCOPHH YIPYTOCTH B HYJIEBOM HPUOIIMKCHHUU C

TOYHOCTBIO 0(8) . IMmes uenbio MNOCTPOCHUE BTOPOTO (OTHOCI/ITGHBHO OEepBOro UTCPAIIMOHHOTIO IIpoI1iecca, € 1mo-

MOIIBI0 KOTOPOTO BBIBEIEHBI YPaBHEHHS TEOPHU O00JIOYEK U3 YPaBHEHHH TEOpPHU YNPYrocTu [4]) urepanuoH-
Horo mnporecca MetogoM SVPB, onmycTum nHaekcs (0) u 0, cunras ypaBHenus (1)—(6) 40CTaTOYHO TOUHBIMHU.

YpaBHeHHA COCTOSTHUS Y3KOI He3aMKHYTOH 0007 109KH

PaccMoTpuM HE3aMKHYTYI0 000JIOUKY, CPEJUHHAS MOBEPXHOCTh KOTOPOH ONpeAessieTcs] KOOpIUHATaMU
o, S, <0y, O, S0, <0, . OnpereneHHy0 TakuM 00pa3oM KpPUBOJIHMHEWHYIO II0JOCY BO3bMEM Y3KOH

|0t20 —OL21| <<1. Beenem HOBOE 0603HAYeHNE KOOpAMHATHL O, = U0 . [Ipu sTOM Gyzmer O, = U0,, ., = b, .
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Breibepem wmambnii mapamerp [l TakuM 00pa3oM, YTOOBI IIUPHWHA TOJIOCHI OIPENEsIach COOTHOIICHHEM

|90 — 91| =1. CooTBeTCTBEHHO, MaNBIH MapaMeTp Ll OMPENENSIETCS BHIPAKEHUEM

|O(, -
20 21
=

|60 - 91|
B ypaBrenusx (1)—(6) BBeieM 3aMeHy IEPEMEHHON 0L, Y HCKOMBIX HEM3BECTHBIX 110 (hopMyJIe

0 _0® 10
oo, 000w, poo’ ™

YpaBHEHHUS COCTOSIHHS MTPUBOIATCS K CIEIYIOMIEMY BHUIY:
— TAaHTCHIIUATLHBIC YPABHEHUS PABHOBECHS:

_Mzﬂ_ aAzt A@"' %tz_Z%S:HSZAIAZ%(XH_XI),

50, Toa, o0 Moa,? “da,
o, od o  od o4 1
a % (O B G 0, et aa (X, - X, ),
a0 Mo " quaal Mg, 172G S =H Ao (X =X, )

4 04, ot,, 04, 0Ty, 2 t ot
——g| Ut —=+ +UT,, —+ 4 +e U244, —+= |=
(H 13 20, A, 20, HTo; 20, 50 Hed 4, R R

oy a,

1| 0 0
=pd 4, (Z, _Z_)+gu§{a—Az(X1+ +X1_)+8—A1 (X,, +X2_)} (®)

— HCTAaHI'CHIHUAJIbHBIC YPAaBHCHHU S PAaBHOBCCHUA:

3 1 04, 1 om, 1 0Oh 1 04, 1 04
e —um———=—=—p——— ="t m, —2p—- h |+2pt,; =
A4, 00, A 0o, A, 00  AA, oo, A4, oo,

= “’(XH- +X1—)’
5[ 1 om, ~um, 1 04, —ML Oh i 1 04, ml—2uL% +2ut, =
A, 00 AA, oo, ~ A4 0o,  AA4 oo, A4, oo,

:“(X2++X27); (€)]

- (1)0pMy.]]LI, CBA3BIBAIOIINEC KOMITIOHCHTBI TaHFeHHHaHBHOﬁ I[e(i)OpMaHI/II/I C NCPEMCIICHUAMMU .

o Lo oA 1
Mo, M ad e, MR

HE,
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€ _i8u2+ ! 8A2u+ "
M=o "ad o, TR

2

Lo = L%_'_ L 8u2 o) 1 8A1 o) 1 8A2 (10)

= u —2u,;
4,00 "doa, Tadow, " Mad oa

— (hopMyIbI, CBSI3BIBAIOIINE KOMIIOHEHTHI M3rMOHON HETAHTEHIMATbHON AedopManuu (M3MEHEHHS KpH-
BH3H) C TTIEpEMEITICHUEM:

1.0 1ow 1 a4 1ow
A 0o, A o, AA, O, 4, 00’

o L0 low 1o41ow
4,004, 00 " 4 oa, 4 oa,

2 ow 3 o4 ow 3 oA ow
A4, 0000, T AA, oo, dor,  AAS Oat, 00

ut = (11)

dopmyibl (5), CBA3BIBAIONIME TAaHTCHIMAIbHBIC HAMPSHKCHUS C TaHTCHIUAIBHBIMH Je(pOpMalMsIMU, U
(opmyiiel (6), CBA3BIBAIONINE HETAHTCHIIUAILHBIC HAPSKCHHUS C HETAHTCHIIMATBHBIMU JIehOpMAITUSIMU, HE Me-
HSIOT CBOETO BUJIA.

[Ipu moncranoBke BeipaxkeHus (7) B ypaBHeHUS (1)—(4) Mabrit mapaMeTp I OKa3hIBaeTCs B 3HAMEHATEIE.

YroObl n30€XKaTh 3TOTO U MEPEBECTH |\ B UUCIUTEND, ypaBHeHus (8)—(11) yMHOKEeHBI Ha |L.

ITocTpoeHne UTEPAIIMOHHOTO NMPOLIECCA MHTETPUPOBaHUA ypaBHeHuii (5), (6), (8)—(11)
JJI51 000JI0YKH HYJIEBOI KPUBU3HBI

Buecem B ypaBnenus (8)—(11) ciaenyromme 3HaueHHst KOOQQHULIHUEHTOB MEPBOH U BTOPOH KBAAPATUYHOM
(OpMBI, CBOWCTBEHHBIE 000JI0OYKAM HYJIEBOH KPHBH3HBI:

%zo’ L:O, A1:1
oa., R

ypaBHeHI/IH COCTOSIHHA NPUBOJAATCA K CJICAYIOIEMY BUAY:
— TaHI'CHUHAJIbHBIC YPAaBHCHUS PaBHOBCCHUA!

1os  on 1 o4 1 o4, ,
o o tod, o, e lix —x .
4,00 "oa "4 o0, "4 oa " (. -%)
1o, os 1 o4 )
—— 2 -p—-2u——2s=p 2_(Xz+ Xz—)’
4,00 "o 4 a0,

1| 0 0
(2,2 et Lo 03 e, )| 02)
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— HETAHI'CHIUAJIbHBIC YPABHCHHW PABHOBCCHUA !

1 04 om 1 oh 1 04,
Slon—L G~ = Py o X +X,),
[ HAz 20, | H@OL] 4, 00 HA 20, 2} UTy5 “( 1+ 17)

j+2ptz3 u(X2++X2_); (13)

3 1 om, oh 1 04,
€ -u—-2u—
A 00 oo, 4, oo,

- (bOpMyJ'ILI, CBA3BIBAIOIIMEC KOMITIOHCHTBI TaHTCHIIMAJIbHOMN ,I[C(I)OpMaLII/II/I C NCPEMCUICHUAMMU

7S - S - SO U
oo, M T4 a0 M, a0, ILLR
al 2 2 2

4,00 o, A %0,

- q)OpMy'J'H:I, CBA3BIBAIOIIHMEC KOMIIOHCHTEI M3THOHOM HCTaHI‘eHI.[Ha.]'ILHOfI I[e(bOpMaLlI/II/I (I/IBMCHCHI/UI KpHu-
BI/I3H) C IICPEMCIICHUEM W {

o’w L1 01 ow L2 ow 3 04, ow
K==, K= ————, T=— — U . (15)
oo, A, 004, 00° A, 000a, A’ da,, 00

[To cpaBHeHHIO ¢ ypaBHEHHAMHU cucTeMbl (11) BO BTOPOM M TpeTheM ypaBHEHUSIX 3TOW CHCTEMBI OTOPO-
LIEHBI MaJble WIEHBI OTHOCUTEIBHO TJIABHBIX.

J11st moCTpOeHUs UTEPAIlIOHHOTO Tpoliecca petienus cuctemsl (5), (6), (12)—(15) mo metony Cen-Benana —
[Muxapa — banaxa (SVPB) BeiOepem BeMUYHHBI B KAY€CTBE HAYAIBHOTO MPUOITMKEHUS

Uy(g) = Uy (o), () = %o (o) (16)

1 3allMIIEM YpaBHCHUSA B BUAC cne/:[y}omeﬁ IoCICa0BATCIIBHOCTH OTHOCUTCIIBHO IICCTH TAHI'CHIIMAJIBHBIX HCH3-

BECTHBIX Uyq) > Uyg)> S(g)» Ey0)> Ex(0)> Lio)*
1 au 6“20 atz( as 6Ml((])
=—-pu—2+p2(l+v)s,, ——=-p—>", S0 = 2. >
4, S0 = e R ™
0s ot

_ _ 0 _ 10)
0 =0+ Vi S0 = (17V7) g = Ve o - M oa, n

HwxkHuil uHIEKC B CKOOKax o3HauaeT HoMep mpuOmmkenus. Mugexc 0 6e3 ckoGOK B IpaBhIX 4acTIX
MEPBBIX IBYX YPaBHEHHH YKa3bIBACT HA BENUYHMHBI HAYABLHOTO npubnmxenus (16).

[Tockonbky BenuuuHbl (16) cunTaroTCsl 3aJaHHBIMU, U3 NIEPBOTO YPaBHEHUS HAXOJUM Uyg) > & U3 BTOPOTO
Loy - Tpetbe ypaBHEHHE [IO3BOJISIET ONPENESIINUTD €(0) - YerBepToe U MATOE YpaBHEHUs ajuredpanyeckue onpene-
AT &) U tl(O) MyTeM YMHOXKEHUsI Ha K03(PULIHEHTHl MeHbIle enuHuLbL. [llecToe ypaBHeHUE qaeT BEIMUUHY

S(1) B TIEPBOM MPUOIIKEHUH.
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Tpetbe ypaBHenue cuctembl (12) cBsizpiBaeT uyepe3 ¢opmynsl (15) u ypaBHeHus (13) BenuuuHBI W)

u tz(o) . Beipazus W) HUepe3 tz(o) Y TIOJICTABUB €T0 BO BTOPOE ypaBHeHHE cucTeMkl (14), 3amrcannoe clenyro-

UM 00pa3oMm:

a”2(1) _ 4 1 04, 1
20 Ll TH g o TR Moy tHE) | (18)

HaxXoJuM uz(l) B IEpBOM HpI/I6J'II/I)K€HI/II/I. Ha sToM BeIUHCICHHE nepBoﬁ HUTCpalv MOXXHO CYHUTATh 3aKOHYCHHBIM

H, BEPHYBHIUCH K MOCICAOBATCIBHOCTU ypaBHeHI/Iﬁ (17), MNPpOAOJLDKUTE BBIYHUCICHUS MCKOMBIX BCJIIMYHWH B CJIC-
AyroueM HpI/I6J'II/I)KGHI/II/I. Ilo u3BecTHOM BEIMYHHE W(O) MOKHO BBIYUCIIUTH IIOCICOOBATCIBHO TC W3 HCHU3BCCT-

HBIX KI(O)’ K2(0) , T(o)’ Myg)> My h(o), T13(o)a 1723(0), KOTOPBIE HY)KHBI JIJIS1 BBITIOJTHEHUS TPAHUIHBIX YCIIOBUI

82W(o) > 1 01 aW(o)
Ky =— , K -0 ———
O g2 0 4,00 4, 00

b

G2 Mg 3 a4, Mg

T =—1 — + ,
0= 00w, " 47 0w, 00

. L ) 19y
o= Y e 20

m == T AN 4 s
00712 04, a0
hoo_ L —M_li MWy R 04, O
@ 2(1+v) A4, 0000, 4, da, 00

| 104, 1 0 1 9w

1vA80cA89A 00

oy 1 61815“’

+
1vaoLA86A 00

+v) 4, 90

A, 0060, A, Oa, 00

I a{ 2 Wy 3 o4 8W(o)j+

L1 14,1 8 1MW

+ —_—— ++pe” (X, + X, ),
MV 4o 4,004, 00 " (KX
ow
2oy =8 —— L O LT ix). (19)
1-v2 4,00 4, 00 4, 00
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-1.3
Tpetbe ypaBHeHue paBHOBecus u3 (12) Ha ocHOBaHUM BhITeKaromux U3 (19) oneHox HTj0) ~H €W, 1

2.3 0 O
MTB(O) ~U € W, mocie OT6paCLIBaHI/I5{ BCJIMYUH NOPAJIKA Ll IO CPAaBHCHUIO C BEJIMYUHOU L  NPUHUMACT BUI

€
1-v> 4,00 4, 00 4, 00 A, 00

2 4, 1 10101 010w
3

t
—822%+HA2 (Z.-7)-pe” %%(){2+ + X, )+

2

1| 0 0
+8},l—|:8—0(1A2(X1++Xl_)+aT‘v2(X2++X2_) . (20)

BrIpaszuB u3 3TOr0 ypaBHEHHS Wig) Y€PE3 ;) M TIOBEPXHOCTHBIE HArPY3KH Z,,72 X ,X_,X,,X,,

MOXHO MOICTABUTL W, B ypaBHEHHE (18) ¥ MPOIOMKUTE BHIYUCIICHHSI B CIIEAYIOIIEM MPUOIMKESHUH.

IIocne BeIUMCICHUN BCEX HEU3BECTHBIX B HYJICBOM U HCU3BCCTHBIX S(l) , t2(1) , C IOMOLIBIO KOTOPBIX 6y,ILYT

BBINIOJIHATHCA T'PAHUYHBIC YCJIIOBUS, B ICPBOM HpI/I6J'II/I)KeHI/II/I, MoJry4ynum

1) = bty [ 4,000+ p2(1+v)s, [ 4,d0+u, (),

tz(o) :_Hso’e"'lzo(%)a
€y0) ——uumJ.A 046 +p2(1+v SOIA do+uj,,

oy = bty [ 4,0d0-+12(1+ ) sp [ 4,d0—v0)+uly +viy,

€50 =(1—v2)t20 +vpu;0IA26d9—usg [2(1+V)VIA2d9+(1—V2)9}—vu1'O,
sy =Wuly [ 4,[ 4,040 -1*2(1+v)s) [ 4, ([ 4,40-v6)d0-

e, [ 4,dO—vt), [ 4,d0+s,,

Wy =we?3(1-v7) [ 4,] 4, J'AJ. (usoe tzo)d6d9d9d9+

o,) [ 4] 4,[ 4,d0d0d0+C, (o) [ 4, [ 4,d0d0+C,(ot,) [ 4,d0+C, (o, )+ wfy)- @

3nech Uy, (OL1 ) , by (OL1 ) . S (Ocl ), Ly (Ocl) — TIPOHU3BOJIbHBIE (DYHKLIMM MHTETPHPOBAHUSI, 3aBUCSILIE TOJIBKO
6 ) _ 20 =0
OT KOOPAMHATSBI O, , INTPHXOM 0003HaueHO JuddepeHIpoBaHue o o, , W) —HacTHoe petenue (20) npu Ly = 0.
C nomouipo BeIpakeHHi (21) MOXKHO BBITIONHUTH 3a/laHHbIE TPaHUYHEIE ycloBHs. [TokaxkeM 3To Ha Oomnee
MIPOCTOM B 3aITUCH NPUMEpE.
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IIpuMep nmocTpoeHue UTEPALIMOHHOTO MpoIecca
JUIS IVTHHHOM KPYroBoil HIMJIMHAPUYECKOI MaHeIn
3aganum B ypaBHeHUX (12)—(16) MOMOMHUTENHHO CIEAYOIHE 3HAYESHHS I KPYTOBOH IMITMHIPHYECKON 000-
noukn 4, =R, =1 u npumem NOBEPXHOCTHYIO Harpy3Ky orcyrctBytomeii: Z, =7 =X, =X =X, =X, =0.
YpaBHEHUS COCTOSIHHSI IIPUBOIATCS K CIIEIYIONIEMY BUY:
— TAHT€HLUAJIbHbIE YPABHEHUS! PABHOBECHUSI:

oo o 2 0 o) o
0 "o, @ oo, 3\ oa, o8 )
— HCTAaHI'CHIIUAJIbHBIC YPABHCHU S PABHOBCCHUSA!
om, o om, o
1O =0, D o, =0
uaal HT; 0 “aal My (23)

— (OopMyIIBI, CBS3BIBAIOIINE KOMIIOHEHTHI TAHTC€HIINATIHHOHN IehOpMaIii ¢ IepeMeIeHHSIMH:

' e, e M HOT e T @

— (OopMyIIBI, CBSI3BIBAIONTNE KOMITOHEHTHI M3THOHOW HETaHTCHIMAILHOW nedopManuu (M3MEHEHUS KpH-
BH3H) C MEpeMeIEHHEM W :

o'w 3 L 0w ooy ow 25)
2o 2T N e T Meda,

1 mocTpoeHus UTepaIiOHHOTO Tpoliecca pemreHus cucteMsl (22)—(25) mo metroxy SVPB Beibepem Be-
JMYUHBI B KAYECTBE HAYATBHOTO MPUOTMIKEHUS

Uy) = U (o), S0) = 5o (o) (26)

1 3alIMII€M YpaBHCHUSA B BUAC cne/:[y}omeﬁ IOCJICA0BATCIIbHOCTH OTHOCHUTCIIbHO IMICCTH TaHICHIIMAJIbHBIX HCU3-

BECTHBIX ”1(0): ”2(0)’ S(O), 81(0) R 82(0), tl(O):
u, o ot a u
(0) Uy 2(0) So 1(0)
= +2(1+v , =—nu—2, g, =—
0 Mg TRV 0 o 0 = ",
os ot
— (1.2 _ o _ 1(0)
by = &)+ Vi) 0y =17V )0y = Ve 0 o @7

Tpetne ypaBHEHHE cHCTeMEI (22) cBs3bIBaeT depe3 hopMmydbl (25) u ypaBHeHHS (23) BETHIHNHBI W) H tz(o) .

Bripazus W) uepes tz(o) 1 MIOACTAaBHUB €T0 BO BTOPOE ypaBHEHHE CUCTEMBI (24), 3aIIMcaHHOE CIIEIYIOIUM 00pa3oM

8u2(1) -
0 Mo T (28)
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HaxXoJuM uz(]) B ICPBOM l'[pI/I6J'IPI)K6HI/II/I. Ha sToM BhIumciaeHne HepBOﬁ uTepanuu AJist prrOBOfI HUINHAPpUYC-

CKOM 00O0JIOUKM MOYKHO CUMTATh 3aKOHYEHHBIM M, BEPHYBIUIUCH K IIOCIEAOBATENLHOCTH ypaBHEHHH (27), mpo-
JOJDKUTH BBIYMCIICHNS! HCKOMBIX BEJIMYUH B ClIeAylomeM npuonmxenun. 11o u3BecTHON BeIHMUNHE Wg) MOKHO

BBIYHCIIUT TIOCIIE/IOBATENLHO TE U3 HEM3BECTHBIX K, Kz(o)’ To)> Mio)> Mo h(o), Ti30)> Tay(0)» KOTOpBIE

HYXHBI UIA BBIITOJIHCHUS I'PAHUYHBIX YCJ'IOBPIﬁ

2 2
- :_8 W) o L0 W) N 8w(0)
07 a2 0 TR T T TR “hea0
2 2
. u-zva o) I OWo) , _ 1 9wy
O 1-y? o 0 1-v? 80~ 1+v 600a,
) 1 83w(0) ) 1 83w(0)
2t =—pE — 2t =—pug ,
13(0) 1_ V2 aalaZG 23(0) 1_ V2 693
2( Ot Oty
il Y fid E Rt R P (29)
3(” da, 08 ) 0

Ilocne BEIUMCICHUN BCEX HEU3BECTHBIX B HYJICBOM U HCU3BCCTHBIX S(l) , t2(1) , C IOMOLIBIO KOTOPBIX 6y,ILYT

BBINIOJIHATHCA T'PAHUYHBIC YCJIIOBUS, B ICPBOM HpI/I6JII/DKeHI/II/I, MoJry4ynum
!
gy =Mty 0+ 2(1+V) s+,
Loy = HS, 0+15,
" ! !
€(0) = ~Hityy O+2(1+V)us) 0+, ,
" ! !
o) =Ml O+(1+2V) sy 0+ 1y +1,

Exp) = ~(1+v)’ ps0'9+(1—v2)t20 + VL, 0—vu,,

2 2

" 6 " e " !
S =H2“zo ?_(1“'2\’)“25‘0 B — iy, O—pt, O+,

0’ 0’ 0’ 0’
3 3 m 2 m 2, ’
2(1) = TH Uy Z+(1+2V)HS0 Z"'H”lo 7"'“50 7‘“509'”20’

=3(1-v? 10 & 3(1-v? )uler o 093 C62 Co+C
W(O)_ (—V )SMSO E— (—V )MSzoﬁﬁ- 3z+ 274— 1 + 0>
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0° 0’ 0* 0’ 0’
720 120 ] 24 6

Uy =—3(1—v2)8[u5s0'——u4f20— ~HG DG TG — G0

2\ 2 ’62 P P n@z P '92 '
—(l—v );,L S, ?+(1—v )ut206+vu Uy, 7—2v(1+v)p S, ?—vuu109+uzo,

—3(1- S = 4+3(1=- — _uC.——uC.——
Uy 3(1 \Y% )sp S, Z 3(1 v )u 8t201 nC, nC, S

2 2 2

9 2 ' e " e '
—uCI?—uCOG—(1+v) us, 7+(1—v2)ut209+vu2uzo 7—vuu109+u20,

720 2 24 2

1-v? 0t 1-v°
T (M2+ _sz)gﬁ'

thy) ={—3(1—v2)su36_6+1M(1—v2)8‘1e_4+lu(1—v2)8_1e?j—(l+v)2e—22}u2s0' +

5

3
+ u3(M2+—M2)%+{3(1—v2)u38162—0+(1—v2)9}%0+

2 2

vy, % —nC, 5 v, 0 —uC,0+ iy,

. , 0’ th 1
mz(o) :3},l S YA z—fzo? +m(C3O+C2),

2
T23(0) = ‘ﬁhl—vz)uﬁ[w%—tzoejw*Q}. (30)

[pumem, 4To Ha AMMHHBIX cTopoHax manenu O =11 saxanbl cnepyromue HanpsoKeHus:
t,=T.(o), s=S.(o), m=M, (), 1,=N,(c,) npu0=1,
t2=Tz_(OL1), S=S_(OL1), m2=M2_(OL1) ‘513=N17(OL1) npu O0=—1, (3D

TMIpeAToaras uX CBOOOTHBIMH OT KaKUX-THOO0 3aKperuiennii. Cunrast BeIpaykeHns: Hen3BecTHRIX (30) BEIYMCIEHHBIMH
C IOCTaTOYHOH TOYHOCTHIO, 3aITHIIIEM COOTBETCTBYIOIINE TPAaHNYHbBIE OOBIKHOBEHHBIE MM (epeHIInaIbHbIe YPAaBHEHNS:

" 1 " 1 " 1 n 1 ’
—Wity _+(1+2V)“350 —+ Wy, W, —— s, +h, =T, npu 0=1,
6 6 2 2
4 1 3 m 1 o 1 2 1 '
Wy, g—(1+2v)u S, g+},l u, §+ut20 §+pso +t,y =T, npu 0=-1, (32)
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" 1 " 1 " !
Wity 5_(1"'2\’)“250 E_““lo —Hby, +5, =S, mpu O=1,

" 1 ” 1 " ’
W, E—(1+2v)pzso E+uu10 +ut,, +5,=S_ mnpu O=-1,

3(1—v2)8_2u4s0'é—3(1—v2)u38_2t20%+(13+C2 =’ (1-v*)M,, npu 6=1,

—3(1—\/2)8‘2“430'%—3(1—\/2)“38"21‘20%—@ +C, =’ (l—vz)sz npu 0=-1,

3 / 1 3.3

——ues, —+—¢t,, ———u eC, =N, 0=1,
2“ 05" 2(1_\}2)“ 3 1+ 1Ipu

e L3 L 50 =N 0=—1. (33)
2 2 2 2(1-v?)

CkrazipiBasi M BBIYUTAsA MOMAPHO YCI0BUA (32), TOTYYHUM CUCTEMBI:
— JIIs1 ONIPE/ICIICHUST HeM3BECTHBIX U, U 1, !

Wiy, +Wh, +20,=T, +T,

+ 2-2

" ’ 1
—Hyy — Py :E(S+ _S—)5 (34

— 1A ONIPEACTICHUA HEU3BECTHBIX u20 )5 SO .
4 3 m '
iy, +(1+2v) s, —6us, =3(T, -T,_),

quzom _(1+2V)“2So” +25, =8, +8_; (35)

¥ JIBa ypaBHEHHs 114 onpenenenns HemssectHeix C; u C, :

2C, = —(l—vz)uza_zso' —(1—\/2)(M2+ -M, ),

2 -
- C, =3pwe 1, —pn* (M, + M, ), (36)

10 BBEIYUCIIEHHBIM paHee U3 (32) s, U 1.

HOCJ’IC,Z[HI/IG ABa YCJIOBUA (33) JJIA HCTAaHICHIUAJIBHBIX KaCaTCJIbHBIX HaprI)KeHHI?I B paMKax KjacChu4ce-

ckoii Teopun (1)—(6) 6e3 mpuBIIEUEHUS TONPABOK THIA TuMmoleHko — PeiiccHepa u BO3BpamieHUsT K ITOJTHBIM
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YPaBHEHUSIM TEOPUH YIPYTOCTH [S5] BHITOIHUTH HEBO3MOXKHO, TaK KaK JUIS 3TOTO HAJI0 BBOJIUTH B PACCMOTPEHHE
T — oporiecc [3; 5], KOTOPHIii 31eCh U3 COOOpaKEHUHN MPOCTOTHI OITYIIICH.

” ’
Ypasuenus (32) u (33) paspemnMbl OTHOCHTENBHO BENMYUH 1y, Uy, , Sy » S¢ ¥ Usy [5]. Tpenmonaras

HArpy3ku 3aaHHbIMU MCAJICHHO MCHAIOIINMUCS (1)yHKLII/I$IMI/I, 3allMIIcM HUX:

!
b

1 1
tzo:E(Ter"'Tz_)"'ZlJ(SJr—S_)
" 1 1 | R "
~Ha, =5(S+—S-)+(5M(72++T2_) (8. -5) j

sy =3(T, — T, )+u(S, +S ).

g

Uy =0,

—(1+2v)p’sd" +2s8 =0. (37

Ux pemenunst 10cTaTOYHO MOAPOOHO pa3oOpaHsl B [5]. MHaekcaMu § U ¢ OTMEYEHBI OBICTPO M MEAJICHHO

MEHSIOIINECS BETHUYNHBI COOTBETCTBEHHO.
Hus ypaBHenwuii (36) Hamo chopMynupoBaTh TpaHUYHBIC YCIOBUS Ha KOPOTKHX CTOPOHAX MAHENH MPH

o, =%1. Mpumem na nux xecrkoe samemnenne U4, =0, u, =0, w=0. Ha ocnoanun Bepaxenuii (30) B

pasBepHYTOM BHIe 3TH yciioBus npu O, =*1 npumyt Bun

u[—um' +2(1+V)S0:|9+u10 =0,

Uy = —3(1—v2)8u3e—6+—u(1—v2)8_19—4+lu(1—v2)8"19—3—(1+v)2e—2 ws, +
) 720 24 2 6 27

2 2

" 9 !
Vi, 5 nG ?_Vuulo 0 -G +uy,

o 0° 1]6° 3 _ 0’
W, =(1—v2)u28 's, {3u2———}—+—(1—v2)u38 't [—?H}ez —~

20 2|6 4
2 312 2
v uz(M%—Mz)%—l 2V uz(M2++M2)%+C19+CO. (38)
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Bropas u Tpetbs dopmyIisl A Uy T Wiy peoOpa3oBaHbl C yUETOM BhIpakeHHi (36).

Kos(puimenTs! B BhpaskeHusx (38) 10KHBI 00palaThes B HOMb MPH Kaxka0M mojuHoMme ot O . OctaBus
TOJIBKO B 3TUX (hOPMYIax INIaBHbIC YICHBI, 3AMUIIEM TPAHUYHBIC YCIOBHS

Uy =0, 1,,=0,C,=C, =0.

VYcnoBHS COOTBETCTBYIOT KJIACCHYECKHM YCJIOBHSM >KECTKoro 3amemieHus. [locneqnue nsa ycnoBus uc-
KJTIOYAIOT NepeMelIeHre 000JI0UKH KaK jKECTKOTO 1IeJI0TO.

Ha sToM npumep noctpoeHus: UTEPALlMOHHOTO Mpoliecca sl ATUHHON KpyroBoi HUIMHIPUYECKON MaHe-
JIM CUMTaeM 3aKOH4YeHHbIM. CaMa Mpolenypa BEIYMCICHUN TOBTOPSET NPOLEAYypY, OMUCaHHYIO B [3; 4].

3akaouenue

UznoxenHas 31ech Mmpoleaypa MoCTPOSHHsT HTEPAIIMOHHOTO TIpoLiecca MOIXOANUT KaK JUIS OTKPBITHIX, TaK
W A7 3aMKHYTBIX 000J04ek. B mepBom ciyvae mainslii mapameTp oOpasyercs 3a cueT Majoi IUPUHBI 000T0UKH
IO CPaBHEHMIO C €€ JUIMHOW. TeopHs TOHKOCTEHHBIX CTEp)KHEH SBISETCS YaCTHBIM CIydaeM TaKoro MOAXOAA.
B ciryuae ¢ 3aMKHYTOH 00OJIOUKH Majibli MapaMeTp MOSBISIETCS B Pe3yJIbTare AOMYIIEHHs OONBIION M3MEHsie-
MOCTH B MOIIEPEYHOM HalpaBJICHUH.

Hanmuue masnoro napamerpa Imo3BOJISIeT MOCTPOUTh UTEPALMOHHBIN TPOIECC HHTETPUPOBAHHS YPaBHEHUI
Teopur 000JIOUEK IyTeM 3aMeHbI Au((epeHINATBHBIX YPAaBHEHNH MIEPBOTO TOPsIKa HHTETPAILHBIMU YpaBHE-
HUSIMH, PELIEHHE KOTOPBIX MOKET OBbITh BCErZa MOJYyYEHO aCUMIITOTHYECKH CXOISMIIMMCS METOAOM TOCIIEA0Ba-
TEIBHBIX MPUOIHKESHUH.

Pemenne ypaBHeHHUH monmy4yaeTcs 0e3 Kakux-ITM00 MCXOTHBIX THIIOTE3 U JOIYIICHUH U B CHIIY BBINIOJHE-
HUS BCEX TPaHUYHBIX YCIOBHH M TEOPEMBI O HETIOABHKHON TOYKE HE 3aBUCHT OT BHIOOpA BEIMYMH HAYAIBHOTO
NPUOTMKEHHSL.
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Hcropus cratbn AHHoTanus. Lenv uccredoséanusi — ONPeNeIUTh KPUTHUECKYIO HAarpy3Ky IHpo-
Iocrynuna B penakuuto: 13 mas 2021 r. CTPAHCTBEHHOW MOJENU CHCTEMBI «00OJIOYKa — OCHOBAaHME» B ClIydae HEOIHO-
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CTBEHHOM MOJENIU CUCTEMbI «000J0YKa — OCHOBAHHE» C y4yeToM M 0e3 yuera
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IOIl[ee OCHOBaHME pa3feleHO Ha /IBa PaBHBIX MAacCUBa C PasHBIMH (HU3HUKO-
MEXaHHUYECKUMH CBOMCTBaMH. PacueT MmpoBeleH B FeOMETPUUCCKH, HU3UIECKU
U KOHCTPYKTUBHO HEIMHEHHBIX MocTaHOBKaX. HenuneltHOCTh 00ycnoBieHa He-
00XOJMMOCTBIO IOCPEICTBOM UTEPAIIMOHHOIO IIPOLECCca OTHICKAHHS 30HBI KOH-
TaKTa 3JIEMEHTOB (0071aCTh OTIUIAHNUS 000TIOUKY OT OCHOBAHMUS) U ONPE/IEIICHUS]
U3MEHSIOIIErocsl BO BPEMEHH IOJIOXKeHHs 00010uKky. PacueTHas Mozenb cocTaBIeHa
U3 JIBYMEPHBIX IJIOCKMX YETHIPEXY3JIOBBIX 3JI€EMEHTOB 000JOUKU U TPEXMEPHBIX

JLst LUTHPOBAHMSI TETPadIPAIBHBIX JECATUY3IIOBBIX JIEMEHTOB OKPY’KalOIIETO OCHOBaHus. [IpumeHeHs!
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3ynbTaToB. JlaHa OlleHKa 3amaca yCTOHYMBOCTH OOOJIOUKH OTHOCUTEIBHO JeH-
CTBYIOIIEH Harpys3Ku.

C. 608-616. http://doi.org/10.22363/1815- KnioueBble c10Ba: ycTOHYUBOCTE 000NIOUKY, 3alac yCTOIHUMBOCTH, KOHTAKTHOE
5235-2021-17-6-608-616 B3aHMOJICHCTBHE, KOHEUHBIEC HIICMEHTBI

Kocuyvin Cepeeii bopucoeuu, coperiuk PAACH, TOoKTOp TEXHHUECKHX HAyK, Mpodeccop, 3aBeayromuil kadenpoi TeopeTHieckoi Mexanuku, Poccuii-
CKHMIl yHHBepcUTeT TpaHcmopra, Poccuiickas ®enepauns, 127994, Mocksa, yin. O6pa3nosa, 1. 9; ORCID: 0000-0002-3241-0683, Scopus Author ID:
57196414749, eLIBRARY SPIN-kox: 9390-7610; kositsyn-s@yandex.ru

Axynuy Bnaoumup FOpvesuuy, aciupant kadenpbl TEOPETUUECKOW MeXaHUKHU, Poccuiickuii yHuBepcuTeT TpaHcnopra, Poccuiickas ®enepanus, 127994,
Mockaa, yi1. O6pasuosa, 1. 9; ORCID: 0000-0002-9467-5791, Scopus Author ID: 57210802551; vladimir.akulich@gmail.com

© Kocuupeia C.b., Akynnu B.1O., 2021

This work is licensed under a Creative Commons Attribution 4.0 International License
v https://creativecommons.org/licenses/by/4.0/

608 NUMERICAL METHODS OF SHELL ANALYSIS


https://orcid.org/0000-0002-3241-0683
https://orcid.org/0000-0002-9467-5791

KocuupH C.5., Akynuy B.FO. CTponTenbHas MexaHuka HXeHEepHbIX KOHCTPYKLMA n coopyxeHuit. 2021. T. 17. Ne 6. C. 608-616

Numerical analysis of cylindrical shell stability interacting with inhomogeneous soil

Sergey B. Kosytsyn'”'™, Vladimir Yu. Akulich

Russian University of Transport, Moscow, Russian Federation
B9 kositsyn-s@yandex.ru

Article history Abstract. The research is aimed at determining the critical buckling load of the
Received: May 13, 2021 spatial model “shell — soil” system in the case of inhomogeneous physical and
Revised: August 28, 2021 mechanical soil properties along the longitudinal axis of the cylindrical shell in
Accepted: September 12, 2021 a nonlinear formulations of the task. Methods. The task is solved by a numerical

method using a finite element complex ANSYS. Two calculated cases of the spatial
model “shell — soil” system are compiled. The soil is divided into two equal parts
with different physical and mechanical properties. The problem was solved in
geometrically, physically and constructively nonlinear statement. Nonlinearity is
due to the need to find the contact zone through an iterative process and deter-

mine the time-varying position of the shell. The soil is modeled by volumetric
elements, each consisting of twenty nodes. The shell is modeled by flat elements,
each consisting of four nodes. Contact elements of one-side action are used. Cri-
tical buckling load are determined relative to the actual load of its own weight.
Results. Critical loads are obtained from two calculated cases of the spatial mo-
del “shell — soil” system. There is a comparative analysis of the results. An as-
sessment of the stability margin of the shell relative to the actual load is given.
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BBenenue

Onpenenenue HanpsKeHHO-Ie(HOPMUPOBAHHOTO COCTOSHUS CUCTEMBI «000JI0YKa — OCHOBAHHE) SBIISAETCS
4yacToil 3ajadyeil B TPaHCIOPTHOM M MPOMBIIIJIEHHOM CTPOMTEIHCTBE. Bompock! ycTOHUMBOCTH paBHOBECHS Ta-
KHX CHCTEM TaKXe BOCTpeOOoBaHBI Ha TIpakTuke [1-3].

YuceHHBIH aHANN3 IPOCTPAHCTBEHHOM CUCTEMBI «000JI0UKa — OCHOBAHHE) B CIy4ae HEOAHOPOIHBIX (u-
3MKO-MEXaHUYECKUX CBOWCTB OCHOBAHHS BJOJb MPOAOIBGHON OCH MIMHIPUIECKOH 000JI0UKH BBIIIOJIHEH B MPO-
rpaMmMHOM Komiuiekce ANSY'S [4; 5] ¢ uenpio onpeneneHusi KpUTUIECKON Harpy3Ku, pU KOTOPOU JaHHAs CU-
cTeMa TepseT YCTOMYMBOCTh PABHOBECHS, U OompenesneHus (GopM MoTepu ycToiunBocT. PacdyerHas monens co-
CTaBJIeHa M3 JBYMEPHBIX INIOCKHX YETBIPEXY3JIOBBIX JIEMEHTOB 000JOYKH U TPEXMEPHBIX TETpadIpaibHbIX Je-
CSITHY3JIOBBIX DJIEMEHTOB OKPY’KAalOILETO OCHOBaHUS. B3anmoneiicTBie MexIy 000JIOUKON U OKPYKAIOIIKUM OC-
HOBaHHEM O0ECIIEYEHO C IIOMOIIBI0 KOHTAKTHBIX I1ap, HAHECEHHBIX Ha COOTBETCTBYIOIINE IOBEPXHOCTH.

OmpenencHue KPUTHUECKONW HArpy3KHd MOTEPH YCTOMUMBOCTH CTEPKHEBOM M TUIOCKON MOJENEH ITMIIHH-
JpUYeCKOi 000I0YKH, B3aUMOACHCTBYIONIEH C OCHOBaHHEM, a TAKXKe Clydyaill OECKOHEYHO IJTMHHOW LMIMHIPH-
4ecKol 000JI0OYKH PacCMOTPEHHI B [6; 7].

YuciaeHHbIH aHAJIM3 NPOCTPAHCTBEHHOM MOJe/H CHCTEMBbI «000J104YKa — OCHOBAHHE».
Cayyaii HeOJHOPOAHBIX PU3UKO-MEXAHHYECKUX CBOIICTB OCHOBAHUS
B/10JIb IIPOJI0JILHOM OCH HWINHAPHYECKOH 000/109KH

JmameTp oboouku cocrasisieT D = 5 M, TommuHa 06omodku — 0,25 M. Paccrosaue oT kpast 000JI09YKH 10
OOKOBEIX TOPIIOB OKPY>KAIOIIETO OCHOBAHMSI MPUHATO PaBHBEIM L = 5D. PaccTostHue oT Kpast 000JI0UKH 10 BEpXHEH
Y HWOKHEH TPaHUI] OKPYKAIOIIer0 OCHOBAHUS MPUHSTO PaBHBIM 3D. JlnmnHa MUITUHAPHUIECKOH 000JI0YKH COCTaB-
nstet 6. K pacdeTHO# Moaeny MpIIoKeHa Harpy3ka oT COOCTBEHHOTO Beca OCHOBAHUS M 000JIOUKH. B KasKIIbIiA
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pacyeTHsbIN ciiyyail 0OaBIeHa TOPU30HTAIbHAS BO3MYILAIOIIAs CHJIa, IPHWIOKEHHAs K BepXy 000104ky. JlaHHAas
CHJIa BBIHYXKIAeT CUCTEMY CpearupoBaTh Ha KOCOCHMMETPUYHYIO (JOpMY MOTEpH YCTOHUMBOCTH. BenmuunHa ro-
pU3OHTaNbHOU Bo3Mywarouieil cuibl coctaBinser 500 H. bokoBble U HUXKHSAS TpaHUIIBI OKPY>KAKOLIETO OCHOBA-
HUSl 3aKpeIyIeHbl OT IEePEMEIIEHUH 110 HOpMaJIsAM K noBepXxHocTsiM. O00J104Ka [0 TOpLAM UMEET aHaIOTUYHbIE
OTIOPHBIE 3aKPEIIeHNs, 00ECTIeUHNBAIOIIIEe TeOMETPUYECKYI0 HEU3MEHAEMOCTh PAaCYETHOI MOEIH.

OTtnnuuTenbHas 0COOCHHOCTh MPOCTPAHCTBEHHOW MOJIEIH CHCTEMBI «000JI0UKa — OCHOBAaHUE» COCTOUT B
HEOIHOPOIHOCTH (U3UKO-MEXaHUYECKUX CBOWCTB OCHOBAaHHUS BIOJb HPOIOJIBHON OCH LMIMHAPHYECKON 000-
o4k [8; 9]. Pu3nKO-MEeXaHUIECKHE CBOMCTBA 000JI0UKH 3adaHbl o Moaenu Jpykepa — Ilparepa co criemyro-
UMY TTapaMeTpaMu: MOAYIb YOpyrocTH Eos = 3,0x10% MITa, koodduuuent Ilyaccona o = 0,18, mioTHOCTH
Pos = 2300 Kr/M>, TIpeien IPOYHOCTH TIPH OJHOOCHOM pacTskeHHH R, = 2,5 MIla, npeaen IpoYHOCTH TIPH OHO-
ocHOM cxkatuu R, = 42,0 MIla, mpenen npodHOCTH MPH IBYXocHOM cxaTuu R, = 50,0 MIla. OcHoBaHue paze-
JICHO Ha J[Ba paBHBIX MaccuBa. OU3HKO-MEXaHUIECKHUE CBOMCTBA OKpyxaromiero ocuoBanus [10; 11] 3amansr mo
Moaenu Mopa — Kynona ¢ nmapamerpamu, IpuUBeACHHBIMU B Taba. 1. OOmmii BUJ pacueTHON MOAEH MpencTaB-
JIeH Ha puc. 1, KOHCYHO-3JIEeMEHTHAsI CeTKa IMIHHIPHIEeCKOW 000I0YKH TTOKa3aHa Ha pucC. 2.

Tabauya 1
Du3MK0-MeXaHHYecKHe CBOMCTBA OKPY:KaK01Iero 0CHOBAHUS
N IInoTHocTs p, Koapduument nonepeunoii  Moayab gepopmauum E, Cuenienue C, YroJ BHyTpeHHero
B Kr/m3 aedopmManuu p MIla klla TpeHus @, °
1600 0,30 14 10 20
2 1800 0,30 16 10 25
Table 1
Physical and mechanical properties of the soil
Density p, . , . Deformation modulus E, Cohesion C, . o
No ke/m? Poisson’s ratio p MPa GPa Friction angle o,
1600 0.30 14 10 20
2 1800 0.30 16 10 25
g
0,00 30,00 {m) 10,000 (m) z‘)\ X
o 5,000
Puc. 1. OGuuii BU IpOCTPAHCTBEHHON PacueTHON MOJIEIH Puc. 2. KoneuHo-31eMeHTHas ceTKa UMINHAPUYIECKOH 0007I04KH

CHCTEMBI «000JI0UKa — OCHOBAHHE) Figure 2. The mesh of the cylindrical shell
Figure 1. General view of the spatial calculation model
“shell — soil” system

Pacder mpoBejieH B HETMHEMHOM MTOCTAHOBKE C Y4E€TOM reOMETPUUYECKON HETMHEHHOCTH, OJTHOCTOPOHHUX
CBsI3eH MeX 1y 000JI0UKOH M OKPYIKAIOIIMM OCHOBAaHUEM M YIIPYTOIUIACTHYECKUX Mojenel MaTepuaiosn [12; 13].
CocTaBiieHO JiBa pacueTHBIX CIIyYas: ¢ y4eToM u 0e3 ydera kod(h(uIMeHTa TpeH!sI B KOHTAKTHOW Tape MEeXIy
000JI0YKOH M OKPYKAIOIIIMM OCHOBAaHHEM.
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HesmHelHbIHA pacyeT NPOCTPAHCTBEHHONH MOJIEJH CUCTEMbBI «000J109KAa — 0CHOBAHUE»

0e3 ydyera Ko3(pPpuuneHTa TPEHUs

B manHOM pacueTHOM ciydae HE y4TeH KO3(D(OUIIMEHT TPEHUST MKy 000JIOUKON U OKPYKAFOIIIUM OCHOBaHH-
eM. Pacder mpoBeneH B reOMeTpHUIeCKd, (QH3HMUSCKH W KOHCTPYKTUBHO HEIMHEWHBIX MOCTaHOBKaX. HenmmHeHHOCTH
00yCIIOBIIEHA HEOOXOIMMOCTEIO TIOCPEICTBOM HTEPAIIOHHOTO MPOIecca OTHICKAHMS 30HbI KOHTAKTa 3JIeMEHTOB (00-
JIACTh OTJIAIIAHUS 000JI0YKU OT OCHOBAHUS ) M ONIPECICHUS N3MEHSIOIIETOCS BO BPEMEHH MOJIOKEHUS 000IOUKH.

Ha puc. 3 npezacraBneHo mose MOTHBIX epeMelleHni IPOCTPAHCTBEHHON MOJIENTN CUCTEMBI «000I09Ka — OC-
HOBaHME» B CITydae HEOIHOPOIHBIX (PH3UKO-MEXaHUUECKHX CBOMCTB OCHOBAHMS BIOJH MPOAOIHHON OCH IUITHHIPH-
YEeCKOW 0OOJIOUKH MPU JOCTIDKCHUH KPUTHIECKON Harpy3ku. HennHelHbIN pacyeT OCTaHOBJICH Ha IIare MpUpaICHUs
Harpy3Ku, Ha KOTOPOM HE JJOCTUTHYTa CXOANMOCTh pellieHusl. BennuiHaa KpuTHIecKoi Harpy3Ke cocTaBisieT 4,5yz;.

Ha puc. 4 BuanO, 9T0 HaMOOBIINE ITEPEMENICHHS HAOIIONAl0TCS Ha y9acTKe 000JI0UKH, PACTIONI0KEHHOM
B IIpeieiaX MepBOr0 MACCHBA OCHOBAHUS C MEHBIIUMH (PH3UKO-MEXaHHUECKIUMH XapaKTEPUCTHKAMHU.

Ha puc. 5 nokazana kpriBasi 3aBUCUMOCTH ITEPEMEIICHHS HIDKHETO Y3712 00O0JIOUKH OT IPUKIIA IHIBAEMON HArPY3KH.

2,4961 Max

22187
L9414
L664

L3867
L1084
0,83202
0,55458
0,27734
0 Min

0,00

1,9622 Max
L87L
L7799
16980
19977
15066
14135
13244
12332
1,1421 Min

30,00 () Z/Lx 10,000 tm) z)\x
1

15,00

5,000

Puc. 3. [1one nonHpIX nepeMeleHnid MPOCTPAHCTBEHHOU Mozieiy cucteMbl  Puc. 4. Tlose moHBIX nepeMeIeH i ITHHIPUIECKONH 000I0UKH

«000JI09Ka — OCHOBAHHE» NP JOCTHXCHUHN KPUTHYECKON HArPY3KH
Figure 3. Fields of total displacements of the spatial model
“shell — so0il” system when the buckling load is achieved

MNepemelueHue, m (displacement, m)

12

11

1,0

09

0,8

0,7
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0,5

0,4

0,3

0,2

0,1

0,0

0,00

IPY TOCTHKCHHH KPUTHYCCKOM HArPY3KH
Figure 4. Fields of total displacements of the shell
when the buckling load is achieved
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Harpyska (load step)

—e—Kpueaa nepemewennii (displacement curve)

Puc. 5. KpuBas 3aBUCUMOCTH NepeMeEIeHHS HIKHETO y371a 0007I04KH
OT NPUKIIAABIBAeMON HAarPy3KH MPOCTPAHCTBEHHOI MOJENN CUCTEMBI «000JIOUKa — OCHOBAHHE)
Figure 5. The displacement curve of the bottom point of the shell depending on the loading step
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HeauHeilHbIH pacyeT NPOCTPAHCTBEHHONH MOIeIN
CHCTEMBI «000J10YKAa — OCHOBAHUE)» € y4eTOM K03 Ppunuenta Tpenus

B nannHoit Momenu yuTeH KO3 (OUIMEHT TPEHUS MEKITY 000J0YKON M OKPYIKAIoIUM ocHOBaHHeM. Koad-
¢GueHT TpeHus f TpuHAT paBHbIM 0,0, Tak Kak (pU3MKO-MEXaHUYECKHE CBOWCTBA OCHOBAHUS MPHUHSATHI KaK JIJIs
CyXOro TPyHTa, a CBOHCTBa 000JIOYKY KakK Jisi OeToHa. PacueT mpoBe/ieH B HEMHEIHHON TOCTaHOBKE.

Jnst 0600UKY MPUHST yIPYyroIIacCTHYECKUi Marepuain no monenu Jpykepa — [Iparepa, ans okpysxkato-
IIEro MaccuBa 3a/iaH YNpYyTollacTUuecKuid Matepual o mojienu Mopa — Kynona. dusnko-MmexaHu4eckue xa-
PaKTEPUCTUKU MaTEPHUAIIOB B3STHI U3 MPEABIIYICH MOACIH.

Ha puc. 6 npencraBneHo mosie MOJHBIX MepPeMeIIeHnH MPOCTPAaHCTBEHHONW MOJIEIH CHCTEMBI «000JI0UKa —
OCHOBaHHE» B CITydae HEOAHOPOAHBIX (M3NKO-MEXaHHIECKHX CBOIICTB OCHOBAaHUS BJOJIb MIPOAOIBHON OCH IH-
JTUHAPUYECKONH 000JI0YKH MPU JOCTHKEHUU KPUTUYECKON Harpy3ku. Ha puc. 7 moka3aHo 1mose MOJHBIX Iepe-
MEIICHUH NUIMHIPHUYECKOW O00OJIOYKU MPHU JOCTUIKCHUM KPUTUYECKON HArpy3KH B MacIITaOUPOBAaHHOM BHJIC
(Bua cOOKy JIeBOH MOJIOBUHEI 000J109KM). HemmHEHHBIN pacyeT OCTaHOBJICH Ha Iare MpUpamIeHNs Harpy3Ky, Ha
KOTOPOM HE JIOCTUTHYTa CXOAMMOCTh pelieHus. Pacnpeenenue miactnyeckux aedopMaiiuii B TeJIe OKpPY)Karo-
IIEr0 OCHOBaHMS U O00OJOYKH IMOKa3aHbl HA PUC. 8 U 9 COOTBETCTBCHHO. BemuunHa KpUTHYECKON HArpy3KH CO-
craBuna 4,6yz.

[TomyuenHble 3HaYEHUS KPUTHIECKUX HATPY30K OJIM3KHU K 3HAUCHHSAM, TTOJTYYEHHBIM B CIIydae OECKOHEYHO
JUTMHHOW HMJIMHIpHYECKOW 00omouku [7]. Pacnpenenenus rmiactuueckux nedopMaiyii B Tejie OCHOBaHUS U
000JIOYKH TAKXKE CXOXKH C MOTyYESHHBIMHU B ClTydae OECKOHEUHO UIMHHOW IMIIMHAPUIECKONH 00OJIOUKH.

25399 Max
2,257
1,9755
16933
14111
1,1280
0,84664
056443
0,28221
0Min

i
1162200

1—1
0,00 30,00 {m) Z/L‘ 5«

| s ] A
15,00 =) B *

Puc. 6. Ilone mosnHbIX NepeMereHui Puc. 7. Ilose monHBIX NepeMeIIeHIH UIHHIPUIECKON 000I0UKH
MPOCTPAHCTBEHHOH MOZENH CHCTEMBI «000JIOUKa — OCHOBAHUE TIpY JOCTHKEHUN KPUTHIECKON HAarpy3KH B MacIITaOMPOBAHHOM BHJIE
MIPU AOCTI)KEHUH KPUTHYECKON HATPY3KH (BKIIFOYEHO OTOOPaKEHUE TOJIIUHEI JIEMEHTOB 000JI0YKH)
Figure 6. Fields of total displacements of the spatial model Figure 7. Fields of total displacements of the shell
“shell — so0il” system when the buckling load is achieved when the buckling load is achieved in scaled form

(the thickness of the shell elements is displayed)

0,12994 Max
0,11551
0,10107
0,08663
0072181
0,057753
0043315
0028877
0,014438
0 Min

0,14087 Max
0,13532
0,10957
0,093913
0,078261
0,062609
0,046957
0,031304
0,015652

0 Min

g

w00 30,00 {m) 7'"‘* X
1

15,00 4,500

8000 ¢y z‘)\ g

Puc. 8. Pactipenenenue mactuaeckux nedopMarnmit Puc. 9. Pactipenenenue macTuaeckux nedopmarnmit
B TeJI€ OKPY’KAIOIIEro OCHOBAHHS B Telie 000JI0UKH
Figure 8. The plastic deformation in the soil Figure 9. The plastic deformation in the shell
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ITo puc. 8 m 9 BUAHO (MaKCHMyMBI BEJIMYWH OTMEUCHBI KPaCHBIMH ()JIa)KKaMH), YTO HAWOOJBITHE TIepe-
MEIEHHUS M TIacTUYecKue AedopMannu COCpPeOTOYCHBI Ha YYacTKe 00OJIOUKH, PACHOIOKEHHOM B Ipelesiax
MEPBOTO MacCHBa OCHOBAHHS C MEHBITUMH (PU3NKO-MEXaHHMUECKUMHU XapakTepucTukamu. CiemoBareiabHO, MO-
Tepsl yCTOHIMBOCTH IMUITHHAPUICCKON 000JIOUKH XapaKTepHa I dTOW 00J1acTH.

CrenyeTr OTMETUTb, YTO TIO pe3ysibTaraM pacdera Xapakrep aedopmMaruii 000JI0YKH CXOXK C JiehopMarus-
MU, noiaydeHHbME B pabote C. Kupuakuaeca u Y./l badkoka [14; 15] ais CTalbHBIX TPyOUYaTBIX 3JEMEHTOB
MIPH PACTIPOCTPAHEHUH BMATHHBI C yUETOM IUTACTUYECKUX CBOMCTB Marepuana (puc. 10).

2,143 Max
2,034

1925
LE161
Li07L
15981
14891
13801
L2711
1,1622 Min

0,000 3,000 {rm)
L E—
L500

Puc. 10. MacmrabupoBaHHBIN BHI IIEpEMEIICHHI 000IOUKH 1O pe3yiibTaTaM HaIlIero pacuera (cresa)
M IPOQHIIN TTONIEPEYHBIX ceueHui TpyOs! u3 pabotsl C. Kupnaknneca u Y. JI. Babkoka (cnpasa)
Figure 10. Scaled view of the shell displacements based on the results of our calculation (/eff)
and cross sections of the pipe from the work of S. Kyriakides, C.D. Babcock (right)

MakcuManbHOE ITIaBHOE HANpsDKeHUE B Tenne 000s10uku coctaBmio 2,7 Mlla B BepxHeM cBoJe HWIMHAPHIE-
CKO# 000m0uky. MHUHIMaITbHOE TJ1aBHOE HarpsbkeHHue coctaBuiio 55,6 MIla B HwkHeM cBoje. Pacnipenenenue mak-
CHMAaJIbHBIX 1 MUHIMAJIbHBIX TJIABHBIX HANPSDKEHUH B Teie 000I0UKH MoKa3aHbl Ha puc. 11 u 12 cooTBETCTBEHHO.

2,7273e6 Max
2,2448e6
LA623e6
L,5790e6
L,1974ed
8,1407e5
4335165

50051
-3,3241e5
-7.1487e5 Min

4257,3 Max
-6, 177 4efi
-1,2350e7
-18541e7
-2,4722e7
-3,0904e7
-3,7086e7
-4,3268e7
-4,0440e7
-5,5631e7 Min

3,000 tm) z‘kx

4,500 4,500

8000 (o) Z,)\X

Puc. 11. Pacnpenenenue MakCUMasbHbBIX TJIABHBIX HAIPSHKEHUH Puc. 12. Pacnipenenenne MUHUMANBHBIX TJIABHBIX HAIPSDKEHUI
B 000JI0YKE B 000JI0UKE
Figure 11. The distribution of the maximum principal stresses Figure 12. The distribution of the minimum principal stresses
in the shell in the shell

Ha puc. 13 nokasaHa kpuBasi 3aBUCHIMOCTH MEPEMEICHHSI HUKHETO y371a 000JI0YKH OT MPHUKJIAABIBAEMOM
Harpy3Ku.
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Puc. 13. Kpusas 3aBucuMOCTH nepeMeneH s HIKHETO y3/1a 000JI09KH
OT NPUKJIaABIBAEMON HAarpy3KH MPOCTPAHCTBEHHOM MOJENIN CUCTEMBI «000JI0YKa — OCHOBAHHE)
Figure 13. The displacement curve of the bottom point of the shell depending on the loading step

B Tabn. 2 mpuBeneHbI 3HAYEHUS KPUTUYECKOM HArpy3Kd IUIsl ABYX BBITOJHEHHBIX PACUETHBIX CIIydacs
MPOCTPAHCTBEHHON MOJAEIN CUCTEMBI «000J0YKa — OCHOBAHHUE)» B CIy4ae HEOIHOPOIHBIX (PU3MKO-MEXaHMYECKUX
CBOWCTB OCHOBaHHMS BAOJIb NPOJOIBHON OCH LIMIMHAPUIECKOH 00OI0UKH.

Tabauya 2
BeJuYMHBI KPUTHYECKUX HATPY30K
Bujx ananuza BeanuuHa KpUTHYECKOI HATPY3KH
HenuHelinplit pacyet ¢ 0HOCTOPOHHUMH CBA3AMH 0e3 yueTa Ko3hhu- 4.5vz
LMEHTA TPCHUS MPH YIPYTOIIACTHUSCKUX MOJICNIAX MAaTCPHUATIOB Y2
HenuHeliHplit pacyet ¢ 0THOCTOPOHHUMH CBSI3IMH C YI€TOM KO3 HITH- 4.6vz
CHTa TPCHUS MPH YIPYTOMIACTHUCCKIX MOJICNIAX MAaTCPUAIOB DYz
Table 2
The values of the buckling load
Type of analysis The value of the buckling load
Nonlinear analysis with one-way connections without taking into account 4 5vz
the friction coefficient. Elastic-plastic material Y2
Nonlinear analysis with one-way connections taking into account the friction 4.6y21

coefficient. Elastic-plastic material

[Ipu mepexone oT cinydyass OECKOHEYHO JJIUHHOW IWIMHIAPUYSCKON 000JI0UKH [7] K Clydar0 HEOJHOPOJ-
HBIX (PM3UKO-MEXaHUYECKUX CBOWCTB OCHOBAHUS BJOJb MPOAOJIBHON OCH HWIHHIPUIECKONW 000JIOUKH 3HAYCHUE
KPUTHYIECKON HArpy3KH IoJydaeT He3HAUMTeIbHOEe M3MeHeHne — ¢ 4,4yz; 1o 4,6yzi. OT0 00BACHEHO TEM, UTO
o0e 3aJa4un pelIeHsl B IPOCTPAHCTBEHHOM MMOCTAHOBKE C MPUMEHEHUEM YIIPYTOIUIACTUYECKUX MOJIENeH MaTepu-
anoB. OJTHAKO CTOUT 3aMETUTh, YTO MOCIUPOBAHHEC OCHOBAHHS C HEOJIHOPOJHOCTHIO (PU3MKO-MEXaHUYECKHX
CBOMCTB BIIOJIb MPOJIOIHHON OCH ITMIMHAPHICCKON 000IOUKHN TTOKA3EIBACT, UTO MOTEPS YCTOMUIUBOCTH 000TI0UKH
MIPOUCXOJIUT Ha yJacTKe OoJiee c1aboro OCHOBAHHUS.
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3akaouenue

HOHy‘ICHBI 3HAa4YCHUA KpHTPI‘IeCKOfI Harpy3km OT ABYX BBIIIOJIHCHHBIX PAaCYCTHBIX CIIy4acB IIPOCTpaH-
CTBEHHOH MOJIENH CUCTEMBI «000JI0YKa — OCHOBAHHE» B CITydae HEOJAHOPOJHBIX (PU3UKO-MEXaHUIECKUX CBOWCTB
OCHOBAHWMS BIOJb MPOIOIBHON OCH ITMIMHAPHICCKON 0005109KH. [1pn HeMMHEHHOM pacdere ¢ OJHOCTOPOHHUMU
CBsI3IMU 0e3 ydera ko3 dUIHeHTa TPEHHS NP YIPYTOIUIACTHUECKON MOJIENIM MaTepHraia KpuTHYecKas Harpys-
Ka coctaBisieT 4,5yz;. [Ipu HenMHEHHOM pacueTe ¢ OIHOCTOPOHHUMHU CBSI3IMH C Y4eTOM KO3 QHLIUEHTa TPEHHS
MIpH YIPYTOIUIaCTUYECKON MoJieau Matepuana — 4,2yzi.

MonenupoBaHre OCHOBaHHUS C HEOTHOPOAHOCTHIO (DPM3WKO-MEXaHMYECKHX CBOWCTB BIONb MPOAOIHHOM
OCH IUJIMHIPUIECKOH 000JI0YKM TIOKA3a10, YTO HOTEPs] YCTOHYUBOCTH 000JIOUKY MPOUCXOANUT Ha YUACTKE OCHO-
BaHUS C MEHBIINMH (DU3UKO-MEXaHUIECKIMH XapaKTEPUCTUKAMHU.

Heo0xoamMo OTMETHTH, UTO «3aIlac YCTOHIMBOCTIY» 4,2z IO OTHONICHHUIO K NEHCTBYIOIICH Harpy3Ke He
SIBISETCS B OJTHOM MEPEC AOCTATOYHBIM JIsI BBOOAMMBIX B OKCILTyaTallUIO COOPY)KGHHﬁ.
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LIMOHHBIE TECThI, HA OCHOBAaHUM KOTOPBIX BBIMOIHEHO HCCIEA0BAaHUE TOYHOCTH U
CXOJIMMOCTH Pe3YJIbTATOB PacdeTa Pa3IMYHbIX 000JIOYEK C UCIIOIB30BAHUEM THX
KOHEYHBIX 371eMeHTOB. O00I04edHbIe KOHCTPYKIIMH HaXOAAT IMUPOKOE IIpUMe-
HEHHE B Pa3IMYHBIX OOJIACTSIX TEXHUKH — CTPOMTENIHCTBE, MAIIMHOCTPOCHUH,
CaMOJIETOCTPOCHUH, CYyJOCTPOCHUH U T. JI. CIIEHUATUCTHI 110 POSKTUPOBAHUIO 1
pacueTy TakuX KOHCTPYKLHUH HYXIAIOTCS B HAJEKHOM U JIOCTYITHOM HHCTPY-
MEHTE JUIsl pELICHUsI TIPAaKTUYECKHUX 3a1a4. Beruuciaurensubiii komiieke [IPUHC
MOXeT ObIThb OAHMM M3 HHUX. ONHCBHIBAIOTCS KOHEYHBIE HJIEMEHTHl 000JI0YEeK,

peammu3oBanHbie B BhraucauteabHoM komruiekce [IPUHC. Tlomyuenst pesynbra-
ThI BEpU(QHUKALMOHHBIX TECTOB, MOATBEPIKIAIOIINE BHICOKYIO TOYHOCTb U CXO/HU-
MOCTb 3TUX KOHEYHBIX 3JIeMEHTOB. Brrunciurensubiii komiieke [IPMHC moxxer
ObITh 3()()EKTUBHO MCIIOJIb30BAaH MHKCHEPAaMH TPOCKTHBIX M HAy4YHBIX OpraHH-
3alMi JUIsl pelIeHns [UPOKOTo Kilacca HHKEHEPHBIX 3a7ad, CBA3aHHBIX C pacue-
TaMH 000JI0YEYHBIX KOHCTPYKIIUHA.

JJ1st ntMTHPOBaHUSA

Aeanos B.I1., Mapkosuu A.C. Uccnenosa-
HUE TOYHOCTH U CXOIMMOCTH PE3yJIbTATOB
pacdera TOHKUX 000JIOUEK C ITOMOILBIO MPO-
rpammbl [IPUHC // CtpoutenbHas Mexa-
HUKAa WHXCHEPHBIX KOHCTPYKLIHH U CO-
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Introduction

Shell structures are widely used in various fields of technology — construction engineering, machine-
building, aircraft construction, shipbuilding and so on. Fundamental questions of the shell analysis theory have
been studied in detail in the works of domestic and foreign authors [1-5]. In these works, equations were obtained
that completely describe the stress-strain state of thin shells of arbitrary shape under arbitrary loading. However,
these equations do not have a common analytical solution. Various authors have obtained particular solutions for
shells of a relatively simple form. The search for such solutions is underway at the present time [6—9]. The most
famous of them, tested by long-term practice of their use, are given in reference and educational literature [10; 11].

The finite element method, which appeared in 1956, became a universal tool for calculating shells of arbi-
trary shape [12]. The versatility of the method is provided by the fact that the shell surface is represented as a set
of elements of a simple geometric shape, triangles and/or quadrangles, which can be both flat and curved. At-
tempts were made to construct a curvilinear finite element on the basis of the shell theory [13], but it was impos-
sible to make such element universal. Therefore, at present, for the calculation of shells, either plane finite ele-
ments are used, built on the basis of the plate bending theory [14; 15], or curvilinear ones, built on the basis of
the general theory of elasticity [16].

The finite element method has been implemented in various computer programs. Those, who have been
thoroughly verified, use the confidence of calculators and designers. The subject of research in this article is created
by Professor V.P. Agapov computer program PRINS, the development of which is carried out by Professor
V.P. Agapov together with his followers. The theory and practical implementation of shell finite elements used
in this program is briefly described, and numerous examples of calculation of shells of various shapes are given.

Method

In the PRINS program, plane triangle and quadrilateral finite elements, implemented in single-layer and
multilayer versions, are used for the calculation of thin shells. Since PRINS is intended for calculations of both
linear and nonlinear deformable structures, the fundamental position in the development of finite elements was
to obtain the simplest mathematical formulations. This circumstance is explained by the need to use rather dense
finite element (FE) grids in the calculations, on the one hand, and the need for multiple recalculation of the stiffness
characteristics of elements in the process of nonlinear problems solving, on the other. Therefore, the simplest
triangle (Figure 1, a) with linear approximating functions for membrane displacements and a function in the form
of an incomplete cubic polynomial for deflections (1) was taken as the basis for the shell elements constructing.

u=0y+a,x+0o3y, v=04 +05x+0ag),

2 2 3 2 3
W=q) +qrX +q3Y +qux” +qsxy+qey” +q7X" +qgxy° +qoy. (1)

A finite element with such displacement functions has well known to specialists disadvantages [14],
the main of which are non-invariance with respect to the local coordinate system and the lack of compatibility of
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rotations of the normal with adjacent elements at the boundaries that do not coincide with the local x,, axis.

However, an advanced triangular finite element can be built on its basis. Two such elements are used in
the PRINS program — multilayered EL34 and single-layered EL36. When developing multilayer element,
the technique proposed by Professor Agapov [17] was used, and in the development of single-layer element
the method described in the work of Clough and Tocher [14], was realised. The main idea in both cases is to use
three so-called subtriangles with approximating displacement functions, taken in the form (1), to obtain the cha-
racteristics of a given triangular FE. Methodology of professor Agapov is illustrated in Figure 2, and the Clough
and Tocher method is shown in Figure 3.

In both cases, the characteristics of subtriangles are initially formed in their local axes, then converted to
axes common for a given triangle, summed and averaged.

a b c
Ym |z arbitrary layer
3(x3, ¥3) \/L\ h., o x o,
2] Tl < i
hy S ———————— - " '_x —_— —— —
i, | EL
w Xm | o~ N 173
™ -~ N i
1(0,0) 2(x, ,0) base layer ¢ Xm Y
Figure 1. To create laminated shell FE:
a — triangular FE in local coordinates x,—y,; b, ¢ — cross section
a b
A
Ym Yms Y1 Ym . Ym
k(X vi) k k k
3 5
Xm 1 Xmy X1 2 Xm Xm
i(0,0) J;,0) i J i yl}/j %,/ i J

given triangle subtriangles

Figure 2. To calculate the bending stiffness matrix:
a — triangular FE with nodes i, j, k; b — subtriangles in local axes

j Xm, xl

o/

Figure 3. R.-W. Clough & J.L. Tocher triangular finite element formation

As shown in [14; 17], the triangular elements thus improved have the property of invariance with respect
to the coordinate axes and complete compatibility of displacements and rotations with adjacent elements at all
boundaries.

The characteristics of a quadrangular FE are obtained by summing and averaging the characteristics of
four triangles according to the scheme shown in Figure 4.
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Figure 4. Forming a quadrangular finite element

A detailed description of the methods for obtaining all the characteristics of flat finite elements necessary
for the calculation of shells can be found in [14; 15; 17]. The purpose of this work is a comparative analysis of
shell FE implemented in PRINS program, as well as analysis of the accuracy and convergence of the results ob-
tained with their help.

Results and discussion

To verify the above-described finite elements, we present a number of numerical calculations performed
in PRINS program.

Single-layer shallow shell. We consider a shallow shell, the middle surface of which is an elliptical pa-
raboloid (Figure 5, a) with the following initial data: ¢ =5 =10m, 4 =10 cm, fi = = 0.5 m, E = 3x10* MPa,
v=0,2, ¢ = 1 kPa. The shell rests on transverse diaphragms that are rigid in its plane and flexible out of plane.

X

Figure 5. To the calculation of a shallow shell

The middle surface of the shell considered is described by equation:

A VLl z_jz_
_f{f(za lj +f(2b 1 1}, ()

This surface is formed by moving a line f; (x) along a line f> (y) .

The authors estimated the accuracy and analyzed the convergence of the calculation results obtained with
using of triangular and quadrangular elements of a single-layer shell (type EL36). For these purposes, a total of
twelve finite element schemes of the considered shell were built (Figure 6) with different mesh densities:
10x10, 14x14, 20%20, 3030, 36x36, 40x40. An analytical solution to this problem is given in the manual [11].
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Figure 6. Finite element models of a shallow shell:
a, b, ¢ — for calculating with rectangular FE; d, e, f— for calculating with triangular FE
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Comparison of the results obtained in the PRINS program with the analytical calculation data was carried
for the vertical displacement and for the total stresses at the upper (c,) and lower (o;) surfaces at the central point

of the shell. Stresses were calculated by the formula

L oM

N

N

)

o=

W
where N and M are the lineal membrane force and the lineal bending moment in the shell section respectively.

The orientation of the shell surfaces is determined by the direction of the local z,, axis of finite elements,
the positive direction of which at the central point coincides with the direction of the global z axis in Figure 5.

The results of the numerical calculation of the shallow shell are presented in Table 1.

Table 1

Stresses at the upper and lower surfaces
at the center point of the shell

=

2|el e ©
o ]

ARl ! <

S| o —

21 | = _

- S B —~

< N

CGG on

S0 N

A X

HGG |

<
%8982599755
L s 2a|alal=|e
AMO703070200

=

=]

S

-

m@ﬂ

S| =TSR Q|2|o| T

EWIW,Z.O.S.OO..I“OO.RNI.FJ?M

wv

PR O R BN Nl Rt I Pl A I R
== g2 = =
u,zn____,,____
g B
6| ©

Calculation results of the shell

Vertical displacement
at the center point of the shell w, m

6.33
0.45
4.07
0.45
0.22

—0.000221

FEM solution | Analytical solution | A, %

—-0.000235
—0.00022
—0.00023

—0.000222

—0.0002215

FE mesh

14x14 (3)
30x30 (3)
14x14 (4)
3030 (4)
40%40 (4)

stress fields in the shell are shown in Figure 7.

The displacement and
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a b
B
W
B 0.000237 - 'g
B 0,000212 L :107
M 0.000189 W s
[ 0.000166 W s
[ o0,000142 o o
I o.000118 Lo
B 9.496902 152
7,122676 [ 61
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B 2374225 -180
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Figure 7. Calculating results of a shallow shell:
a — deformed shell scheme, total displacement fields, m; » — normal stress fields o,,, kPa; ¢ — normal stress fields o,,, kPa ; d — shear stress fields t,,, kPa

As you can see from the Table 1, PRINS program provides an equally stable solution using both triangular
and quadrangular FE. With a relatively coarse FE mesh, the calculation error is less than 6%. The displacement
convergence graph is shown in Figure 8.

+10
°\°.‘ 0 &
=
9]
5 -10 el

V
-20
10x10 20%20 30x30 40%40
FE mesh parameter
Figure 8. Convergence graph of calculation results for displacements Figure 9. To the calculation of a spherical shell

Spherical shell under uniform pressure. The spherical shell clamped at the edges and loaded with
the uniform load (Figure 9) is considered. The initial data are as follows: R = 2.28 m, o = 35°, A = 7.6 cm,
E=3%10* MPa, v=0,167.

An analytical solution of this problem by the Steuermann — Geckeler method is given in [11]. The shell
verification calculation was performed by a shell finite element (type EL36) at different FE mesh densities:
8x32, 12x48, 16x64, 32x128 (Figure 10).

The results of the spherical shell analysis, obtained with the aid of PRINS program, are shown in Figure 11.

The graphs of the convergence of the calculation results for meridional bending moments and circumfe-
rential normal stresses are shown in Figures 12 and 13 respectively.

The data presented in these figures show the high accuracy of the finite elements used for calculations.
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Figure 13. Convergence graph of calculation results for circumferential stresses oy

Tank consisting of a cylindrical part and a spherical dome. Let us consider a dome-shaped shell, turning
into a cylindrical one, under the action of uniform pressure (Figure 14). The initial data are as follows:
Rn=R;=20m, h =50 cm, E =3x10* MPa, v=0,2. The tank is rigidly fixed in the base.

Figure 14. To the calculation of a tank

The finite element schemes of the reservoir were constructed using triangular and quadrangular shell ele-
ments (type EL36) and had the following parameters: 12x24, 18x36, 24x48, 30x60 (Figure 15).
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Figure 15. Tank finite element models

The stress state of the reservoir under consideration can be determined using the membrane theory of
shells (the edge effect is not considered).
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Normal stresses in the cylindrical part are equal:

R R
. =Pt pr 3)

=—, O,="—.
"o g

The stresses in a spherical dome are determined by the equation:

PR
6, =0, =—. 4
(=0 ="t O
The results of the reservoir analysis with the aid of PRINS program are presented in Table. 2.
Table 2
Tank calculating results
Cylindrical shell Spherical shell
FE mesh FEM solution Analytical solution FEM solution Analytical solution
om, kKPa o1, kPa om, KPa o:, kPa om, kPa o:, kPa om, kPa o1, kPa
12x24 9900 19 800 9950 9990
18%36 9960 19 900 9960 10 000
10 000 20 000 10 000 10 000
24x48 9980 20 000 9980 10 000
30%60 9990 20 000 9990 10 000

The displacement and stress fields in the tank are shown in Figure 16.

M 2070 B o
B 190811 O
9967
[ 18022
B o.01419 [ e
[ 18033 B 9945
B o.01277
: B 17144 W 9934
B o,01135 B 16255 B 9023
[ 0,00993 B 15366 B o012
I 0,00851 B 14477 B 9901
B o0.00709 [ 13588 9890
M 0.00567 12699 [ 9879
0,00425 | 11810 [ o368
0,00283 [ 10021 [T 9857
B o.0011 7 10032 [ 9846

Figure 16. Tank calculating results:
a — deformed tank scheme, total displacement fields, m; b — normal stress fields in the meridional direction c,,, kPa;
¢ —normal stress fields in the circumferential direction c,, kPa

As you can see from the Table 2, the results obtained using the PRINS practically coincide with the ana-
lytical solution according to the membrane theory.

Flat layered cylindrical panel. The calculation of a flat layered cylindrical panel rested on transverse dia-
phragms that are rigid in its plane and flexible out of plane (Figure 17, a) is presented. Panel dimensions: a; = 1 m,
a> =2 m, Ry = 3 m. The cross-section of the panel consists of five layers symmetrically located relative to
the middle surface (Figure 17, b).

The characteristics of the layers are as follows: #; = 0.5 cm, &, = 1.5 cm, &3 = 1.6 cm, E; = 7x10* MPa,
E>=2.6x10* MPa, E3 = 195 MPa, v; =0.3, v,=0.13, v;=04, q =35 kPa.

The calculations were carried out using a triangular multilayer FE (EL34). Four different finite element
meshes were used: 6x12, 9x18, 12x24, 15x30 (Figure 18).
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Figure 17. To the calculation of a laminated cylindrical panel:
a — general view; b — cross-section of the panel

O

i

il

HH0H408
A

G0

Figure 18. Finite element models for calculating a laminated panel

Table 3
Calculation results of laminated cylindrical panel
Vertical displacement Forces in the middle of tl.le panel
FE mesh at the center point of the shell w, m FEM solution Analyf:lcal
solution Error, Ay, %
FEM solution Analytical solution | My, KNm/m | N, kN/m | My, kNm/m | Ny, kN/m
6x12 0.000459 3.086 -15.8 0.88
9x18 0.000458 0.000455 3.08 -15.5 3.05 -15.29 0.65
12x24 0.000456 3.075 -15.4 0.2

B 0.000456
B 0.000410
B 0.000365
I 0,000319
B 0,000273
B 0.000228
B o0.000182
I 0,000136

O B »
] B s
| | BU
[ -
o | K
O o
BN -

I -20

-26

29

Figure 19. Calculating results of a laminated cylindrical panel:
a — deformed shell scheme, total displacement fields, m; » — normal force fields Ny, kKN/m;
¢ —normal force fields N,, kN/m; d — shear force fields Ny, kKN/m
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An analytical calculation of the problem under consideration is given in the book [18].

The results of numerical calculations are presented in Table 3.

The displacement and stress fields in a laminated panel are shown in Figure 19.

The calculation error ranges from 3.5 to 0.2%, depending on the dimension of the FE mesh.

Conclusion

The principles of the shell finite elements constructing described in this article were implemented in
PRINS program.

On the basis of numerous verification tests, it has been established that the finite elements (type EL36 and
type EL34) used for single-layer and multilayer shell analysis have a fast convergence and have a sufficiently
high accuracy. For rectangular planar shallow shells with side length /, the optimal size of the finite element that

provides the required solution accuracy with significant savings in computing resources is (L - L][ . For the
24 36

calculation of cylindrical and spherical shells, the size of the finite element is recommended to be taken within

LR
16 24

PRINS program can be effectively used by specialists from design and scientific organizations to solve
a wide class of engineering problems.
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Hcropus cratbu AnHoTauus. Mccnenyrorcs cBoOOHbIE KOJICOAHHSI apMUPOBAHHON LUJIMHIPH-
[Mocrynuna B pepakuuto: 9 urons 2021 r. YecKol 000JI0YKH, 3allOJHEHHON >KUAKOCThIO. PaccmarpuBaercst ciydail opTo-
Jopaborana: 29 centsiops 2021 r. TPONHOI 000JIOYKH, KOTJIAa HUTH KOPJIa YKJIAJABIBAIOTCS CUMMETPHYHO OTHOCH-
[punsTa k myOmukamuu: 14 okrsa6ps 2021 r. TEJIbHO MepHraHa 0000YKH. J[BHKEHUE KUAKOCTH MOTEHIHAJIbHO, ONKIChIBA-

€TCcsl BOJIHOBBIM ypaBHeHHEM. JKUAKOCTh IBIKETCS 0€3 OTphIBA OT CTEHOK IIH-
JUHIPOB. J[aBiIeHHE KUIKOCTH YYUTHIBAETCS B YPAaBHEHHSX IBIKEHHS 000JI0-
YeK, a CKOPOCTHU JKHIKOCTH M 000JOUKM NMPHUPaBHUBAIOTCSA Ha rpaHunax. [Ipexa-
CTaBJICHHE DPELICHUS B T'apPMOHMYECKOM BHUJI€ CBOJUTCS K CHUCTEME TpPaHCLEH-

JCHTHBIX ypaBHeHuH. [Ipu cpaBHEHHHU pelieHud 3a1a4 0e3 KUIKOCTU U C KUJI-
KOCTBKO HAXOOUTCA 3aBHCUMOCTH 4aCTOThI CHUCTCMBbI 663 JKHAKOCTH C 4acTOTOM
CHCTEMBI C JKUAKOCTHIO. JIJIsl peleHus ypaBHeHUs IpeAsiokKeH 00paTHbII MeTo[,
KOTOPBIH TO3BOJIMJI MOCTPOUTH OOJIee TOYHBIA YACTOTHBIH CHEKTP CBOOOIHBIX
KosnebaHuil cucremsl. IIpy HEKOTOPBIX 3HAYEHUAX MMAPAMETPOB CHCTEMBbI OIpe-
JIeNIeHbI COOCTBEHHBIC YaCTOThI KOJIeOaHUN IIMIMHIPA.
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without separation from the walls of the cylinders. The fluid pressure is taken
into account in the equations of motion of the shells, and the velocities of
the fluid and the shell are equalized at the boundaries. Representing a solution in
a harmonic form reduces to a system of transcendental equations. Comparison of
the solutions of the problems without a liquid and with a liquid shows the de-
pendence of the frequency of the system without a liquid at the frequency of

For citation the system with the liquid. An inverse method is proposed for solving the equa-
tion. The inverse method for solving the problem has made it possible to con-
struct a more accurate frequency spectrum of free oscillations of the system.
For some values of the system parameters, the natural frequencies of the cylinder
are determined.

Rustamova M.A. Determination of natural
vibration frequencies of reinforced cylindrical
shell. Structural Mechanics of Engineering Con-
structions and Buildings. 2021;17(6):628—638.

(In  Russ.) http://doi.org/10.22363/1815- Keywords: cylinder, density of cord filaments, horizontal movement, fluid den-
5235-2021-17-6-628-638 sity, volume fraction of cord
BBenenne

KpyroBeie HIMHIpUYECKUE 0O0JIOUKH SBIISIOTCS DIIEMEHTaMH, BXOASIINMA B KOHCTPYKIIUH JICTATEIbHBIX
anmapaToB M JBHUTaTeled, MOABOAHBIX M HAJBOIHBIX CPEICTB MEPEIBIDKCHHS, PE3EPBYapOB M TPyOONPOBOIOB,
CBOJYATHIX CHUCTEM IOABOAHBIX M MOA3EMHBIX TOHHENEH W XpaHwiuil. LlunuHapudeckne 000NM0UKH HOIYYHIH
HIMPOKOE PacIpoCTpaHeHue B TexHuKe. OMHOM U3 OCHOBHBIX c(ep MX MPUMEHEHUS SBJLIIOTCS THAPABIMUCCKHE
CHCTEMBI, TJIc TaKue 000JOYKH MPUMEHSIOTCS B Ka4ecTBE THOKUX BCTABOK. MaTeMaTH4YEeCKOMY OMUCAHUIO KOJie-
OaHui apMHUPOBAaHHBIX 000JIOYEK C KUIKOCTHIO TIOCBSIIEHO MHOXKECTBO padoT [1-9].

BaXHbIM MOMEHTOM IPH HCCIIEJOBAaHUM KOJIEOaHUI 000JI09eK SBISETCS ONPEAETICHUE YaCTOT CBOOOIHBIX
KoJIeOaHU, YTO TO3BOJISIET M30€KaTh PE30HAHCA OT BHEIIHMX HMCTOYHUKOB KojeOanuid. CieayeT OTMEHUT,
YTO OOJNBIIMHCTBO pacCMaTpUBAEMBIX PaOOT MOCBALICHBI MPOCTEHITNM YAaCTHBIM CIyYasM WM TPUOIMKEHHBIM
METO/aM.

B [10] uccnemyroTcst cBOOOMHBIC KOJICOAHUS ABYX KOHIICHTPHUYECKH PACIIOIOKEHHBIX IMIHHIPHICCKIX
000J104€K C KUIKOCThIO MEXOy HUMH. [IpencTaBneHHoe pelieHre B TapMOHIMYECKOi hopMe CBOIHUTCS K CHCTeE-
M€ TPaHCLEHIEHTHBIX ypaBHeHHH. COOCTBEHHBIEC YaCTOTHI KOIEOaHUH ONPENeNsoTCs IPU HEKOTOPHIX 3HAUCHH-
AX N1apaMeTPOB CHUCTEMBI, BIMSHUE pa3Mepa LWINHAPOB Ha CBOOOJHBIE KOJIEOAHUS IMIMHAPA TOKE U3ydaeTcs.

Uccnenosanue [11] mocBseHo YUCIEHHOMY aHalIM3y COOCTBEHHBIX KOJIEOaHNH BEPTHKAIBLHO U TOPU3OH-
TaJIbHO OPUEHTUPOBAHHBIX WJIMHIPUIECKUX 000JI0UEK MPU Pa3HOM YPOBHE 3aIOJIHEHHUS KHUIKOCTHIO U Pas3iIny-
HBIX BapHaHTaX IPAaHUYHBIX YCIOBHUI, 3a71aBaeMbIX Ha TOPLAX yIPYroi KOHCTPYKLHUH.

PaccmarpuBaetcst mpobieMa IBIKEHUS TBEPIOro MHApa [12], COXpaHsIONero BepTUKaIbHOE TIOJI0KEHUE
NoJ IeHCTBUEM MOBEPXHOCTHBIX BOJH B JKMAKOCTH, KOTOpasi pelIaeTcsl OnepauuoHHbIM MeToaoM. [l Haxox-
JCHHSl OPUTHHAIBHOTO PELICHUs, YUUTHIBAs, YTO M300pakeHHE MPECTaBisieT coOOOH 3HaMeHaTeNnb TaOIMYHOM
(byHKLUH, UCTIONIB3YETCSl MHTETpajbHOE ypaBHEHUEe Bonbrepa nepsoro pona.

IlocTanoBKa U peuIeHue 3ajauu

B pabore uccrnenyrorcs cBoOOgHBIE KOJIeOaHUS apMHPOBAHHON IMIIMHAPUYECKON 00O0JIOYKH, 3aI0IHEH-
HOHM KHUIKOCTBIO. PaccmaTpuBaeTcs ciaydail OpTOTPOITHON OOOJIOYKH, KOT/Ia HUTH KOpJa VKIAABIBAIOTCS CHM-
METPUYHO OTHOCHUTEIIPHO MepHanaHa o00JOYKd. ApMupoBaHHAsS 000JI0YKA TPENCTABISET COO0M MHOTOCTIOM-
HBI KOMITO3UT, COCTOSIINIA U3 CIIOEB HAMIOJHUTENS U Kopaa. [locKonbKy Hax0XKAeHUe COOCTBEHHBIX YacTOT CH-
CTEMBI «IHITUHAPUYECKas 000I0YKa — KUAKOCTEY CBA3aHO C PEIICHUEM TPAHCIICH/ICHTHBIX YPaBHEHUH, 4acTOTa
KoeOaHuii 000JIOYKH, HE CONEpIKaIlel JKUIKOCTh, BRIpAKAeTCAd Yepe3 YacTOTy KOoJeOaHU CHCTEMBI B SIBHOM
BUJIE, YTO TO3BOJISACT, KAK aHAIUTUYCCKH, TaK ¥ rpaMueCKH UCCICIOBATh CIIEKTPHI YaCTOT CUCTEMBI.

Jis onrcaHus IBHYKEHHSI 000IOYKH HCITONIB3YIOTCS KITACCHYECKIE ypaBHEHHS B repemenieHusx [13].

Konebanus xuakocTy, 3aNOTHSIOMEH 000JI09KY, OMICHIBAIOTCS BOJHOBEIM YpPaBHEHHEM B IMIIMHApPUYIC-
ckux koopauHaTax [14]. Ha rpanuie KoHTakTa 000J0YKH C KUIKOCTBHIO 33JJa€TCSl PABEHCTBO PaIUaIbHBIX CKO-
pocTen.

Takum oO6pa3om, KonebaHUs pacCMaTPUBAEMON CUCTEMBI OMTUCHIBAIOTCS YPaBHEHISIMH

2
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®dopmyna (26) BeIpakaeT 3aBUCHMOCTh My OT ®. YpaBHEHHE (26) CBSI3BIBAET CBOOOTHYIO YaCTOTY CHCTEMBI
€O CBOOOTHOM 4acTOTOM 000JI0YKH B OTCYTCTBHE KUAKOCTH. OTHAKO pellieHne 00paTHOW 3a/1a4y MTO3BOJISIET CTPOUTD
rpaduKky 3aBHCUMOCTH YacTOT KOJEOAHUM Ui PA3NUYHBIX MOJ CHCTEMBI OT YaCTOTHI MyCTOH OOOJIOYKH, YTO
VIIPOIIaeT UCCIIEA0BAaHUE, B TOM YHCIIE ONPECIIEHNE YaCTOTHI CBOOOTHBIX KOJICOAHHH CUCTEMBI (PHUCYHOK).

3akiaouenue

HccnegoBanbl CBO6OI[HBIC KoJIcOaHMS HAMOJHEHHOH KHUIKOCTBIO apMI/IpOBaHHOI\/’I HHHHHZ{pH‘lGCKOﬁ 060-
JIOYKH. I[J'ISI HaXO0XIACHHA 4aCTOT CB060):[HI>IX KOJICOAHHUH CUCTEMEBI MOJIYYCHO TPAHCHCHACHTHOC YPaBHCHUC. HJ’IH
peuICHUA TPAHCUCHACHTHOI'O YPaBHEHHUA MHOI'ME UCCIIEA0BATEIN UCIIOJIB3YIOT HpI/I6J'II/I)KeHHI>IC MCTOABI U aCUMII-
TOTUYCCKUC PCUICHHA. O):[HaKO AJId peIICHU YPAaBHCHUSA B 3TOM ClIy4ae ObLI IpeaIOKCH O6paTHI:II>i METOA, I103-
BOJ'ISIIOI]_II/Iﬁ MNOCTPOUTH 0oJiee TOYHBIH YaCTOTHBIN CIICKTP CB060,Z[HI>IX KOJICOAHUM CHCTEMBEI.
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IMpunsra k my6mukarmu: 23 okTs16psa 2021 r. TOCTH C HaYaJIbHBIMU ¥ TPAHUYHBIMU yCIOBUAMM HCIIOJIb30BAH METOJ KOHEYHBIX
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Article history Abstract. The problem of numerical modeling of bending waves in an aboveground
Received: July 14, 2021 oil pipeline under nonstationary seismic action is studied. To solve the unsteady
Revised: October 12, 2021 dynamic problem of elasticity theory with initial and boundary conditions the finite
Accepted: October 23, 2021 element method was applied. Using the finite element method in displacements,

a linear problem with initial and boundary conditions was led to a linear Cauchy
problem. A quasi-regular approach to solving a system of linear ordinary differen-
tial equations of the second order in displacements with initial conditions and
to approximation of the studied domain is proposed. The technique is based on
the schemes: point, line and plane. The area under study is divided by spatial
variables into triangular and rectangular finite elements of the first order. According
to the time variable, the area under study is divided into linear finite elements
with two nodal points. The algorithmic language Fortran-90 was used in the de-
velopment of the software package. The problem of the effect of a plane longitu-
dinal wave in the form of six triangles on an elastic half-plane to assess physical
reliability and mathematical accuracy is considered. A system of equations con-
sisting of 8 016 008 unknowns is solved. The calculation results are obtained
at characteristic points. A quantitative comparison with the results of the analyti-
cal solution is taken. Furthermore, the problem of the impact of a plane longitu-
dinal seismic wave at an angle of 90° degrees to the horizon on an aboveground

oil pipeline is considered. The seismic impact is modeled as a Heaviside func-
tion, which is applied at a distance of three average diameters from the edge of
the pipe. The calculation results were obtained at the characteristic points of
the object under study. A system of equations consisting of 32 032 288 unknowns
is solved. Bending waves prevail in the problem under consideration.
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BBenenne

Bonupl HampspkeHHH paziaMYHON MPUPOJBI, PaclpOCTPaHsACh, B AehOpMHUPYEMOM Tejie B3aUMOAEHCTBYIOT
JpYT C IPYroM, YTO MPUBOAUT K 00pa30BaHMIO HOBBIX oOnactell BosMyIieHui. [locie Tpex- Wi 4eThIpeXKpaTHOTO
MIPOXOXKICHNS M OTPAXKEHUS BOJH HANPSHKEHUH B TeJle MPOLIECC PACIPOCTPAHEHNS BO3MYILIEHHHA CTAHOBUTCS YCTaHO-
BUBILMMCS, HAIIPSDKEHUS U Je(hopMaluy YCpeJHAIOTCS, TEJIO HaXOUTCS B KOJI€0ATEIbHOM JIBHKEHHH.

PaccmaTpuBaeTcs 3amaua o BO3JEMCTBUM IUIOCKOM MpOAOJIBHON ceficMMuecKkoi BOJHBI moj yriom 90°
K TOPU30HTY Ha HAaA3eMHBIA HE(pTEIPOBOA C MOMOIIBIO BOJTHOBOW TEOPUH CEHCMUYIECKOM Oe30MacHOCTH.

B cnucke nurtepaTypbl IPUBOAUTCS MHPOPMALMS O ITOCTAHOBKE M METOAAX PELICHUS BOJHOBBIX 3afad.
B [1-9] nana undopmaius 0 YUCISHHOM MOJICITMPOBAHNHN BOJIH HANPSDKEHUH B 1e(hOPMUPYEMBIX Tejax.

HccnenyeMble 4HCIEHHBIN METO, alTOPUTM M KOMIUIEKC NMPOrpaMM B 3ajadax MEpeXOIHOro Ipolecca
MEXaHUKH JeOpMHUPYEMBIX Tell ipeacTaBieHsl B [10—18], a oeHka ux J0CTOBEpHOCTH ¥ TOYHOCTH — B [10-16].

B [10] npuBoautcs nH(popMalus o MpakTUIECKON pealn3aliy MeTo/la KOHEUHBIX JIEMEHTOB JJIS pellie-
HUS HECTAllMOHAPHBIX BOJHOBBIX 3a7ay. [IpeacTaBieHbl pe3ynbTaThl UCCIEIOBAHUHN A HEKOTOPBIX 3ajad AJs
OLICHKH (DPU3UUECKON JOCTOBEPHOCTH M MaTeMaTHYeCKOH TOYHOCTH. PaccmarpuBaemble 3a1auu IpeACTaBICHBI B
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BHJE MCCIEAYEMOrO0 OOBEKTa C yNPYro IUIOCKOCTBIO W MONYIIOCKOCTHIO. IlpnMensieTcs ¢yHmameHTadpHOE
BO3JIeiicTBYE B BHE (yHKIMU XeBUCalIa, TO ecTh cTyneH4aToi (yHkiur. OCHOBHOS BHUMAaHHE YICICHO OICHKE
TOYHOCTU U JOCTOBEPHOCTU YMCIECHHOTO PELICHUs HECTAlMOHAPHBIX JTUHAMUYECKUX 3aJay JJsl CIOXKHBIX Je-
¢dopmMupyembIx Ten pasnmdHoi (opMbel. Ha ocHOBe MeTo/a KOHEYHBIX 3JEMEHTOB pa3paboTaHBl alTOPHTM U
komIuiekc nporpamm B.K. MycaeBa s penieHns HeCTalMOHAPHBIX BOJHOBBIX AMHAMHUUYECKOM 3a/lauyd TEOpUHU
YOPYTOCTH MPHU PAa3IUYHBIX HAYAIBHBIX W TPAHUYHBIX YCIOBUSX, s 001acTell pa3iuyHON GOPMBI U JUIS MOJIC-
JI1 YpaBHEHUH COCTOSIHUSI KYCOYHO-HEOJHOPOJHOW M30TPOMHON Cpebl, MOTUMHSIOIIEHCS yIpyromMy 3akoHy ['yka
MIPH MAJIBIX YIPYTUX JAehOpMarmsx.

Ilepsas 3a0aua — 0 BO3ACUCTBUH IUIOCKOH MPOIOJIBHON ynpyroi BOJHBEI Ha cBOOOTHOE KPYIJioe OTBEp-
cTHe B ympyro# miockoctu. Mccnemyemast pacderHas oOmacts umeer 1536 y3moBeix Todek. KoHTyp Kpyrioro
OTBEPCTHSI AlIIPOKCUMUPOBaH 28 y3JI0BBIMHM TOUKaMH. PacxoxaeHue 1l MaKCUMaIbHOIO YIPYyTroro KOHTYPHO-
T0 HAMpPSDKEHUS COCTaBisieT 6 %. Bmopas 3adaua. llpuBoautcs perieHne MEPBOM 3a7adu IS COTIOCTABICHUS
C pe3yibTaTaMu 3KCICPUMEHTa, TO €CTh JUHAMHUYECKOW (poToympyroctu. PacxoxxiaeHue s MaKCUMAJIBHOTO
YOPYTOTO KOHTYPHOTO HampspKeHHs cocTaBisieT 2 %. Tpemsvs 3a0aya — O BIWSHUU TUIOCKOW MPOJOIBHOU yTI-
pyroil BOJHBI Ha IMOJKPEIUIEHHOE KPYIJIOe OTBEpCTHE B IUIOCKOCTH. Mccnemyemast pacueTHas o0iacTh MMeEET
1536 y3noBbIX ToueK. BHYTpeHHUI KOHTYp HOAKPEIUICHHS alMPOKCUMUPOBaH 28 y3JI0BbIMH ToukaMu. [1o Tommune
KpyTJi0€ MOJKPEIJICHUE alMpPOKCUMUPOBAHO NBYMS Y3JIOBBIMH TOYKaMu. PacxokneHue s MaKCHUMallbHOTO
YIPYTOTO KOHTYPHOTO HampshKeHHs cocTaBisieT 12 %. Yemeepmas 3a0aua — 0 BO3EHCTBUH TNIOCKON MPOIOTH-
HOH ynpyroil BonHel Ha Kyprcaiickylo INIOTHHY ¢ OCHOBaHUEM B BHJIE NOJYIUIOCKOCTH. Mccnenyemas pacder-
Hast o0macTh uMeeT 953 y3moBbix Touek. Kypricalickast TuIoTHHA anmpoKCUMUpPOBaHa 224 y310BBIMH TOYKAMH.
Pacxoxnmenue s MaKCHMAIBHOTO YIIPYTOro KOHTYPHOTO HanmpspKeHHs cocTaBisieT 5 %. IlsaTast 3amaya — o gei-
CTBUH TIJIOCKOW MPOJIOJNIBHON B BHJIE TPEYTOJIBLHOTO MMITyJbca (enbTa (YHKINA) HA YIPYTYIO MONYIIOCKOCTD.
Pemaercst cucrema ypaBHenuii u3 59 048 HEeM3BECTHBIX. 3aMETUM, YTO TOYHOE PEIICHUE 3a/1a4d COOTBETCTBYET
paccMaTpUBaEMOMY BO3IECUCTBUIO AJIS1 YIPYTHMX HOPMAJIbHBIX HAMPSKEHUN U UMEETCS] XOPOLIEe KaYeCTBEHHOE U
KOJIMYECTBEHHOE COBIIAJIEHHE C pe3ysibTaTaMHU TOYHOTO perienust. [lecmas 3adaua — 0 BIUSHUU TIIOCKOHM MPO-
JOJILHOM B BUJIC CTyNeH4YaTol QpyHkuuu (QyHKIus XeBucaiiia) Ha ynpyryro MoJIymIocKocTs. Pemaercs cuctema
ypaBHeHUl u3 59 048 HemsBecTHbIX. IMeeTcs Xopollee KauyeCTBEHHOE M KOJIMYECTBEHHOE COBIAJEHUE C pe-
3yJbTaTaMu TOYHOTO peuieHus. [lepedriciieHHble UCCIEAOBaHMS U aHAJIU3 YUCICHHBIX PE3yJIbTaTOB MO3BOJISIOT
3aKTIOYUTh, YTO METOJI KOHEUHBIX 3JIEMEHTOB C yCIIEXOM IPUMEHSETCS JUIS PEUICHUS HECTallMOHAPHBIX JIH-
HAMHUYECKHX 3aJla4 MeXaHUKd nedopMupyemoro TBepaoro tena. [IpoBeseHHbIE MCCIeNOBaHUS CXOIUMOCTH U
YCTOMUYMBOCTH, CPABHEHHE C PE3YJIbTATAMU JPYIHMX METOI0OB MTOKA3aJIM XOPOLIEe COBIAACHUE.

B [12] paccmoTrpena HexkoTopas WH(OPMAIUs MOJCIIMPOBAHUS HECTALIMOHAPHBIX YIPYIHX BOJH B MOJY-
IJIOCKOCTU MPU UMITYJIECHOM BO3ACHCTBUH B BUIEC «BOCXOJSIIAs YaCTh — YETBEPTh Kpyra, HUCXOMIIAs — YeT-
BEpTh Kpyray. Iy pelieHns MOCTaBICHHON 3aaul IPUMEHSIOTCA HECTAllMOHAPHBIE BOJHOBBIE YPABHEHUS Ma-
TeMaTHYecKoil Teopuu ympyrocti. Ha ocHOBe MeTo/ma KOHEUHBIX 3JIEMEHTOB pa3pa0dOTaHbl YHCIEHHBINH METO,
agroputMm u komruiekc nporpamm B.K. MycaeBa. Pemiena 3agaua o pacnpocTpaHeHUN HECTALIMOHAPHBIX BOJH B
ynpyroit noxyruiockoctd. [IpoBeeHHbIe Mccne10BaHus TO3BOJSIOT CIeTaTh BHIBOJA O (DM3UUYECKON TOCTOBEPHO-
CTU U MaTEMaTU4ECKOW TOUHOCTH PE3YyIbTATOB YUCICHHOIO PEILICHHUS.

B [16] uzyuena 3amgada 0 BO3ACHCTBUU TUIOCKON MPOIOIBLHON BOJIHEI B BUJE UMITYJIECHOTO BO3ICHCTBUS
(mepBast BETBb: BOCXOJAIIAs — JIMHEWHAs, CPEIHAS — TOPU3OHTAIbHAS, HUCXOSIIAsl — JIMHEHHAsI; BTOpasi BETBb:
BOCXOJAIIAs — JTMHEWHasA, CpEeIHSsI — TOPU3OHTAIbHAS, HUCXOIAIIAs — JIMHEeHHAs) Ha YIPYTYIO TMOJXYIUIOCKOCTD.
Uccnenyemas pacuetnas o0acth umeet 2 004 002 y3510BbIX Touek. Permraercs cucrema ypasHenuii u3 8 016 008
Heu3BeCTHBIX. Ha poHTE TIIOCKOI BOJIHBI MOMYUYSHO KOJIMYECTBEHHOE COMOCTABICHUE C Pe3y/IbTaTaMHU aHAJIH-
TUYECKOT'O PEILICHUS.

Pe3ynbrathl nccnenoBaHui MOKA3aJd XOPOLIYH) KAY€CTBEHHYIO U KOJIMYECTBEHHYHO TOCTOBEPHOCTh YHC-
JICHHOTO PEIICHUS HEeCTALIMOHAPHBIX YIPYTMX BOJH B JIePOPMUPYEMBIX TejiaX, MOJYYCHHBIX C TMOMOIIBIO KOM-
wiekca nporpamm B.K. Mycaega.

IlocTanoBka 3agaun

Jnist penieHust 3a/1a4d 0 MOJICJIMPOBAHUN HECTAIIMOHAPHBIX YNPYTUX BOJH B Ae()OpMUpPYEeMBIX 00IacTsX
CIIOKHOM (POPMBI PACCMOTPUM HeKoTopoe Tenio [T B mpsiMoyronbHO# nekaptoBoii cucteme koopaunat XOY (puc. 1),
KOTOpPOMY B Ha4daJIbHBII MOMEHT BpeMeHH ¢ = (0 coobraercs MmexaHunueckoe Bozaeiictaue [10; 17-33].

[Tpenmnonoxum, 9To Teno I M3roTOBIEHO M3 OXHOPOTHOTO M30TPOIHOTO MaTepuasa, MOAIHHSIONIETOCs
ynpyromy 3akony ['yka npu maneix ynpyrux aedopmanmsx [10; 17-33].
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Tounble ypaBHEHUS ABYMEPHOH (IUIOCKOE HAMPSIKEHHOE COCTOSHHUE) AMHAMUYECKOH TECOPHH YIPYTOCTH
umerot Bua [10; 17-33]

ot 2, ot 0o 2
% xy:pag, — y:pa—zv,(x,y)el“,
ox Oy ot ox oy ot

o, =pCre, +p(C; —2C))e,, 6, =pCle, +p(C2—2C))e,, Tuy=PCitays

ou ov ou Ov
&, =—,8,=—, =—+4+—, (x,»)ETvS), 1
X Ox y ay ny ay ax ( y) ( v ) ( )

— KOMIIOHCHTBI TCH30pa YIPYTUX HAMPSDKCHUIL, €, €, U Y, — KOMIIOHCHTEI TCH30pa YIIpy-
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rux nedopManvii; ¥ U v — COCTABIISIONINE BEKTOpa YNPYTHUX MepeMerieHuit B1oiab oceli OX m OY cooTBeT-
E y y

CTBEHHO;, P — IUIOTHOCTH MaTepuaa; Cp = m — CKOPOCTb IMPOIOJIBLHOU YIPYrOd BOJIHEL,

/ E . .
C, = m — CKOpPOCTh TIOTIEPEYHOH ynpyroii BonHbl; V — koaddumuent [lyaccona; £ — mMoayns ynpy-
p(l+v

roctu; S (S;US,) — rpanudsslii KoHTYp Tena I .

(6] X

Puc. 1. Hekotopoe Teno I' B mpsMOyronpHOH JeKapTOBOM CUCTEME KOOPAUHAT
Figure 1. Some body I' in a rectangular Cartesian coordinate system

Cucrtemy (1) B obmactu, 3anumMaemMoit TenoM I, 17151 KOPPEKTHOCTH PE3YNBTATOB CIICAYET HHTETPUPOBATh
IIpU HAaYAJIBHBIX U I'PAaHUYHBIX YCJIOBHAX, IPUBCIACHHBIX B y‘-Ie6HI/IKaX u MOHOI‘pa(bI/ISIX 10 pCHICHHUIO HECTAIHUO-
HAPHBIX BOJHOBBIX 3a]1a4, a TAKXKE NIPU Pa3pa0d0TKe pacCMaTPUBAEMOM METOTUKH.

Jlnst penieHns IByMEPHO# TIOCKON TUHAMUYECKOW 3a/1a4i TEOPUH YNPYTOCTH ¢ HAYAIbHBIMH W TPaHHY-
HBIMH yCI0BUAMHU (1) UCTIOIB3yeM METO T KOHEUHBIX 3JIEMEHTOB B TiepeMerenusx [10; 17-18].

MeTtoauka

3agaua pemaeTcs METOAOM CKBO3HOTO cueTa, 0e3 BBLACIEHHUS pa3pbiBOB. UTOOBI BHIIONHUTH TUHAMUYC-
CKHUl pacueT METOJOM KOHEYHBIX 3JIEMEHTOB, HY’)KHO UMETh MaTPUILY )KECTKOCTH U MaTPHIly MHEPLUU KOHEYHO-
ro snemenTa [10; 17-18].

[MpuHuMass BO BHUMaHHE ONpEAETICHHE MaTpHUI U BEKTOpPOB AJs Tena [, 3amuchiBaeM NPUOIMKEHHOE
3HAUYCHHUE YPABHEHUS ABMXKEHUS B TeopuH yrpyroctd [10; 17-18]

Hb=K® =R, &=y, d|,_o=0b. )

rae [ — marpuna uHepuuu; K — MaTpuia jxecTkocTd; @ — BEKTOp y3JIOBBIX YIPYTUX mepemenienuii; ® —
BEKTOp Y3JIOBBIX YNPYTHX CKOpocTeil mepemenieHuii; @ — BEKTOp Y3JIOBBIX YIPYTHX YCKOpEHUH; R — BEKTOp
Y3J0BBIX YNIPYTUX BHEIIHUX CHIL.

Jlist uHTerpupOBaHUs ypaBHEHUS (2) KOHEUHO-3JIEMEHTHBIM BapHAHTOM MeTojia ["anepkuHa npuseaeM ero
K cnenyromemy Buny [10; 17-18]:
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—dz == = d- =
H—O+KO=R, —D=0. 3)
dt dt
WuTerpupys mo BpeMEeHHOH KoopAHHATe cooTHolIeHHe (3) ¢ MOMOIIbI0 KOHEYHO-3JIEMEHTHOTO BapHaHTa
MeToa ["anepkuHa, MOTyuyuM JBYMEPHYIO SIBHYIO ABYXCJIOMHYIO KOHEYHO-3JIEMEHTHYIO JIMHEHHYIO CXEMY B Te-
peMENICHUSIX ISl BHYyTPEHHUX U TPAHUYHBIX y3J10BbIX To4eK [10; 17-18]

D, =®, + MA (KD, +R), By =®;+Ad,,,, (4)

rae At — mar 1o BpeMEeHHOHW KOOpIUHATE.
[ar mo BpeMeHHOU IepeMeHHON At ompenensieMm u3 cootHomenus [10; 17-18]
A= AL Gy 3y 5)
CP

rae Al — IMHA CTOPOHBI KOHEUHOTO 3JIEMEHTa; ¥ — YHCJIO KOHEYHBIX SJIEMEHTOB.

Pe3ynbTaThl YMCIEHHOTO SKCIIEPUMEHTA TToKa3anu, uto npu k =0,5 obecneunBaercs yCTOMYUBOCTD JBY-
MEPHOU SIBHOW JBYXCIOMHON KOHEUHO-3JIEMEHTHOU TuHeHOU cxemsl [10; 17-18].

Ha ocHOBe MeTO#a KOHEYHBIX 3JIEMEHTOB B NEPEMELICHUAX Pa3pabOTaHbl arOPUTM U KOMIUIEKC NPO-
rpaMM JJIsl peleHHs] INHEHHBIX MIIOCKUX ABYMEPHBIX 3a/1a4, KOTOpBIE MO3BOJIAIOT PemiaTh 3aaqd Py HeCTaln-
OHapHBIX BOJHOBBIX BozfeicTBusX [10; 17—-18]. Ilpu pazpaboTke KOMILIEKca MPOTPaMM HCIIOJIB30BAJICS alro-
putmuueckuii a3k @optpan-90 [10; 17-18]. Mccaenyemast oOnacTh pa3OMBaeTcs MO MPOCTPAHCTBEHHBIM U
BPEMEHHBIM ITEPEMEHHBIM Ha KOHEYHBIE AJIEMEHTHI IepBoro nopsaka [10; 17-18].

PesyabTathl
Mooenupoeanue npooonbHbIX 60JIH 8 NOJIYNAOCKOCHU

PaccmarpuBaeTcst 3amaga o BO3IEHCTBIY TNTOCKOH IPOJIOTEHOM BOJTHEI B BHIIE IIECTH TPEYTOIBHUKOB (pHC. 3) Ha
YOPYTYIO TONYIUIOCKOCTD (pUC. 2) I OLEHKH (PU3MUYECKOW JOCTOBEPHOCTH M MaTeMaThdeckod TogHocTH [10;
17-18]. Uccnenyemast 3agaya Brepsbie pemeHa B.K. MycaeBsiM ¢ moMonipio pa3paboTaHHONH METOIHMKH, ajro-
pUTMa 1 KoMmIuiekca nporpamm [10; 17-18].

Gy

BHH(HHHHiHHHUHHHHH)HHHA

Bl = —F77~0,5H
L ¥

B3 —-

B4 —.
B5 —.
B6 —-
B7 —-
BS —-
B9 —-
B10--

j===-f==]

==fi=cfianfias)

1000,5H 1000H

L

¢ D
| 2001H |

Puc. 2. [ToctaHOBKa 32141 O PACHPOCTPAHCHUH IUIOCKHX MPOJOJIBHBIX BOJIH B BUJE ILIECTH TPEYTOJbHUKOB B yIPYTrOH MOITYIUIOCKOCTH
Figure 2. Statement of the problem of propagation of plane longitudinal waves in the form of six triangles in an elastic half-plane
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Figure 3. Impact in the form of six triangles
0 PacnpOCTPaHEHNH IUIOCKUX MPOIOIBHEIX BOJH B BUAC LIECTH TPEYTOJIbHUKOB

B YNIPYTO# MOJYIUIOCKOCTH) BO BpeMeHH ¢/ At B Touke Bl1:
I — ducneHHoe penieHne; 2 — aHATUTUYECKOe pPelIeHne
Figure 4. Change in elastic normal stress & ) (the problem

of propagation of plane longitudinal waves in the form of six triangles
in an elastic half-plane) in time ¢/ A¢ at the point B1:
1 — numerical solution; 2 — analytical solution

PacyeTsl mpoBOAMINCH TIPH CIEAYIONMX €AUHUIAX U3MEPEHUs: KUIorpaMM-cria (Krc); CaHTUMETp (CM);
cexyHza (c). [ iepexosia B ApyTHe eMHHIIBI H3MEPEHHs IPUHATHI clIeayfomue nomymenns: 1 kre/cm? =~ 0,098 MIa;
1 xrc ¢*/em* = 0,98x10° kr/m’.

Ha rpannne nonymiockoctu 4B (puc. 2) npuiioxeHo HOPMAIBHOE HANPSDKEHAE G, , KOTOPOE H3MEHSICT-
cior O0<ns< 121 (n=t/At) u MakcumanbHoe 3HaueHue pasHo P (P =oc(, oy =-0,1 MIla (-1 krc/cm?)).
I'pannunbie ycnosus aias koutypa BCDA npu t>0 u=v=u=v=0. OTpa)keHHbIE BOJIHBEI OT KOHTYpa
BCDA wue pnoxonat no ucciaenyemoix Touek npu 0 < n < 200 .

PacyeTs! mpoBeneHbI TIPH CIISAYIOMINX UCXOMHBIX TaHHBIX: H = Ax = Ay ; At = 1,862x10% ¢c; E =2,06x10°MIla
(2,1x10 ® xrc/em?); v=0,3; p= 0,784x10%kr/m> (0,8x10° krc c*/cm?); Cp =5371 m/c; Cy=3177 m/c.

Uccnenyemas pacuernas obmactp umeeT 2 004 002 y3noBele Touku. Pemiaercs cucreMa ypaBHEHHH W3
8 016 008 HensBecTHHIX. Pe3ynbTaThl pacyeToOB MOTYUYEHBI B XapakTepHBIX Toukax B1-B10 (puc. 2).

B kadecTBe npuMepa Ha puC. 4 NPUBOIUTCS H3MCHCHHE HOPMAIBHOrO HAaNpPsDKCHHS G, (G, =0, /|c50|)

(puc. 2) Bo Bpemenu n B Touke Bl (1 — uncnenHoe pernienune; 2 — aHaATMTHYECKOE penieHne). B nanHOM ciydae
MO>XHO HCIIOJIh30BaTh YCJIOBHS Ha (POHTE IJIOCKOW BOJIHBI, KOTOpPHIC M3NOKEeHBI B [26]. Ha ¢ponTe MI10CKOM
MIPOAOIHHOMN BOJHBI UMEIOTCS CIEeNYIOIINE aHATUTUYECKHE 3aBUCHMOCTH IS TDIOCKOTO HANPSHKEHHOTO COCTOS-

HUA Gy = —|(50| . BI/I,Z[HO, YTO TOYHOC PCIICHUC 3ada4l COOTBETCTBYCT BOB,Z[efICTBPHO O (pI/IC 4)

Mooenuposanue uzzudHbIX 60JIH 6 HAOIEMHOM Hehmenposode

PaccmoTpum 3a7auy 0 BO3ACHCTBUM MJIOCKON MPOJOJIHLHON ceCMUYECKOM BOIHBI 1o yriioM 90° k ropu-
30HTY Ha HaJ3eMHBIH HedTenpoBox (puc. 5).

Uccnenyemas 3amada A MOJENUpPOBaHUS U3TMOHBIX BOJH BrepBhle pemieHa B.K. MycaeBbIM ¢ momonisio
pa3paboTaHHOW METOUKH, allTOPUTMA M KOMIUIeKca rmporpamm [10; 17-18].

PacyeTsl mpoBOAMICH IPH CIEAYIONNX EANHUIAX U3MEPEHHUS: KUIOTpaMM-cria (Krc); CaHTUMETP (CM);
cekyHaa (c). [ns mepexoma B Apyrue €AWHULB M3MEPEHHUS OBIIM TPHHSATH CIEAYIOUINE AOMYIICHUS:
1 xkre/em? = 0,098 MIla; 1 kre c¥/em* = 0,98x10° kr/nv’.

CeiicMuueckoe BO3AECHCTBHE, KOTOPOE IPUIIOKEHO Ha PACCTOSHUM TPEX CPEIHUX AUAMETPOB OT Kpas Tpy-
OB, MoZeTupyeTCs B BUE QYHKINN XeBUCaiaa.

Ot touku J mox yriaom 90° Ha paccTOSHUM TPEX CPEAHUX AMAMETPOB OT Kpas TPyOBl MPUIOKEHO HOP-
MaJbHOE HampshkeHue o, , kotopoe npu 0< n< 26 (n=1t/At) usmensiercs nuueitno ot 0 1o P, anpu n = 26

paBo P (P =0y, 6y = 0,098 MIla (o = 1 krc/cm?)).
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I'panununsie ycinoBus mis koHtypa KLMI npu t>0 u=v=u=v=0. OTpakeHHbIC BOJHBI OT KOHTypa
KLMI wue moxonast no uccnenyembix Touek mpu 0 < n < 3000.

Jnst TpyObl TNpHHATHL CHEAYIOIIME WMCXOAHbIC HaaHHble: H=Ax=Ay; At = 9,309x107 ¢;
E =2,06x10° MIla (2,1x10° krc/em?); v = 0,3; p = 0,784x10* kr/m’ (0,8x107° re-c?/em®); €, = 5371 m/c;

C,=3177 m/c.
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Figure 5. Statement of the problem of the impact of a plane longitudinal seismic wave at an angle of 90° to the horizon on an aboveground oil pipeline
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Figure 6. Points at which elastic stresses are obtained in time BO Bpemern #/Af B Tourax A1 (=) u A5 ()

(Bo3meiicTBIE MPHIIOKEHO MO YraoM 90° K TOPU30HTY)
Figure 7. Change in elastic normal stress G

in time #/At at points A1 (—) u A5 (--)
(the impact is applied at an angle of 90° to the horizon)
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Figure 8. Change in elastic normal stress G Figure 9. Change in elastic normal stress G
in time #/At at points 42 (—) u A6 (--) in time #/At at points 42 (—) u A6 (--)
(the impact is applied at an angle of 90° to the horizon) (the impact is applied at an angle of 90° to the horizon)
Jnst ocHOBaHUS NPUHSATHL CIENYIOIINE HCXOAHbIE MAaHHble: H =Ax=Ay; At = 2,788 10°¢ C;

E =3,09x10* MIla (3,15x10° kre/em’); v = 0,2; p = 0,25x10" kr/m® (0,255%107 kre c/em’); €, = 3587 w/c;
C, = 2269 m/c. Ilpu pacueTax NPUHUMAETCA MUHUMAJIBHBIN 1Iar 10 BpeMeHu Af = 9,309% 107 c.

BuyTtpennuit auametp tpyOsl paBen 14,5H. Cpennuii quametp TpyObl paBeH 15H . HapyxkHblii auamerp
TpyO®I paBen 15,5H. Tommmua tpy6sr pasHa 0,5H. Uccnenyemas pacuetHas obmacts umeeT 8§ 008 072 y310BBIX
Touek. Pemaercs cucrema ypaBaenuii u3 32 032 288 HEM3BECTHHIX.

Pesynbprarel pacueToB MONydeHBI B BUAEC KOMIIOHEHTOB TEH30pa HANpPSHKEHWH BO BPEMEHH # B TOUYKaxX
B1-B10 (puc. 6) u B Toukax A1-A410 (puc. 6), HAXOASIIMHUXCSA B HAA3EMHOM TPYyOOIIPOBOJIE C OCHOBAHUEM.

M3MeHeHre HECTAllMOHAPHBIX M3THOHBIX BOJIH JUIS YHPYroro KOHTYPHOTO HANPSsUKEHUS Gj INPUBEIECHBI

B CIEIYIOIIUX TOYKax paccMmarpuBaeMoro oowexra A1 (=) u A5 (--) (puc. 7), A2 (=) u A6 (--) (puc. 8), 44 (-)
u A7 (--) (puc. 9).

Pemena 3amaua 0 MaTeMaTHYECKOM MOJAEIMPOBAHMM HECTAllMOHAPHBIX M3TMOHBIX BOJIH HAIIPSKEHUH B
HaJ36MHOM He(TEnpoBO/Ie MPH CEHCMUYECKOM BO3ACHCTBUH (BO3/AEHCTBUE MPHIIIOKEHO oA yrioM 90° k ropu-
30HTY). Uccnenyemas pacuerHas obnacte umeer 8 008 072 y3moBeIX Touek. Pemaercsi cuctema ypaBHEHUH U3
32 032 288 nensBecTHBIX. B paccMaTpuBaemMoii 3a1ade npeodiagaroT H3THOHBIE BOJTHBI.

3akaouenue

Ha 00beKThI )KU3HENesTeTbHOCTH YeTIOBEKa OKa3bIBAIOT BIMSHUE celicMuueckre Harpy3ku. OHU CO3JaroT
Cepbe3HBIE MPOOIJIEMBI, HeCS Pa3pyIIUTENbHbIE TOCIENCTBHA. B HCcTOpHUM YernoBeuecTBa MepBoi Teopuer celcMu-
yecKkoi Oe3omacHocTH Oblta cratndeckas. [loTom mosBMIIack CieKTpanbHas TEOPHs, B3SBIIAsS 32 OCHOBY OJIHO-
MacCOBBIIl OCHMIUIATOP M HCCIIeAO0BaBIIas Mpobiaemsl pe3oHaHca. HazBaHHbIe Teopuu ceiicMuyeckoi Ge3omac-
HOCTH OBUIH MPEAJIOKEHBI B Hauane XX B., TEM HE MEHee 3/IaHHs U COOPYKECHUS POJOIDKAIIN pa3pyIIaThCs IPH
CEeHCMHUYECKUX BO3JIEHCTBUAX. JTO CBSI3aHO OBLIO C HECOBEPIIEHCTBOM HMMEIOIIMXCS TEOPHI, HE OTPAXKAIOIINX
peanbHBINA (HPU3UIECKUI MPOIIECC BOJTHOBOTO BO3ACHCTBUS Ha OOBEKTHI KU3HEACITEILHOCTH YeoBeKa. Torma B
pacropspDKeHHH YYeHBIX ObLT OrpaHUYeHHBIA HHCTPYMEHTApH JIJIsl UCCIISI0OBAHUs KaK B 00JacTH MaTeMaTHue-
CKOTO, TaK U (PU3NIECKOT0 MOHUTOPHHTA. XOTSI OCHOBHBIC YPaBHEHUS CTPOUTENBHON MeXaHWUKU (MEXaHUKH Jie-
(dhopMHpyeMOTo TBEPAOTO Teja) MoIydeHsl B XIX B., pereHne ux B HECTAIIMOHAPHOW BOJTHOBOW ITOCTAHOBKE B
Hayasie XX B. HE IIPEJCTaBISUIOCh BO3MOXKHBIM. I1103TOMy He Npekpaiaanuch MONBITKY PELICHHS] YACTHBIX ypaB-
HEHUN U OpUpaIICHUs] HEKOTOPBIX 3HAHUH M 3aKOHOMEPHOCTEH BOJHOBOTO HAMPSKEHHOTO COCTOSIHUS. bpuiu
MOJTy4eHBI 3HAHUS B 00JIACTH MPOIOJIBHBIX, OTIEPEYHBIX, KOHMYECKUX, PENIEeBCKUX M APYTHX BONH. [lo mosBie-
HUA SJICKTPOHHBIX BBIYUCIUTCIBHBIX MallliH OBIIIM HAKOIIJIECHBI HEKOTOPELIC 3HAHUA B o0OiacTu MEPEXOAHOTO I1C-
puona. Hanpumep, BBISICHUIIOCH, YTO IIPU OTPaXXEHUH BOJHBI CKATUSL OT CBOOOJHON MOBEPXHOCTH KOHCTPYKIIMH
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BOJIHA C)KaTUs CTAHOBUTCS PACTATUBAIONIEH U TEM CaMBIM CO3/1AETCsl CUTyallls OTKOJIBHBIX ABIIeHUI. [losBeHne
B KOHIIE XX B. 3JIEKTPOHHBIX BBIYUCIUTENBHBIX MAIINH [TO3BOJIMIO PEIIaTh MHOTHE 33Jja4ul CTPOUTENBHOIN Me-
XaHUKU (MEXaHUKH NeOpMHUPYEMOIo TBEPIOro Tejla) Ha HECTAllMOHApHBbIC BOJHOBBIE BO3AeHcTBUs. OmHAKO
nepexon ot 1udQepeHInaNbHbBIX YPAaBHEHUH ¢ HAUYaJIbHBIMU U TPAHUYHBIMU YCIOBUSIMH K CHCTEME C KOHEUHBIX
YHCIIOM HEM3BECTHBIX ISl BOJHOBBIX IPOILIECCOB OKA3aJICsl HE MPOCTHIM. JTO CBSI3aHO C MHOTHMH MpoOIeMamH,
CpeaH KOTOPHIX MaTeMaTh4eckas MOAeb (PU3MYECKHX MPOLECCOB MEPEXOAHOTO MPOLecca U BEIYUCIUTEIbHBIE
CIIOKHOCTH. B HacTosiee BpeMsi MOKHO pellaTh BOJHOBBIE 3a/1a4d U TEM CaMbIM CO3/1aBaTh 0a3y 3HaHHUI Kak B
obnactu GyHAaMEHTAIbHOM, TaK U NPUKJIATHON HAYK, a IPOU3BOJHAS OT ITUX 3HAHMH 00ECIeUnBaeT pa3BUTHE
MPOM3BOJCTBEHHON HAayKH, TO €CTh HOPMaTHUBHO-IIPABOBOM 0a3bl.

31aHMA U COOPY)KEHUsI Pa3pyIIAlOTCs M AJIsl MX 3aLIUThl B SKCILTyaTallMOHHBINA NEpuo[, Hy>KHA HHPOpMa-
U1 O CEHCMHUYECKUX BO3JEUCTBUAX. B mepByto ouepens — 3TO 3HAHUS B 00JacTH MPOAOJIBHBIX, IONEPEYHBIX U
MOBEPXHOCTHBIX BOJH. OHU MOMOTAIOT OMpPEENUTh U PAH)KUPOBATh CEHICMUYECKHE BO3AECWCTBUS Ha 3/aHUS U
coopykeHus. B Hactosimee Bpems 3Ta nH(popMalus Ha3biBaeTcs OAIIBHOCTHIO 3eMileTpaceHuid. B 3aBucumoctn
OT BEIWYMHBI OAJUIBHOCTH 3€MJICTPSICEHUI NMPUMEHSIOTCS pa3Hble IMOAXOABI M METOJbI 3aIIUThl CTPOUTEIbHBIX
00BEKTOB OT celicMUUYecKHX Bo3aercTBril. OCHOBHBIM B 00€CTieYeHUH 0E30IaCHOCTH CTPOUTENBHBIX O0BEKTOB,
ABJISIETCS OLIEHKA Hecyleil crmiocoOHOCcTH. Ee MOKHO OCYIECTBUTE NPU HAIMYKMU UHPOPMAIMK O HAMPSHKEHHOM
coctosiHuM. He 3pst B MeToze mpeaenbHOro COCTOSHUS OLEHKa Hecylleil CIOCOOHOCTH CTOUT Ha MEpBOM MECTe.
XoTs onpejiesieHue HanpsKEHUH BCerJia CIOYKHEe, YeM MepPEeMENIEHNN U €€ MPOU3BOJAHBIX MO BpeMeHHU. BoyHo-
Basi TEOpUSI CEHCMUYECKOM Oe30MacHOCTH HaXOAUTCS Ha 3aKITIOYUTEIBHOM 3Tarlie CBOero (POPMHUPOBAHMSL.

Ha ocHOBe MeToa KOHEUHBIX 3JIEMEHTOB pPa3paboTaHbl METOJMKA, aJITOPUTM M KOMIUIEKC MPOrpaMM ISt
JUHEWHBIX JIBYMEPHBIX IIOCKHX 3aJad, KOTOPBIEC MO3BOJIAIOT PEHIaTh CIOKHBIE 33Ja4d MPH HECTAMOHAPHBIX
BOJTHOBBIX BO3JICHCTBUSIX Ha YHHKaJIbHbIE 0O0BEKTHl. OCHOBHBIE COOTHOILIEHHS METO/a KOHEYHBIX 3JIEMEHTOB
MOJTyYEeHB! C TIOMOIIBIO TIPUHIIUIIA BO3MOXKHBIX NepeMelieHnii. MaTpuna ynpyrocTu BbeIpakeHa 4epe3 CKOPOCTh
MPOAOIBHBIX BOJIH, CKOPOCTB IIONIEPEUHBIX BOJIH U IUIOTHOCTD.

JluneliHas mTUHaMUYecKas 3ajaya ¢ Ha4albHBIMH U TPAaHUYHBIMU YCIOBHUSMH B BHJE AU PEpEeHIINATBHBIX
YpPaBHEHUH B YaCTHBIX MPOU3BOAHBIX AJIS PEIIEHUS 3a/ad IpU BOJIHOBBIX BO3JEHCTBHUSIX C MOMOILIBIO METOAA
KOHEYHBIX 3JIEMEHTOB B NEPEMEILEHHUAX NPUBEACHA K CUCTEME JMHEHHBIX OOBIKHOBEHHBIX OH(QepeHIrnanbHbIX
YpaBHEHUH C HAYaJIbHBIMU YCIIOBUSIMHU, KOTOpAsi PEIIaeTCs M0 SIBHOM JIBYXCJIOMHOM cxeMme.

Pemena 3agaya o BO3AEHCTBUM TUIOCKOM MPOJOIBHOM BOJIHBI B BUJE IIECTH TPEYTOJIHHUKOB Ha YIPYTYIO
MOJYIUIOCKOCTh Ul OLIEHKH (PU3MYECKOH ITOCTOBEPHOCTH M MaTeMaTH4ecKoil TouHocTH. Pemraercst cucrema
ypaBHeHu# u3 8§ 016 008 Hem3BecTHBIX. Pe3ybTaThl pacyeToB MOIYYEHBI B XapaKTEPHBIX TOUKAX. BEITIOTHEHO
KOJIMYECTBEHHOE COTIOCTABJIEHUE C Pe3yIbTaTaMH aHAIMTHYECKOTO PEIICHHS.

Pemena 3amaua o BO3A€HCTBUM MIJIOCKOM MPOAONBHON ceiicMuueckoi BOJHBI oA yriioM 90° Kk rOpU30HTY
Ha HaJa3eMHbIH HedrenpoBo. CelicMuueckoe BO3AEHCTBHE, KOTOPOE MPHUIIOKEHO Ha PACCTOSIHUU TPEX CPEAHUX
JMaMeTpOB OT Kpas TpyObl, MoaenupyeTcs B Buae GyHKIUM XeBucaiiga. Pe3ynbraTsl pacueToB MOIydYEHHl B Xa-
PaKTepHBIX TOUYKaxX McciexryeMoro oobekTa. Pemaercs cucrema ypaBaenuii u3 32 032 288 neusBecTHbIX. B pac-
cMaTpuBaeMOH 3a1a4e NpeoOIagaoT U3rHOHbBIE BOTHBI.
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Modern home and international achievements on the considered subjects are
demonstrated and modern demands, analysis methods, and problems of design of
erections of nuclear power stations that give an opportunity to assure their safety
exploitation under collision of flying objects are given as well. The results con-

firm wide opportunities of improvement of the constructive solutions of protec-
tive shells of reactor sections of nuclear power stations with the application of
innovative materials that give the prospects to economize the material resources
considerably and to raise the reliability and safety of exploitation of erections of
nuclear power stations simultaneously.
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Beenenue

OOBeKTH AIepHOI SHEPTETHKH U MIPexX e Bcero aroMHble cTaHiiu (AC) oTHOCATCS K HauboJiee CII0KHBIM
Y TIOTEHIMAIFHO OTACHBIM HHXKEHEPHBIM coopykeHHusM. [losToMy 3amayua mo pa3paboTke ONMTHUMHU3HPOBAHHBIX
MPOCKTHBIX PELICHUH A o0ecTieueHus UX SJepHON U paJuallMOHHON 0e30MacHOCTH, B TOM YHCIIE TIPH DKCTpE-
MaJbHBIX BO3JCHCTBUSAX, SIBISICTCS UPE3BHIYAITHO aKTyaJIbHOM.

Ocoboe MecTo cpefr COOpYKEHUH, MOABEPKEHHBIX BO3IECHCTBUIO WHTCHCHUBHBIX TUHAMHUYECKUX HATPY-
30K: OT OCKOJIKOB TEXHOJIOTHYECKOTO 00OPYIOBaHMS, TIPU aBapUHHBIX PEXMMax; BO3IECHCTBHUI MpenMeToB, 00-
Pa3yIOLUXCs MPU MPUPOAHBIX SIBICHUSAX, TAKUX KaK yparaH, cMepd U T. [.; CIy4yallHOro yjaapa MaJaroliux
MPEAMETOB, B YaCTHOCTH JIETATEIbHBIX allapaToB U UX YacTel, 3aHUMAIOT COOPY>KEHHsI SHEPreTHUECKOro Ha-
3HAa4YeHHS, K KOTOPBHIM MPEIbABISIOTCS 0COOEHHO BBICOKHE TPeOOBaHWS B OTHOIICHHH HAAEKHOCTH M Oe3ormac-
HOCTH TIPY aBapUHHBIX pPeXUMax U CTUXUHHBIX OEICTBUSIX.

CucTeMHO M3TI0KEHBI COBPEMEHHBIE OTEUECTBEHHbIE U MEXIyHApOJHbIE JOCTH)KEHHS IO paccMaTpUBaeMOil
TEeMaTHKe, a TaKk)Ke COBPEMEHHBIE TPeOOBaHMS, METOABI 10 pacdeTy W MPOSKTHPOBAHUIO COOPYKEHHH aTOMHBIX
CTaHIMH, TTO3BOJISIONINE 00ECTIEYUTh NX 0€30IaCHYI0 AKCILUTYaTaIMIO IPH COYAAPEHHH C JIETSIIIMH MIPEeAMETaMH.

B obmem o0bemMe 3a1ad COBPEMEHHOTO CTPOUTENBCTBA BaYKHOE MECTO OTBOIUTCS pa3pabdOTKE METOIOB
pacyeta coopy>XKeHHM NMPpU AUHAMHYECKUX BO3IEUCTBHUSIX.

B COOTBETCTBHHM C peKOMEHIAIMAMH MEXTyHApOIHOTO areHTCTBA MO aTOMHOM >Hepretuke (MATATD)!
YCTaHOBJICHBI JKECTKHE TPEOOBAHHS OTHOCHTENBHO BEPOSTHOCTH TSIKEIIOTO MOBPEKACHUS aKTHBHOM 30HBI S1€p-
HOTO PeakTopa, KOTopas He JOJKHA Mpesblmath 1x107° Ha peakTop B Tofl. BeposTHOCTH BHIXOA PaJHOAKTUB-
HBIX BEIIECTB 3a IPEeibl TePMETHUHOM 060NOUKM He JOMDKHA mpesblmath 1x1077 1/rox. PaamanmoHHOE BO3-
nericteue AC Ha HaceJeHUE W OKPYXKAIOUIYI0 CpeAy He JOJKHO MpeBhImaTh 1 % 0361, MOyIaeMOl OT UCTOY-
HUKOB €CTECTBEHHON paJualyH.

BozneiicTBust oT majieHns camoliera ONpeAeNTIOTCS W3 YMCiIa BO3MOXHBIX HanOoliee HeOIaronpusTHBIX
cobbITHit peaxoii moTopsiemoct 13107 1/ron’.

PacueTHble mapaMeTpbl 3KCTpEMaTIbHBIX HAIPY30K U BO3AECHCTBUIN NMPUPOAHOTO MPOUCXOXKIEHUS, TO €CTh
TeMIepaTypa, CHET, yparaH, cMepd ONpe/IeNsIoTcs TTOBTOPAEMOCTHIO OMH pa3 3a 10 000 net’.

OueHka JIOKaJIbHON MPOYHOCTH HAPY:KHOI Kej1e300eTOHHOH 3aIMTHOH 000109KH
U3 0eTOHA Pa3IUYHLIX TUNOB MPU NAJEHUH CAMOJIETA

B HacTosmee BpeMs B peaKkTOPHBIX OTACICHHAX ATOMHBIX CTaHIMH PEATU3yIOTCS] JBOMHBIE 3alllUTHBIE
00omnouku. [Ipu 3TOM (QyHKIMOHAIBHO OIpPENENSIOIINM BO3IEHCTBUEM ISl YCTAHOBJICHUSI TEXHUUYECKHUX Iapa-
METPOB HapYHOMW 3aIIUTHONW 000JOYKH COBPEMEHHBIX COOPYKEHHIM aTOMHBIX CTAHIMH SBISIOTCS HAarpy3Kd OT
MaJaroLEero caMoJiera.

! Pykosozcteo 1o 6e3onacuoctu Ne 50-SG-D5 (Rev. 1). Yuer BHENHUX COOBITHIA, BHI3BAHHBIX JESTEILHOCTBIO YEIOBEKA, [IPU MIPO-
eKTUPOBAHUHU aTOMHBIX JJIeKkTpocTanimii. Bena: MAI'ATO, 1997; PykoBoactso no 6e3omacHoctr Ne 50-SG-S11B. Yuer Tponmueckux uk-
JIOHOB B OCHOBaX ITPOEKTA aTOMHBIX 3JieKTpocTaHimii. Bena: MAT'ATD, 1986; PykoBoxacteo no 6e3omacHoctd Ne 50-SG-S11A. YVuer skc-
TpEeMaJIbHBIX METEOPOJIOTUUECKHX sIBJICHUIT IpH BbIOOpe 1uionianok ADC (Oe3 ydyeTa Tponuyeckux IUKIoHoB). Bena: MAT'ATO, 1983.

2 TIuH AD-5.6. Hopmbl cTpoutenbHOro npoektuposanus AC ¢ peakTopamu paziuusoro tuna. M., 1999.

3 HIT-064-05. YueT BHEIIHUX BO3AEHCTBUN NPUPOJHOTO U TEXHOTEHHOTO MPOMCXOKIECHUS HA OOBEKTHI UCIOIb30BAHMS ATOMHON
sHeprun. M.: @enepanbHas ciryk0a M0 HKOJIOTHIECKOMY, TEXHOJIIOTHUECKOMY B aTOMHOMY Hanzopy, 2006; [THAD I'-10-007-89. Hopmsr
MPOEKTHPOBAHUS JKEJIE300€TOHHBIX KOHCTPYKIHH, TOKATH3UPYIOIINX CHCTEM 0€30IIaCHOCTH aTOMHBIX cTaHuuil. M., 1991.
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[To skcmepuMeHTaATFHO 000CHOBAHHOM MeTonUKe [ 1] BEITIOTHSETCS OIEHKA MPOYHOCTH KYITOJIa 3aITUTHON
000JI0YKH, U3TOTOBIICHHOM U3 OeToHa Mapku B30, BEICOKONIPOYHOTO TOPOIIKOBOTO OeTOHA 1 cTaneduopodeTo-
Ha, TIPY T1aJIeHUH BOEHHOTO camoneTa Thia «DanToM», pexoMenoBanHoro MATATD?,

TomTas IPHITOKEHNS HATPY3KH MIPH HAPYKHOH MOBEPXHOCTH 060NI0UKHM paBHA 14 Mm%,

MakcuManbHOe 3HaueHHe CHIIBI COyAapeHHe PaBHO Pray = 11x10% xH.
PacueTHble MPOYHOCTHBIE XapaKTEPUCTUKN BHICOKOIIPOYHOTO MOPOILIKOBOTO OETOHA U cTaneudpobeToHa,
MOJTy4eHHBIE TI0 pe3yJbTaTaM HcbITanui [ 1], 0000mieHs! B Tad. 1.

Tabnuya 1
PacueTHbIe XapaKTePHCTHKH PA3JIMYHBIX THIIOB 6eTOHA
Matepuai
PacueTHble mokazaresn
Beron 00b14nbIil Mapku B30 Bbicokonpounblii nopomkosblii 6eton  CranedgudpodeTon
Kybukosas npounocts, MIla - 139,0 1574
[Tpu3meHHast MPOYHOCTH HA CHKAaTHE,
MITa 17,0 130,6 149,7
IpouHOCTH Ha pacTsDKEHHE TIPH U3ruoe,
MITa 1,15 11,97 20,80
ITpounocTh Ha OCEBOE PacTsHKEHHE,
MIla - 4,97 7,00
HavanpHerit Moxyns nedopmarmu 32500 44700 45700
npu cxarun, MIla
CpenHee 3HaYeHNE NPEAENBHOI 200%10°5 327x10°5 384x10°5
nedopMaIu pH CKaTHH
Table 1
Design characteristics of various types of concrete
Material
Design values Standard concrete High-strength powder concrete Steel fibre
of grade B30 g gthp reinforced concrete
Cube strength, MPa - 139.0 157.4
Prism strength, MPa 17.0 130.6 149.7
Tensile strength in bending, MPa 1.15 11.97 20.80
Axial tension strength, MPa - 4.97 7.00
Initial modulus of deformation, MPa 32500 44 700 45700
Average value of ultimate compres- 200%10°5 327%10°5 384x10°5

sion strain

OueHka NPOYHOCTH 3AIUTHON 0007109KH U3 00BIYHOT0 0eTOHA

WUcxonnreie maHHbIe:

— Ha4albHbIA MOXYNb AedopManun OeToHa mapku B30 £, =32 500 Mlla;

— pacyeTHble conpoTupaecHus 6eTona mapku B30: R, =17 MlIla; R, =1,15 Mlla;

— MOJIyJIb YIPYTOCTH apMaTyphl £ =2x10° MIla;

EY
—n= 3

=6,15;

b

— pacyeTHbIE 3HAYEHUs CONPOTHBIIEHH apmaTyphl kKiacca AS00: R =435 Mlla; R =300 Mlla; R =400 Mlla;

— pamnyc KPUBU3HEBI 000JIOYKH R = 26 M;
— TonmuHa 00onouku: £ = 0,6 M;

4 HI1-064-05. YueT BHEMIHUX BO3JACHCTBUI IIPUPOJHOTO M TEXHOTEHHOTO IIPOMCXO0KIEHHS HA OOBEKTHI UCIIONb30BAHUS ATOMHOM
sHeprun. M.: dexepanpHas cioyx0a 1Mo SKOJIOrHIECKOMY, TEXHOIOTHIECKOMY U aTOMHOMY Han3opy, 2005.

ONTUMM3ALNA XENEZOEETOHHBIX OBONOYEK

653



Sargsyan A.E. Structural Mechanics of Engineering Constructions and Buildings. 2021;17(6):651-663

— TONIIUHA 3aIUTHOTO clios a = a’ = 0,05 M;

5 nd’

— K03 (UIMEHT apMUPOBAHUS [ =, = 74 =5,6x107;

— IIOIIA/Ib TIONIEPEYHOTO CEYEHHS KOHCTPYKIIMH €IMHUMHON WUPUHBI 4 = bk =1m x 0,55 M = 0,55 M*;
— HOMMHAJIBHBIN JIMaMETp CTEP;KHEH MPOJOIBHOM M MONEPEeYHOH apMarTypbl COOTBETCTBEHHO: d = 28 MM;

d_, =25mm;

5

—u,=0,4m ¥ u_, =0,4M — 1I1ar XOMyTOB 10 MEPHIMOHAIBHBIM U I10 KOJIBIIEBBIM HAIIPABJICHUAM,

— R, =300MIla — pacueTHOE CONPOTHUBIIEHHE NONEPEYHON apMaTyphl; dx — ANAMETP CEYEHHUs IONepey-
HOH apMartypsl;
2 2 I
- A, =nd /4 =490 MM* — IUTOIIAb CEUCHHUSI TIONIEPEUHON apMaTypBhl.

sw

I[anee MMOCJICAOBATCIIBHO ONIPCACIINM:

1) _ 0,1(53 +G3

o =-1,1R, =~-18,7 Mlla;

1) _ 0, 1(53 —0

T 2 =0,9R, =15,3 Mlla;

1 =1=|RR, =4,42 MIla;
o =R =115MIla; ) =0; ¢ =0,8625 MIla; 1) =3,315 MIla;

c

G, =nR, =104,55 MIa;

2
A =4, =57 _0,00308 w’;
M :%Rbbho(ho—%foijb(h—a')As, :%x17 000x1x0,55(0,55—0’1349j+
+6,15x17 000 0,55x0,00308 = 2516 KHxM;
=M o 2516 104550 ,00513 = 0,58:

0.8RbAE R,'° 0,8x17 000x1x0,55° 17 000
G —P“—mx,/?’(l—vz)—11XI044/3(1—032)—413071(1_[21'
" 8h, ~ 8%0,55 T ’

2
X o c
ﬁ=—(nus —ﬂusJ+\/(nus —ﬂusj +2np =—[6,15><0,00513—41 307 x0,00513j+
h, R, R, 17 000

+ 6,15><O,00513—41 307
17 000

2
x0,00513) +2x6,15x0,00513 =0,271; (1)
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0,5nn, + L} — Gﬂus -,
X, R, R, ~0,01722+0,3364 +0,02083

o J 0,01722+0,58+0,02083
us'

h c
’ Oﬂsnua-i_Ll_(];(p“’s_Rs
b b

- Y 9

X 2L -2 2 1,16-0,606 = 0,554;
h h

0 0

0,9,R, —npt R (\/R R, tea, - R,
0 LIR, — Z(ﬂ /RbRbt tea, — R,,) )
YcTaHOBUM HECYIITYIO CITOCOOHOCTD 3aIUTHON 000IOUKH:
0O, =arc sin( d ]: arc sin _ %23 | 2°50';
2R+ h 2%x26+0,6
R +ﬁ
T . 2 o o o1/ oz /.
0, =——a, —arccos|sin(a, +®O)T =90° —45° —42°10' = 2°50’;
2 R+——x,
2
- R+ﬁ—m
®, == —a, —arccos| sin (o, +©, ) —=2—— | =90° - 60° - 25°50’ = 4°10;
2 h
R+——x
2
sin(®, —© sin(2°50—2°50
ABz(R+ﬁ—ij=(26,3—O) ( )ZO,OM;
2 sin(a, —©, ) sm(45—2°50')
h sin(®, —0, 1°20'
BC=(R+——xJM (26,3-0,5540,55) 0120 _ g 73\,
2 sin(a, —©,) sin57°10

S, =nAB(d + ABsina,)=0;

S, =nBC(d +2x,tgo, + BCtga, ) =3,14x0,73(4,223+0+0,73x1,732) =12,578 m*;

N, = ! {n(ho —x)tga, [ d +2xtga, +(h, —x)tga, |+ ZS sina, }
uxlux2
=;{3,14x0,2453><1,732[4,223+0+0,2453><1,732]+12,578><0,866}=1 8
0,4x0,4 16

P.=0,8N_A R, =0,8x105x490x10°x3x10° = 4116 xH.

X Sw sw

ONTUMM3ALNA XENEZOEETOHHBIX OBONOYEK
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Mopnynbs BEeKTOpa BHEIIHEN HArPy3KHU Ppas, IPU KOTOPOH KOHCTPYKLUS IO U3JI0KEHHOH CXEME MOJIHOCTBIO
MCYEPIBIBAET HECYIIYIO CIIOCOOHOCT, 3aIHIIEM B BHJIC

2
:Z( C0S 0, +G )sina,.)s,+f; = (3,315%10° x0,5+0,8625x 10° x0,866)12,578 + 4116 =
i=1

=30243+4116 =34 359 xH <110 000 xH.

CrnenoBaTenbHO, B JaHHOM ciydae MpH HaJeHUM caMoJieTa Ha 3aIIMTHYI0 00O0JIOYKY HMPOM30MIET Mpo-
OuBanue. MakcuManbHOE 3HAUE€HUE BHEIIHEH cuibl B 3,2 pa3a MPEeBBIMIAET HECYILYIO CIIOCOOHOCTH 3aIlUTHOM
000JI0YKH.

BrimonHrM npoBepKy NPOYHOCTH 3aIUTHOM 000I0YKH 1pH 4 = 1,2 M, TO €CTh YBEITUYHUB TOJIHMHY B 2 pasa.
TonmmuHa Hapy>KHOM 3aMUTHON 00004KH s = 1,2 M cooTBeTcTBYeT mpoekty AC ¢ BBOP-1200.

Omnpenenum Te pacdyeTHbIE TAPAMETPhl, KOTOPHIE IIPETEPIICBAIOT U3MEHEHUS:

1 1 1 0,261
MZER})bh0 (ho —g)_coj+an (h—a')AX, :EX” OOOxlxl,IS( , ’3 j+

+6,15x17 000x1,15x0,00308 =10 761 xkHxm;

M c, W = 10 761 104 550x0,00513=0,567;

L=——————y,
' 0,8Rbh R, 0,8x17 000x1x1,15> 17 000

11x104 /7
lmax 2\ _
4/ SxL15 1-0,37) =19 756 lla;

2
X (&) ()
S N T NTIN U TR TI R oYY :—(6,15x0,00513—19 756x0,00513j+
h R R, 17 000

0 b

2
+\/[6,15x0,00513—13 SZSX0,00SBJ +2x6,15x0,00513 =0,227;

Q

s’

o J 0,01722+0,32+0,02793
j 0,01722+0,567 +0, 02793

2 [ O
0,5np, + L7 —| —
Xo _ R,,

hO
0,5npu, +L, —

> b

G
Rb

b

X or, -2 2 1,134-0,476 = 0,658;

hy h,
079 R —n RRtt o .
X _ HoRt K ( wiBfhe ™ b)_2192,4—585,48—3212__0116<O_0
h, LIR, _Z(‘ /Rthttgaz —Rbt) 18700 —4881,23
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BrraucimM HeCyIyro CItoCOOHOCTE 3alTUTHOW 000I0UKH:

j = arc sin (ﬂ] =4°33";

®,=arc sin( d
2

R+h 2x26+1,2
T R+ﬁ
©, == -0, —arccos|sin(a, + O, ) 7 =90° —45° -40°27" = 4°33/;
2 R+—-—x
2
T R+ﬁ—x1
®, =—-a,—arccos|sin(a, +©,) %z =90°-60° —21°28' =8°32";
2 R+——x
2
in(® —© sin(2°50—2°50'
AB:(R_'_E_X)SI‘H( 1 0):(26, ( ):0,0M,
2 sin (o, —©,) s1n(45 —2°50')
sin(@, -0 in3°59’
Bc{zel—xj—,( 22O _(26,6-0,658x1,15) 33219,
2 sin(a, —©,) sin 55°27

S, =nAB(d + ABsina,)=0;

S, =nBC(d +2x,tga, + BCtga, ) =3,14x2,19(4,223+0+2,19x1,732) = 55,12 m*;

2
N, = 1 {n(ho —x)tga, [ d +2xtgo, +(h, —x)tgo, [+ DS, sin al} =
Uy, i=1
1 58,22
=——{3,14x0,3933x1,732[4,223+0+0,3933x1,732]+55,12x0,866 | =
0,4x0,4 0,16

=364.

P, =08N_A4,R,, =0,8x364x490x107%x3x10° =42 806 xH.

XETsSwWEEsw

Mosyns BEKTOpa BHELIHEN HArpy3KU Ppgs, TP KOTOPON KOHCTPYKIUS MO U3JI0KEHHOW CXeMe MOJTHOCTBIO
MCUEPIIBIBAET HECYIIYIO CIIOCOOHOCTB:

2 . .
P, =Y (" cosa, +0sina, ), + P, =(3,315x10°x0,5+0,8625x10° x0,866)55,12 + 42 806 =

i=1

=132 532442 806 =175 338 xkH>>110 000 xH.

CremoBaTenbHO, B TAHHOM ClTydae IpU MaJeHUH caMoJIeTa MPOYHOCTh 3alIUTHOW 000JI09KN Ha MpoOuBa-
HHUe obecrnieuena. Hecymiast ciocoOHOCTB 3amuTHON 000704KH B 1,59 pa3a mpeBbiliaeT MaKCUMAIbHOE 3HAUYCHHE
BHEILIHEH CHIIBI COyIapEHHUS.
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OueHKa NPOYHOCTH 3aAIMTHON 000J109KHM U3 BHICOKOIIPOYHOI0 NMOPOIIKOBOI0 OeToOHa

Hcxonubie mannbie [1]:
— HavalbHbIA Moy fedopmanun Oetona E, =44 700 MIla;

— pacueTHble conporupiaeHus 6erona mapku B30: R, =130 MIla; R, =11,97 Mlla;
— MOZyJIb yIIPYrocTu apmarypsl £, = 2x10° MIla;
ES

—n=—2=4,47,
b

— PaCUYETHBIE 3HAYEHHS CONMPOTUBIICHNs apMaTyphl Kinacca AS00: R =435 MIa; R =300 Mlla; R =400 MIla;
— pannyc KPUBU3HEI 000JIOUKH R = 26 M;
— ToJIIKHa 000J1049KH: i = 0,6 M;
— TommHa 3amuTHOro cnost a = a' = 0,05 Mm;

dZ
57
— K03()HIMEHT apDMUPOBAHUA [ =, = 74 =5,6x107;

— IUIOIIA/b MONEPEYHOrO CEYEHHS KOHCTPYKIUU €MHUYHOM Mpunbl 4 = bh, =1 M x 0,55 M = 0,55 M’;

— HOMHHAJIBHBIN JJHAMETp CTEPIKHEM MPOOJIBHOM U MOIEPedHOl apMaTypbl COOTBETCTBEHHO: d, =28 MM;

d_=25Mm;

sw
—u,=0,4m ¥ u_,=0,4M — 1mAr XOMyTOB 10 MEPUAUOHATLHBIM Y 110 KOJIBLEBBIM HAIPABJICHUAM;
— R, =300MIJa — pacueTHOE CONPOTHBIICHUE MONEPEYHON apMaTryphl; dy = 25 MM — JMaMETP CEYCHUs
MOTIEPEYHOM apMaTyphbl;
— A, =mnd; / 4 =490 MM* - IWIONIA/b CEYEHHUs MONEPEYHOM apMaTyphL.

sw

+
o0 - 0lost o, ~1,1R, = —143 MIla;

(0 =019 70 6 9p 117 MiTa;

W == /R R =39,45 MITa;
o =R =11,97 MIla; 1 =0; ¢'” =8,9775 MIla; 1 =29,5875 MIla;
6. =nR, = 583,78 MIla;

2
A=A, =5nds

N N

=0,00308 m’;

1

M =2 Rbh, (ho —éfoJ-Fan (h-a') 4, =%><130 600x1xo,55(o,55_w)+

+4,47x130600%0,55x%0,00308 =19 465 xkHxmMm;

M c, 19 465 583 780

TO08RBE R 0,8x130600x1x0,55 130 600

b

0,00513 =0,593;

1
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4
lmaﬂ/ HXIO ,/ 1-0,3°) =41 307 xlla;

— 2
ﬁ=—[nus—husj+\/[nus—ﬁﬂusj +2np, =—[4,47x0,00513— 41307 ><0,00513j+
J R, R, 130600

2
+\/(4,47><0,00513— 1;(1)3ggox0,00513j +2x4,47x0,00513 =-0,0213+0,2152=0,1939;

c ,
0,5nu, + L — Aﬁgu{—giuy
R, R, 0,012516+0,3517+0,02337

" = 0.01722+0,59340,02337 01
G ’ b + b + b
"0Smp, L -] -,
Rb Rb
L oo -0 21,186-0,612=0,574;
hO hO
0’ 9”’3Rs l’l},ls ( R Rbttga2 bt)
0 LIR, _Z(’ /RbRb, tga, ~ R, )
Omnpenenum HECYIIYIO CIIOCOOHOCTD 3aIUTHOH 000J0YKH:
. (422
®, = arc sin = arc sin _ 423 ) 2°50';
R+h 2x26+0,6
- R+ﬁ
®, ==—a, —arccos| sin(a, +®0)T2 =90° —45° —42°10' = 2°50';
2 R+——x
i 2
- R+E—M
®, = ——a, —arccos| sin (0, + O, ) —2—— [=90° —60° —25°50' = 4°10,
2 h
R+—-x
I 2
sin(©, - sin(2°50—2°50'
AB=(R+ﬁ—xle=(26,3—O ( )=0,0M;
2 sin(a, —©,) sm(45 —2050')
sin(©, -0, 1°20'
BC:(R+ﬁ—xj,(+) (26,3-0,574x0, ss)Loo,—o,ns M;
2 sin(a, —©,) n57°10
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S, =nAB(d + ABsina, ) =0;

S, =nBC(d +2x,tga, + BCtga, ) =3,14x0,73(4,223+0+0,718x1,732) = 12,5295 m’;

2
N, = ! {n(ho —x)tga, | d + 2xtga, +(h, —x)tga, |+ Y S,sin (x,} =
UglUy i=1
=L (314x0,24531,732[4,223+0+0,2453x1,732] + 12,578 x 0,866} = 2> = 105,
0,4x0,4 0,16

P.=0,8N A R, =0,8x105x490x107°x3x10° =12 348 kH.

Mopaynbs BeKTOpa BHEIIHEN HArPy3KHU Ppas, IPU KOTOPOH KOHCTPYKLUS IO U3JI0KEHHOH CXEME MOJIHOCTBIO
MCYEPIBIBACT HECYIIYIO CIIOCOOHOCTD, ONPEASIIUM 110 (hopMyJie

2 . o
P, = Z(r@ cosa, +6'” sin ai)Si + P, =(29,59x10°x0,5+8,9775x10° x 0,866)12,5295 +

i=1

+ 4116 =282 785+12 348 =295 133 xH >>110 000 xH.

CrnenoBaTensHO, B IaHHOM Cllyyae MpH MAACHUM caMojieTa Ha 3allUTHYI O0OJIOYKY MPOYHOCTH KOH-
CTPYKLIMHU Ha IpoOMBaHKeE ¢ OONBLIMM 3amacoM olecredeHa: B 2,68 pasa.

OueHkKa NPOYHOCTH 3AIMTHOM 000/104KH U3 cTanedudpodeToHa

Hcxonubie mannsie [1; 2]:
— HayvanbHbIH Moy aedopmanuu Oetona £, =45 700 MIla;

— pacueTHble conpoTupieHus cranedpudpoderona: R, =149,7 Mlla; R, =20,80 Mlla;
— MOJIyJlb yIIPYTOCTH apMatyphbl E = 2x10°MIla;

_E
—n= £ =4,376

b

— pacueTHble 3HaYeHUs apMaTyphl kinacca A500: R =435 MIla; R =300 MIla; R =400 Mlla;

— pannyc KPUBU3HEI 000JI0YKH R = 26 M;
— TonmuHa 00onouku: £ = 0,6 M;
— ToJIMHA 3amuTHOrO ciost a =a’ = 0,05 m;

2
nd;

5
— KOO QUIMEHT apMUPOBAHUS |1 =1, = 4 _ 5,6x107;

— IJIOLIA/Ib MOIEPEYHOT0 CEYEHHs KOHCTPYKIMHU €IMHUYHOM IHUpUHbl A = bh, =1 M x 0,55 m = 0,55 M;

— HOMHHAJIBHBIH IHAMETD CTEPIKHEN MPOIOIBHOM U MOIEPEYHOI apMaTypbl COOTBETCTBEHHO: d, =28 MM;
d, =25mm;

—u,=04mu u,=04M — mar XoMyTOB 10 MEPHANOHAIBHBIM H 110 KOJIBLIEBBIM HAIPABICHHUSM;

— R, =300 MIla — pacuerHoe cONpOTHBIIEHHE MONEPEYHON apMaTypbl; d =25 MM — auameTp ceueHus
MIOIEPEYHON apMaTyphl;
— A, =nd} / 4 =490 MM’ — IIOmAAb CEYeHHs NOMEePEUYHOil apMaTyphl.

Sw
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I[anee IMOCJIEAOBATEIILHO ONIPEACIIACTCA

1
ol = % ——1,1R, =—164,67 MIa;

1 —
0) _O’C%T(’s: 0,9R, = 134,73 MITa;

6? =R, =20,8MIla; 1 =0; ¢ =156MIla; t” = 41,85 MIla;
o, =nR =655,09 Mlla;

2
M 0,00308 w:

A =4, =5

s s

p 11x10°
o, = [3(1-v) = [3(1-0,3*) = 41 307 «lla;
8, 8x0,55

41 307

2
3?0 G(pcp GKP(P
Yoo —22 |+ ap -2 +2np. =—| 4,376x0,0056 —
ho ( & Rb ugj \/( & Rb Msj * ( 149700

%0, 0056j+

2
+\/[4,376 x0,0056 - 1‘;19370070 X 0,0056] +2x4,376x0,0056 =-0,023+0,2226 = 0,1996;

M :lR,,bho(ho —lfoj+an(h—a')Avr = L149 700x1xo,55(o,55——0’1996X0’55j+
2 3 k 2 3

+4,376x149 700%0,55%0,00308 = 22 245 kHxw™;

22 245 655 090

= —— 0,0056 = 0,59;
0,8x149 700x1x0,55> 149 700

M c,
L=———-
0,8R,bh; R,

0,5nn, + L} —(%us —G“"us,j
Xy _ R, R, _ 0,0122528+0,34756 +0,02296 _ 0.612:
j 0,0122528+0,59+0,02296 T

(O

h, (G
0,5ap, + L —| —p, ——p
"R R,

b

L oo -T2 1,18-0,612=0,568;

hO h()

3 x
0,9u,R —np R ———|\/R,R, tgo, — R,
A TR 4h0( o 8 b)_2192,4—3668,5—32311__0 7758 < 0— 0

xl —
164 670—43 082

h, L1R, —j(JRbRbtthL2 —Rb,)
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YcTaHOBUM HECYIIYIO CITOCOOHOCTH 3aIlIUTHONH 000IOYKH:

®, = arcsin d_)_ arc sin 4223 2°50;
2R+h 2%x26+0,6

h
- R+—
®, ==—a, —arccos|sin(q, +®0)—2 =90° —45° —42°10" =2°50';
2 h
R+§_.x1
. R+ﬁ—%
©®, == —a, —arccos| sin (0, +©,)—2—— | =90° —60° - 25°50' = 4°10;
2 h
R+——x
I 2
in(® —O sin(2°50-2°50'
AB:(R+ﬁ—xljm=(26,3—O) ( ):o,oM;
2 sin(a, —©,) sm(45—2°50')
1 @ _@ : o !/
BC:[R+ﬁ—ij:(26,3—0,568><0,55)M=0,7178 M3
2 sin (o, —©,) sin57°10’

S, =nAB(d + ABsina, )= 0;

S, =nBC(d +2x,tga, + BCtga, ) =3,14x0,7178(4,223+0+0,7178x1,732) =12,32 m*;

2
N, = 1 {n(ho—x)tgaz[d+2xltgal+(h0—x)tga2]+ZSisina[}:
uxluxZ i=1
1 16,658
=————{3,14%0,2376 x1,732[4,223+0+0,2376 x1,732]+12,32x 0,866} = =104.
0,4x0,4

3

P.=0,8N A, R, =0,8x104x490x10°x3x10° =12 230 xH.

XTTSWT Sw

Monynb BEeKTOpa BHELIHEH HATPYy3KH Ppas, TP KOTOPOW KOHCTPYKLUS 110 U3JI0KEHHOH CXeMe MOJTHOCTHIO
HCUYEPIIBIBAET HECYIIYIO CIIOCOOHOCTb:

2 o A
P, =Z(r(') cosa, +o sinai)Si + P, =(41,85x10°x0,5+15,6x10° x0,866)12,32 +
i=1

1

+ 4116 =424 234+12 230 =436 464 xkH>>110 000 xH.

CrenoBatenbHO, B JAHHOM CITy4ae MpY MaJcHUH CaMoJIeTa Ha 3alllMTHYI0 000JIOUKY MPOYHOCTh KOHCTPYK-
MY Ha IpoOuBaHue ¢ OONBIINM 3armacoM obecriedeHa: B 3,97 pasa.
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B Tab6i. 2 000011eHBI pe3yIbTaThl PACYeTOB MPOYHOCTH 3AIUTHON 00O0JIOUKH U3 Pa3TUIHBIX MaTEPHAIOB
IIpyu NaJiCHUKU CaMOJICTa THUIIa «DaHTOMY.

Tabnuya 2
O0o001meHne pe3yIbTATOB PACYETOB JIOKAJIbHOI MPOYHOCTH KYNOJbHOI YaCTH 3aLIMTHOI 000JI04KH
U3 Pa3JIMYHBIX MATEPHAJIOB NPH NAaJeHUH caMoJieTa THIa «PaHTOM»
ToJmMHA CTeHKH MaTepuan MakcumasibHOe 3HaYeHHue Hecymas cnoco0HOCTD,
0007104KH, h, M P cuiIbl coyaapenne, 105 kH Pimax, 105 kH
0,6 Beron mapku B30 1,1 0,34359
1,2 Bberon mapxu B30 1,1 1,75338
0,6 BricokonpouHbIii TOPOIIKOBEIH OETOH 1,1 2,951332
0,6 CranepubdpodeTon 1,1 4,36464
Table 2
Summary of the results of calculations of the local strength of the dome part of the protective shell
made of various materials during the fall of a “Phantom” aircraft
Shell plate Material Maximum value Capacity,
thickness, /1, m of projectile force, 105 KN Pimax, 105 KN
0.6 Concrete of grade B30 1.1 0.34359
1.2 Concrete of grade B30 1.1 1.75338
0.6 High-strength powder concrete 1.1 2.951332
0.6 Steel fibre reinforced concrete 1.1 4.36464

[IpencraBnenHbie B Tabn. 2 pe3yibTaThl pacueTOB MOKA3bIBAIOT, YTO MPOYHOCTH 00OJOYKH, W3TOTOBJICH-
Hoil n3 OetoHa Mapku B30 c¢ TommuHoii /4 = 0,6 M, sSBiIsSeTCS HEAOCTaTOYHON. Bo Bcex mpyrux paccMmarpuBae-
MBIX CIIy4asiX yCJIOBUE IPOYHOCTU 00OJIOUKHU BBIIOIHAETCS ¢ OOJIBIINM 3aI1aCcoM.

[Tpu 5TOM, Kak MOKa3bIBAIOT Pe3yIbTAThl PACUETOB, IPH WACHTHYHBIX UCXOAHBIX JaHHBIX B CIydae 3amMe-
HBI 00BIYHOTO OeToHa Kiacca B30 Ha BBHICOKOMPOYHBIN MOPOIIKOBBIA OETOH MPOYHOCTH 3AIMUTHONW OOOIOYKH
2,951332
0,34359

[IpencrasnenHbie B Tab. 2 pe3yabTaThl pacyeToOB MOATBEPXKAAIOT, YTO TIPU WICHTHYHBIX HCXOJHBIX JaH-
HBIX B CiIydae 3aMeHbl oObryHOro Oetona kimacca B30 Ha craneduOpoOeTOH MPOYHOCTH 3AIMUTHON 00O0IO0YKH
4,36464
0,34359

BO3pacTacT B =8,59 paza.

B03paCTaeT B ,7 paza.

3akaouenue

IIpencraBieHHble pe3ylbTaThl PacdyeTOB MOATBEPKAANT IIMPOKUE BO3MOKHOCTU COBEPIIEHCTBOBAHUS
KOHCTPYKTHBHBIX PELICHUN 3aLIUTHBIX 000J0YEK IIyTeM peaqu3alii HHHOBALIMOHHBIX MaTepHaOB, O3BOJISIO-
IIUX CYLIECTBEHHO SKOHOMHTH MAaT€pUaJIbHBIE PECYPChl IPU OAHOBPEMEHHOM IIOBBILICHUH HAAEKHOCTU U 0€3-
OIIaCHOCTH COOPY’KEHUH B aTOMHOM 3HEPIETHUKE.
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AHHoTauus. bonbmenponeTHsle JepeBSHHbIE TPOCTPAHCTBEHHbIE KOHCTPYKIHU
B BHJIE KyIoJioB, pa3zpabareiBaembie B AO «HULL ,,CtpouTenscTBo*y mox pyko-
BoncTBoM A.A. IloropenbleBa, HOCTPOSHBI B OOJIBIIOM KOJIHYECTBE VIS TIOKPBI-
THH pa3MUuHbIX 30aHUM. Takue KOHCTPYKLUM O0JafaloT BBICOKUMHM IIOKa3aTe-
MU 3QQPEKTUBHOCTH U NPOJOIDKAIOT COBepIleHCTBOBaThCs. B 2020 r. paspa-
6otano «Ilocobue mo yuery coBMECTHON pabOThI KapKaca W OrpaXkJIeHHUsS B Jie-
PEBSIHHBIX IPOCTPAHCTBEHHBIX KOHCTPYKLMSAX 3aHUH M COOPY)KEHHIT» Kak J0-
nonuenue Kk 1. 9 CII 64.13330.2017, comeprkariee mpuMepsl pacyeTa MPOYHOCTH
1 ONTUMU3ALUIO Pa3MEPOB cedeHUs pedep, a TaKKe NpUMEp OIpENeIeHUs AIU-
TEIbHOM MPOYHOCTH OOMIMBKU O0ONOYKH. YKa3aHHbIE KOHCTPYKUIUH, IO CYTH,
YHHKaJIbHbIE, IIPOEKTUPYIOTCA [OKA B 3aIlac POYHOCTU O€3 yueTa ydacTUsl OrpaxK-
Jaronieit yactu (maHenel, HaCTUIIOB U JIp.) B BOCHPUSATHH HArpy30K. Yuer pabo-
Thl HACTUJIA, OCOOEHHO IIPU BO3AEHCTBUUM HECUMMETPUUHBIX HArpy30K, MOXET
TIPUBECTH K ’KOHOMUU MaTepuanoB. [lomrnMo npuBeneHHON TEOpUN HENTWHEHHO-
ro pacdera 00OJIOUKU aBTOpaMU pa3paboTaH pacueT COCTaBHBIX AHU30TPOIHBIX
naHenei, paboTaIONIMX B YCIOBHAX CIIOKHBIX HANPSDKEHHBIX COCTOSHUM, TO €CTh
IIpU JABYXOCHOM CXaTUU (PAcTSDKEHUM) U caBUre. PacueT TakuX KOHCTPYKLUH,
KaK TPH KPaTKOBPEMEHHBIX, TaK M NPH JUINTEIbHBIX Harpy3kax NpeIcTaBiseT
U3BECTHBIE TPYAHOCTH U TPeOyeT BBEJEHUs HEHMPUBBIUHBIX Ul CHELUATUCTOB
MIPOEKTHBIX OPTaHU3aLUA TEOPHA IPOYHOCTH M KPUTEPHEB ISl MX OTUCAHUSL.

KuroueBble cjioBa: GObLICIPONICTHBIE KOHCTPYKIMH, KyIIOJia, KIeeHas peBe-
CHHA, [UIACTHYECKUE Ae(OPMAIINH, CIOKHOE HAMPSHKEHHOE COCTOSHUE, YNCIICH-
HBIC pacy€Thbl, METOA MHTCIPAJILHOTO MOAYJIA, NJIUTCIIbHAaA MPOYHOCTH, CABUIA-
O YCUITUS
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The economic feasibility of taking into account the joint work of load-bearing
and enclosing elements in large-span wooden spatial structures
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Article history Abstract. Large-span wooden spatial structures in the form of domes, developed
Received: August 21, 2021 in JSC Research Center of Construction under the leadership of A.A. Pogo-
Revised: November 14, 2021 reltsev, are built in large numbers for roofing various buildings. Such designs
Accepted: November 30, 2021 have high performance indicators and continue to improve. In 2020 the “Manual

on accounting for the joint work of the frame and fencing in wooden spatial structures
of buildings and structures” was developed as an addition to SP 64.13330.2017,
containing examples of strength calculation and optimization of rib cross-section
dimensions, as well as an example of determining the long-term strength of
the shell cladding. These structures, in fact unique, are designed so far in the margin
of safety without taking into account the participation of the enclosing part (panels,
decking, etc.) in the bearing loads. Taking into account the work of the decking,
especially when exposed to asymmetric loads, can lead to material savings. In ad-

dition to the above theory of nonlinear shell calculation, the authors have also
developed a calculation of composite anisotropic panels operating under complex
stress conditions, i.e. under biaxial compression (tension) and shear. The calcula-
tion of such structures under both short-term and long-term loads presents cer-
tain difficulties and requires the introduction of strength theories and criteria for
their description that are unusual for specialists of design organizations.
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Beenenue

B TeuyeHnne Tpex mociemHUX AECATHICTHH C(HOPMUPOBATIOCH MPOU3BOACTBO KPYITHBIX KJICCHBIX JICPEBSH-
HBIX KOHCTPYKIUH, Olarogapsi KOTOPOMY CTaj0 BO3MOXHBIM NPOEKTUPOBAHUE W CTPOUTEIHCTBO OOJBIIETIPO-
JIETHBIX 3[aHUA ¥ COOPYKEHHIA, B YACTHOCTH KymnoJjoB. Komn4ecTBo Takux 3[aHUi YK€ UCUHCISIETCS MHOTHMH
cotsmu [1]. Maer oTpaboTka BCEX ATANOB CTPOUTEILCTBA, U3YyUCHHE BO3MOXHOCTEH HOBBIX THUIIOB COCIUHE-
HUH, 3alTUTHI 3JIEMEHTOB KOHCTPYKIUI OT MOBPEXKICHUHN U JIp.

Koncrpykmmuu kymonoB muamerpom 10 100 M, kak mpaBuiio, 00pa3yroTcs U3 KapKaca B BUIE apoK, OpycCh-
€B 1 3JICMCHTOB OTPAXKACHHA — IUIMT UJIW HACTUJIOB. HpI/I OTOM IUIMTBI U HACTUJIBI 3aKPCIIAIOTCA K KapKacCcy U B
JTATbHEHIIIEM BOBJICKAIOTCS B COBMECTHYIO paboTy ¢ HuM. OJHAKO MO PSTy MPUYHH 3Ta COBMECTHAs paboTa mpu
MPOEKTUPOBAHUY TIOKA HE YUUTHIBAETCS M YaCTh CHIIOBOTO COIPOTHBIICHUSI CHCTEMBI HE UCIONB3yeTcs. B kymo-
JaX OCHOBHBIE pebpa Kapkaca — MEpUAHOHAIBHBIE — TI0 YCTOSIBIICHCS TPaIUIINN TPHHUMAIOTCS BBICOTOH cede-
Hus 1/40 mporneTa W MPU MPOSKTUPOBAHUU C YYETOM PAOOTHI TUIUT, 3AMOJIHSIONUX SYCHKH MEXKITy peOpamu,
OCTalTCs HEeOTPYKeHHbIMH. B [2] moka3aHo, 4TO MepUANOHAIIFHBIE pedpa KOHUYECKOTO KYIIOJIa MOTYT HMETh
BBICOTY ceueHus 1/70 mporeTa, 4To MPUBOAUT K IKOHOMHUH MaTepraioB pedep 1o 25 %. Ilpu npoexTrpoBannn u
CTPOMUTEILCTBE KPBITOTO KaTka B MOCKBe pebpa Mexay auaparMamMu KOPOTKHX LHUIMHIPHYECKUX 000JI0YCK
BBITIOJTHEHKI ITPU BBICOTE ceueHus 1/52,5 mposera, paBHOTo 42 M. OOBEKT yCIEUTHO YKCIUTYaTHPYETCs B TEUCHUE
38 meT (3TO OBLT TIEPBEIi, OMBITHBINA 00pa3elr). DKCIEPUMEHTH Ha MOJEISIX U pacdyeT METOJAOM HHTErPaIbHOTO
MOIyJsl iepOopMaIiid MoKa3aid, YTO NPHU JJIUTENBHBIX HAarpy3Kax MOXHO JIOMYCKaTh IUIacTHYeckue aedopma-
[IUU TIOJI3YYECTH Hanboliee HANPSHKEHHBIX 3JIeMeHTOB [3]. B mpemnaraemoii paboTe BBIMOJIHEHBI YUCICHHBIC HC-
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ciemoBaHus Kymoia auameTpoMm 60 M mpu BeicoTe cedeHus pedep 1/60 mponera BMecto 1/40 mpu miMTEeTbHBIX
Harpy3kax 710 50 meT. YUuThIBaIOCh CHHKEHUE HATPY30K B OTCYTCTBHE CHEra B JieTHee BpeMsi. CorjlacHO HaIuM
paHHUM TyONHKaIMSIM, HETMHEHHBIN pacdeT OIpeeNsieT CHIOBOE CONPOTUBICHNE KOHCTPYKIIUU C YYETOM JIH-
HEWHOH mon3ydectn (TIepBast CTaaus mon3ydectd mo A.P. PikaHUIIBIHY) M yCTaHOBUBIIECHCS (BTOpast CTaIMs).
MeTtoayka HETMHEHHOTO pacueTa IMIIOCKOCTHOIO KapKaca U3 KJIEeHOW APeBECHHBI COBMECTHO C TOHKUMHU
0OIIMBKaMU MOAPOOHO OMyOJIMKOBaHA B MHOTOYMCICHHBIX CTaThIX MPUMEHUTEILHO K PA3IHYHBIM PacueTHBIM
CUTyaIusIM B TIpoliecce ee 0TpaboTKH, a Takxke B [3]. B ocHOBY MeTonuKH pacdera MOJIOKEeH METOJl HHTETrpallb-
HOTO MOAyJs nedopmaruii, pazpadoranusiii B.M. BoHmapeHKo MPUMEHUTENBHO K KeIe300eTOHHBIM KOHCTPYK-
IUSIM, ¥ TPUCTIOCOOJICH HaMU K PacueTy JACPEeBSHHBIX KOHCTpYKimii C y4eToM crenu(puKku CBOHCTB H pabOTHI
JIPEBECHHBI B KOHCTPYKITUN pa3paOdoTaHHasi METOAVMKA OTIUYAETCS OPUTHHAIHHOCTBIO U MOXKET pacCMaTpUBaTh-
csl KaK HOBas Teopus. [IpuMeHeHne 3Toro MeToa MO3BOJSAET MyTEM HTEPAIMOHHOTO MPOIIecca MPOCIeTUTh U3-
Menenrne HJIC KOHCTpyKIUiA TIpu HETMHEHHOM U HEPAaBHOBECHOM JITUTEIHHOM JAe(hOPMUPOBAHUH, YIECTh MIPO-
1ecc nepepacupeeleHus] YCUINM Kak B OTACIbHBIX MOMEPEYHBIX CEUCHUAX, TaK U MO IJIUHE MEPUINOHATBHBIX
pebep. DTOT MeToA naeT BO3MOKHOCTh JIMHEAPU30BaTh MPOIECC pacdeTa U MPUMEHATh Ha KaXKJIOM JTaIre Mocie-
JIOBaTeIbHBIX MPUOIMKEHUH TeopeMy bertu o B3amMHOCTH paboT, TeopeMbl MakcBeia O B3aUMHOCTH IEpe-
MerieHud, Gopmynel Mopa mis nepemenieHuid. [Ipu 3ToM nUHEapu3aIyisi COXPAaHSET CBS3b XapPaKTEPUCTHK
JKECTKOCTH C YpPOBHEM HarpyxeHus. BpemeHHas (ukcaliusi yYUTHIBaeT BIHSHUE PEXUMA WU JUIUTEIBHOCTH
HarpykeHus. [lnarpamMmma paboThl IpeBeCHHBI, MTOTydeHHas SKCIIEPIMEHTAIBHO, I0Ka3aHa Ha puc. 1. B xadecTse
anmnpoOKCUMUPYIOIIEeH (YHKINY [T HETHHEWHOTO COOTHOIICHUS G = f (€) IPUHSTO ypaBHEHUE

2
c=E,g——2¢’ (1)
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Puc. 1. lnarpamma neopMUpOBaHUs APEBECUHBIL:
a — TIPH CKATHU — PACTSHKEHHUN; 6 — IIPU KPaTKOBPEMEHHOM U3ruoe; 6 — 1eopMUpOBaHUE NIPH JUTUTEIBHOM JCHCTBUM MOCTOSIHHOM HArpy3Ku
Figure 1. A test of deforming wood:
a —under compression and tension; 6 — under short-time bending; 6 — deformation under long period action of constant load

ypaBHeHI/ISI MEXaHNYCCKOIro COCTOSAHHA COCTABIAIOTCA NPUMEHUTEIBHO K TPEM CTAAUAM ITOJI3YUCCTH, CO-
rnacHo A.P. Pxanuneiny [4].

MHoOT04YHCIeHHBIE pacyeThl MMOKa3ajiu, YTO B AUAIIA30HEC paCYCTHBIX HaHpﬁ)KeHI/Iﬁ KOHCTPYKIIMH, KaK IIpa-
BUJIO, paOOTAIOT B MEPBOW CTAIUN — JIMHEHHOW TOJI3yYECTH, XOTS JONYIICHHE HE YMEHBIIAeT OOIIHOCTH pellie-
HUS 1 JIETKO BO3MOKEH TIEPEX0 BO BTOPYIO CTaIUIO0 — YCTAHOBUBIIEHCS MOJI3YIECTH, IMEIOTCS BBIPAKEHUS IS
OTIpeIeIICHIS BPEMEHH MEePEX0/ia M YpaBHEHNUE MEXaHHIECKOTO COCTOSIHUSI JIJISl 3TOTO CIydasl.

B MeTonie MHTErpaNbHBIX OLIEHOK MPOIECC MOCIEI0BATCIBHBIX MPHOIMKESHUNA SBISETCS CIIOCOOOM MHTE-
TPalbHOTO YTOYHEHUS BHYTPEHHUX YCWIIMHA U HANIPSDKEHHH, TPAHC(HOPMHUPYIOUINXCS BO BPEMEHHU BCIIEIICTBUE MX
nepepactpeeneHus ¢ 6oiee Harpy>KeHHBIX yUYaCcTKOB Ha MeHee Harpy>KeHHBIE.

B cratnyecku HeompeaenuMbIX KOHCTPYKITUAX, Y KOTOPBIX pacipeielieHue YCUIuil 00yCIOBICHO Xapak-
TEPOM M3MEHEHHS JKECTKOCTH, IIOMUMO IPOIIecca BHYTPEHHUX UTEpalHii, TpeOyeMoro sl YTOYHEHHUS JKEeCTKO-
cTell, HeoOXOIUM COYETAIOIIMICS ¢ HAM TIPOIECC BHENTHUX HUTEPAIlfii, YTOUHSIOMIMHA 10 JaHHBIM JKECTKOCTSIM
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3aKOH pacrpenaenerns ycwnnid. CodeTaHue MpOIECCOB BHYTPEHHUX M BHEUTHWX WTEpAIldil B PEeIICHUH 3a7adu
0 HaNpsHKEHHOM H 1e(OPMUPOBAHHOM COCTOSIHHSIX 3aKITIOUACTCS B CIICAYIOIIEM:

1) B OOBIYHOH yHIPYTO-TMHEWHOW MTOCTAHOBKE PACCUNUTHIBACTCS 3aJlaHHAsI CTATHYECKH HEOIpeaeInMast CH-
cTeMa M CTPOSTCS SMIOPHI BHYTPEHHUX YCWINH (HyJIEBOE MPUOIIKEHUE);

2) Ha3HAYAIOTCS CEYEHHA, B KOTOPHIX MO JaHHBIM 00 YCHUJIHSIX HYJIEBOTO NMPHOIMKEHUS YTOUHIIOTCS pac-
YeTHBIE JKECTKOCTH (CHMKAeTCs MOAYIb Aedopmannii);

3) Mo HOBOMY 3aKOHY pacHpeAeNieHHs KECTKOCTEH MOBTOPSIETCS CTATUYECKHUA pacdeT CHCTEMBI C YIeTOM
MEPEMEHHOCTH PACYETHBIX YKECTKOCTEH BIIONb MPOJIETOB. DTUM YTOUHSIOTCS JIMIOPHI pacpeAeNeHHs YCHIINi
BJIOJIb OCEH CHCTEMBI (TIepBOE NMPUOIMKEHNE);

4) Mo yCHIIMSAM TIEPBOTO MPUOIMKEHNS BHOBH YTOUHSIOTCS paCUETHBIE KECTKOCTH, a TI0 HUM HaXOJSATCS
SUIOPHI YCHUIIHK BO BTOPOM NMPUOIMKEHUH | T. JI. I0 CTA0MIIBHOW CXOAMMOCTH C 3aJJaHHOM CTEMEHBIO0 TOYHOCTH.

Jl1st yueta IEpeMEHHOCTH KECTKOCTEH CTEPKHEUN Ka) bl AIEMEHT CTATHYECKH HEOIPENEIUMON CUcTe-
MBI JICIUTCSI HA HECKOJIBKO YYacTKOB, B MpeAeiax KOTOPBIX KECTKOCTh CUUTAETCS TOCTOSHHOM U PaBHOM cpea-
HEMY 3HAUeHUIO XECTKOCTH TPaHWYHBIX 30H y4acTka. l[IpuBeneHHBI MOxynb nedopMariuii onpeneisercs Kak
cpeaHeapru(pMeTHIeCKOe HECKOIBKIX MPOMEKYTOUHBIX YUACTKOB.

V3meHeHuns BHEIIHEW Harpy3Ku BO BpEMEHH P pacueTe MPHUBOASATCS K CTYIIEHYaTOl CXeMe TaKuM o0pa-
30M, 4TO B MpeJeNax KaXkI0ro U3 NHTEPBAIOB Harpy3ka u Bce xapakrepuctuku HIAC cunTaroTcst MOCTOSTHHBIMH.
DT0 K€ OTHOCUTCS K I3MEHUYNBOCTH (DU3UKO-MEXaHUIECKUX CBOWCTB MaTepHAIIOB.

g Hanbosee pacrpoCTpaHEHHOTO B KOHCTPYKIMAX CKAaTO-U3rH0aeMOro JAEPEeBSIHHOTO 3JIEMEHTa MOYKHO
paccMOTpETh 0 aHAJIOTHH C BBIBOJOM YPaBHEHUH IS ONpeeNieH!s JTUTeIbHOTO MOy s AeopManuii ciemy-
foruit moaxoxn. OneHnBas peanbHyI0 1e(hOpMaTHBHOCT AIIEMEHTOB U BMECTE C TEM HE ONepHUpys Pa3IuIHBIMU
MOIYJISIMH JieopMaIuii B K&KAOM JUCKPETHOM CJIOE, MOYKHO 3allUcaTh OTKIOHEHHE 3HAYeHUH peasbHBIX Jie-
dbopmanmii € u neGOpMaITHil €y, OTPEICICHHBIX C TTOMOIIBIO Eyu(X, #). CyTh MHTETPATHLHON OICHKH COCTOWT B
MUHHUMU3AIANA OTKIOHEHHS, KOTOpas OCYIIECTBIIICTCS ISl CEUCHHS B LIEJIOM, U TOCIIE BBITIOJIHEHHS Psiia Ipeoo-
pa30BaHMIA BRIPAKEHHUSI IS ICKOMOTO MOYJs AedopManuii moaydaercs cienyioliee COOTHOIICHHE [T IePBOH
craanu neopmMupoBaHus (TMHEHHAS MTOA3YIECTh):
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Sg — (ubpoBas (HaubosbIIas) OTHOCUTENBHAS MedopMallys Ha dTale HArpyXeHus; Ac; — MpUpalicHue Ha-

NPsHKCHUH Ha dTalle HarpyKeHus; b — KOdQPHULUUEHT, YIUTHIBAIOUINNA U3MEHEHUE BIQKHOCTH IPEBECHHEI (B CITY-
yae HEOOXOOUMOCTH); @ U b — PacCTOSHHUA OT HEHUTPAIBLHONH OCH BHELEHTPEHHO CXKAaTOro 3JIEMEHTa 0 €ro

o o v A
BCPXHCU U HUIKHCU I'paHCHU COOTBCTCTBCHHO, 81‘—1 — CYMMApHOC 3HAaUCHHC MIHOBCHHBIX (KpaTKOBpCMeHHHX)

MpUPANICHUH OTHOCHUTENBHBIX AehOpMaIUil; Gun — KPAaTKOBPEMEHHBIH Mpeaes MPOYHOCTH JIPEBECHHBI;
om = 55,0 MIla.

JIsist IPOBEPKH TPHUHSTBIX PACYETHBIX MOJIOKEHHUH MPOBEICHBI IKCIIEPUMEHTAIBHBIEC UCCIICI0BAHUS OCHOB-
HBEIX THIOB 00O0JIOUEK MOKPHITHHM 3IaHui, a TaKKe KOHCTPYKIIHA HH)KEHEPHBIX COOPYKEHHMM M JKUIIBIX IOMOB
P HECHMMETPHYHBIX HArpy3Kax, Korjaa Hanbosee OTYETIINBO MPOABIISIFOTCS TIepepacipeieieHie YCHIHi U He-
JUHEHHbBIe [eOPMAIliH, B TOM YHCIIE TIPH 3aMPOSKTHRIX HATPY3Kax.
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KpaTKOC OIIMCAHHE UCCIIEAYEMBIX KOHCprKHl/lﬁ

Cxema peOpHUCTO-KOJIBIIEBOTO KYIIOJIa MoKa3aHa Ha puc. 2. Jluamerp kymosa 60 M, BeicoTa 20 M. Pebpa u3
KJICCHOW IPEeBECHMHBI MEPUAMOHAIBHBIE pacloyiaraloTcst ¢ maromM 3,926 M mo Xeae300€TOHHOMY ONOPHOMY
KobIly. B Bepmmae Kymoina pedpa KpensaTcst K MeTauindeckoMy (oHapHOMY KOibily. PeOpa depes ogHO mpHHs-
ThI YKOPOUYCHHBIMH BCIIEICTBIE YMCHBIIICHUS HAIIPSDKEHUH U3-3a cTylIeHus pedep. BricoTta pedep npuHsiTa pas-
Hoii 1/60 muameTpa, To ecth1000 MM, mupuHa 140 Mm.

Konbnessie pedpa ceuenuem bh 140x200 mm pacnionararorcsi ¢ marom 2,464 M OpTOroHaiIbHO K MEPUAU-
OHAJIBHBIM pedpam.

Puc. 2. Cxema peOpUCTO-KONBIEBOTO KyIIOJIa:
a —1w1aH; 6 — dacan
Figure 2. A configuration of rib-and-annular dome:
a—aplan; 6 — a facade

Sdeiikn Mexay pedpaMy 3alOTHSIOTCS JOMIaTO-TBO3JEBBIMHU INTUTAMH C OIIMpPAHNEM Ha deperHbie Opyc-
KH. B yTTIOBBIX 30HAX 3a30pHI SYEEK MEXKAY IUTUTAMU U peOpaMu 3aIOHSIIOTCS TTOTUMEPIIEMEHTHBIM PacTBOPOM
(puc. 3). TInuTe! 3aNIOTHEHMSI TYSEK BBIMOIHSIIOTCS U3 IBYX CJIOCB JIOCOK TONIIMHOMN 25 mMm. [Tpu sTOM 0OKazanock
BO3MOXKHBIM OOECIICYHTH MPHUBEACHHYIO K CIUIOIIHOW TONIIMHY IUTAT, paBHYI 40 MM. PacueTsl BBITOIHSITH
TaKKe U IS PUBEICHHON TONIIUHEI IITUT 20 MM.

o
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> - YIS TS LI TLL YA LT r//lz j/ 7 _:_ "
: N T T
"o gt 8| &
\’ \\2
pe—y

N

\
\ A
\ 3

Puc. 3. Cxema onupaHus AT Ha KapKac Kynoia:
a —mnaH; 6 — paspes; I, 2 — paauanbHeie pebpa; 3 — KoJbLeBble pedpa
Figure 3. An outline of resting plates on the frame of the dome:
a —aplan; 6 — a cross-section; /, 2 — the radial ribs; 3 — the annular ribs
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PacdeTsl KOHCTPYKIMI B peKHME PEaJIbHOTO BPEMEHH BBIITOJIHEHBI METOJOM KOHEYHBIX 2JIEMEHTOB C HC-
MOJIb30BaHUEM MporpaMMHOro komiuiekca MicroFe ¢ kortposieM H/IC o0mmMBOK py MOMOIIH KPUTEPUEB TIPOY-
Hoctu I'.A. T'enueBa.

IIporpaMma Harpy>keHus IpH YMCICHHBIX pacyeTax MokKa3aHa Ha puc. 4. Harpyska npunATa paBHOMEPHO pac-
TpeJieNIeHHOM Ha JIEBOI TOJIOBHHE KyTofa (puc. 2). Pexkum npuiiokeHrst Harpy30K B OCHOBHOM IO BO3MO>KHOCTH OTpa-
JKaeT CE30HHBIC U3MEHEHUS CHETOBOM HATPY3KU U BO3MOXKHOCTh HEPABHOMEPHOT'O €€ PACIPEIEIICHUS 110 [IOBEPXHOCTH.

ql\
284 28
201 20
11 2
81 6
81, —4 4 4 4 4 4
] [ [ [ ] ] .
leg g 2 ) S 8 28 2 g S S 22903 g 8 7
= s @ = = 8 & = ¢ 2 EESEISS & &
Puc. 4. Pexxum npunoxxenus: Harpy3ox, klla, cyt.
Figure 4. A regime of load action, KPa, days
Tabauya 1
Hanpsi:xkeHHo-1epopMUpOBaHHOE COCTOSIHHE KYI0J1a ¢ 00IIMBKAMM TOJIIHMHOK 40 MM
JTtanbl Bpems Hanpstxenus Hanpsixkennsi  Makcumaibible  MHTErpaibHblii
Harpy:KeHus ¢ kIa BbIIePKKH ¢ B MEPHAHOHATLHLIX casura t, MIIa nporudsl U, MM MoayJb Eus, MIIa
pedpax ¢, MIla i i i
1 CoOCTBEHHBIH BeC 1 muH 0,0255 0,011 0 14 120
3 2 15 cyT. 0,873 0,503 -3,5 14 109
5 4 180 1,45 0,97 -6,35 13785
9 4 360 1,474 0,972 -6,54 13 715
13 4 720 1,46 0,972 -6,57 13 685
17 4 1080 1,453 0,972 -6,58 13 526
22 4 1620 1,451 0,971 6,62 13 465
27 6 1980 2,02 1,446 -9,57 13 227
32 10 2070 3,20 2,378 -15,7 13212
34 12 2100 3,776 2,847 -18,7 13 204
36 20 2340 6,126 4,66 -30,75 13 157
38 28 2580 8,46 6,519 43,15 13116
39 36 2580 10,67 8,37 —55,26 12 457
Table 1
A stress-strain state of the dome with sheathing of 40 mm thickness
Stages . Stresses in meridian Shearin Maxin_lum Integrated circuit
of loagding g, KPa Time delay, ¢ ribs, o, MPa stresses, T, 1%’[Pa degzec[t;(l):s, mod%lle, Eu, MPa
1 CoOcTBeHHEBIN Bec 1 Mun 0,0255 0,011 0 14 120
3 2 15 cyt. 0,873 0,503 -3,5 14 109
5 4 180 1,45 0,97 —6,35 13 785
9 4 360 1,474 0,972 —6,54 13715
13 4 720 1,46 0,972 —6,57 13 685
17 4 1080 1,453 0,972 —6,58 13 526
22 4 1620 1,451 0,971 —6,62 13 465
27 6 1980 2,02 1,446 -9,57 13 227
32 10 2070 3,20 2,378 -15,7 13212
34 12 2100 3,776 2,847 -18,7 13 204
36 20 2340 6,126 4,66 -30,75 13 157
38 28 2580 8,46 6,519 —43,15 13 116
39 36 2580 10,67 8,37 -55,26 12 457
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O06paboTka pe3yabTaTOB YUCIECHHBIX PACYETOB IPOBOAMIACH B COOTBETCTBUH C MPOIPAMMOIl BHIABIICHUS
BJIMSIHUSI HEIMHEWHOCTU JeOpMAaIHii, BRI3BAHHBIX JUIMTEIBLHBIM JICHCTBUEM HArpy3KH, CE30HHBIM U3MEHEHHEM
WHTEHCUBHOCTU Harpy3KH, BBIIBJICHHEM OCOOEHHOCTEH COBMECTHOM pabOTHI KapKaca M 3alOJIHEHHsS €ro s4eekK,
0coOeHHOCTEH nepepacipenesieHus yCHINI IPH HEPaBHOMEPHBIX Harpy3Kax.

OCHOBHBIMH XapaKTEPUCTUKAMHU, IPUHATHIMU NPH 00paboTKe pe3yIbTaToB, SIBISIOTCS MEPUANOHAIBHBIE U
KOJIbLIEBBIC YCHIIUSI B DJIEMEHTAX KapKaca, CIBUTAIOIINe YCUIMS U HANpPsDKEHMS B OOLIMBKAX, MPOTHOBI BCEH KOH-
CTPYKLIMH ¥ U3MEHEHHUS MOIyJIed feopMaliiy B 3aBUCUMOCTH OT BEJIMYHMHBI U BPEMEHH JCHCTBUS HATPY30K.

Xapaxkrepuctuku H/IC ompenensmucek mociieqoBaTellbHO TIpu 39 sTanmax HarpyxeHus (tabn. 1). Makcu-
MaJbHOE BpeMs MpPUJIOKEHHsS CE30HHBIX Harpy3ok HpuHATO paBHbIM 1980 cyt., umu 5,42 roma. [lanee Ha-
rpy3Ka IpUHUMANAch CTYNEHYAaTO BO3pACTAIOIICH Ul OLCHKH BO3MOXKHOCTEH 3alpOCKTHBIX YCIOBHH PabOTHI
KOHCTPYKLIHH.

Pe3yJIBTaTbI pacueToB

UccnenoBano nmoBeneHue Kymosa Mpu OJHOCTOPOHHEH HArpy3ke ¢ MHTEHCHUBHOCTBIO, M3MEHSIONICHCS BO
BpeMeHHU. IMUTHpOBaIN OTCYTCTBHE CHErOBOM HArpy3Kd B JIETHUM MEpPUOJ], a B 3MMHUN MEPUO] TPUHUMAIIN €€
WHTEHCUBHOCTbh HECKOJIBKO 3aBBIIIEHHON MO OTHOUIEHHUIO K CpeJHEN mojoce eBpomneiickoi yactu Poccun. Pac-
YeT METOJIOM MHTETPAILHOTO MOJYJS Ae(OpMaIiiii MO3BOJIIET ONPECIIATh CUIOBOES CONMPOTUBICHUE KOHCTPYK-
Ui B I00OK MOMEHT €€ KCIUTyaTalluy MPH ITPOU3BOIEHO MEHSIOIIEHCS Harpy3Ke.

Tabnuya 2
Hanps:xeHHo-1e)opMUPOBAHHOE COCTOSIHHE KYII0/1a
NPH NOCTOSIHHOI 0HOCTOpPOHHell Harpy3ke 3,2 klla, TonmuHa o0muBok 20 Mm
. MakcuMaJbHbIe
MaxkcumaabHbIT MaxkcuMabHbIe .
Bpems . HOpPMAJIbHbIE HNHTerpaibHbIi
H3ruéarouii MOMEHT CABHramuue IIporud, .
Jrtanbl  BbIIEPKKH, HanpsiKeHust MoayJsb aedopmanmii
B MEPHIHOHAILHBIX HaNpsKeHHus, U;, mm
CyT. ebpax. M. kHm B MEPHIHOHAIbHBIX . MTla Eun, MIIa
peopax, peépax, omr, MIla ’
1 0 1380,0 1,527 2,03 13,3 14399
2 1 1417,0 1,581 2,03 13,66 14 200
3 180 1428,0 1,582 2,04 13,72 14 027
4 730 1443,0 1,585 2,02 13,92 13 884
5 18 250 1462,0 1,590 2,03 14,27 13 186
1,980 14,9
Table 2
A stress-strain state of the dome under action of constant one-side load 3.2 KPa,
the thickness is 20 mm
Maximum Maximum Maxi Integrated
X aximum . R
. bending moment normal stresses . Deflection, circuit module
Stages Time delay, s . rs . . .. . shearing stresses, .
in meridian ribs, in meridian ribs, MP U;, mm of deformations,
M, kNm Gmry MPa i a Eml, MPa
1 0 1380,0 1,527 2,03 13,3 14 399
2 1 1417,0 1,581 2,03 13,66 14 200
3 180 1428,0 1,582 2,04 13,72 14 027
4 730 1443,0 1,585 2,02 13,92 13 884
5 18 250 1462,0 1,590 2,03 14,27 13 186
1,980 14,9

Ocoboe BHUMaHUE yaeneHO 3P (PEKTHBHOCTH COBMECTHOM padOTH KapKaca U3 KJIECHOH APEBECHHBI U 00-
IIMBOK U3 JEPEBSIHHBIX MMaHeNei.

OcHOBHBIE TOKa3aTeNH, 0 KOTOpbIM ocymecTBisgercss ananu3 HJC uccienyemoit KOHCTpYKLINH, CIEAy-
IOlIME: BeJTMYUHA TPUKIAABIBAEMBIX HATPY30K IO dTaraM U MPOAOIDKUTENBHOCTD BBIICPKKH KOHCTPYKIHH TIOJ
9TOH Harpy3KoH, HallPsKEHUSI B MEPUANOHANBHBIX pedpax, KacaTesbHbIEe HANPSDKEHUS B IPUMBIKAHUSIX 3JIEMEH-
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TOB OOIIMBKHU K pedpaM, MaKCUMAaJIbHBIE POTUOBI M BEIMYWHA HHTETPAIEHOTO MOYJIS nedopmartiii pedep, Ko-
TOPBIM U3MEHSETCS B 3aBUCUMOCTH OT BEJTMYMHBI HANIPSDKEHUS.

BrisicHunoch, 4To mpu NpUBEAECHHOHN TOMMMHE 0OmMBKH, paBHOW 40 MM, CHJIOBOE COIPOTHBIEHHE 000-
JIOYKHU BEJIMKO, U JlaXKe MPU MakcuMalbHOUM Harpyske — 3,2 klla, npeBsbliaronield pacuetnyto B 10 pa3, Hanpske-
HUS B CEYCHMSIX MEPUIUOHAIBHBIX pedep He JOCTHUIIHN PacYeTHOW BENWYMHBI. MaKkcUMaIbHOE HAIPSKEHHE TPU
Harpy3ke 36 klIla coctaBuno 10,67 MIla, uto MeHbIIe pacueTHOro 3HaueHus 13 MIla.

AHaJIOTHYHO TPOruObl Ha MPOTSHKEHUH BCETo mpouecca HarpykeHus 7,07 roga u3MepsitoTcs HeCKOJIBKU-
MU MUJUIMMETpaMU M TIPU paccMaTpUBaeMOil MaKCHMAJIbHOW Harpy3Ke COCTaBWIM JHIIL 55,26 MM, TO €CTh
1/1086 mmametpa xymona. [Ipu Harpyske xe 4 klla BenmuunHa mporuba cocraBuna 6,35 MM, mpuyeM MpH BbI-
JIep’KKe 000JI0UKH 1O 3TOM Harpy3koi B TeueHue 1440 cyt. (moutu 4 roma) oHa Bo3zpocina a0 6,62 MM (WiH
1/9050 muametpa D), To ecth Ha 0,28 MM. AHAJIOTUYHO M MaKCHMaJIbHas BETUYMHA HOPMAJIBHBIX U KacaTeIbHBIX
HaIpsDKEHUH 33 3TOT CPOK MPAKTUYECKH He W3MeHmnach (tadi. 1, rp. 4).

MepuanoHanbHble pedpa Kapkaca MpUHUMAaI YMEHBIICHHOW BBICOTHI ceueHus 1o 1/60 nponera. Makcu-
MabHOE HOPMAJILHOE HATIPSKEHHE B PUOTIOPHON YacTH MepHIMOHANBHBIX pebep — 172,5 kH/M* ~ 0,2 MI]a.

HeBoapHO MPUXOAXUT MBICIB, YTO 000JI0YKa TOMIIUHON 40 MM IOUYTH COBCeM He TpeOyeT Hanudus pedep
(YCTOMUYMBOCTH 3/1€Ch HE paccMaTpuBaercsl). B 1o jxe BpeMs ciieayeT OTMETHTh, YTO BEJIMYMHA UHTErPAJbHOTO
Moayns nedopmartuii mpu Harpyske 4 klla ymensmunacs ¢ 1,4 104 go 1,35 104 MIla — na 3,3 %.

Jnst cpaBHEHUS OBUIM B3STHI JaHHbBIE YMCICHHOI'O 3KCIIEPUMEHTA 3TOH 000JIOYKH C TOJILMHON OOLIMBKH
20 MM pu Harpy3ke 3,2 klla (Tabm. 2). B pe3ynbrare BeIAEpKKH 000J109KH B TedeHue S0 jgeT mporud 0007109KH
yBenmuumics ¢ 13,3 mo 14,9 mm (o 1/4027 nuamerpa). HanpspkeHus: B MEPHIUOHAIBHBIX peOpax YBEIUYMIHCH C
1,53 no 1,6 MIla (ua 4,1 %). AOGconroTHasi BeNMYMHA HAMpPsHKEHUH MEHBIE pacdeTHOro conpotusieHus 13 Mlla.
Casuraromiue HanpsHDKEHUS OT BBIIEPKKH M0 HArPy3KOW HE YBEITHYMIUCE.

[Nagenne momyns nedopmartuii 3a 2 roma: 14399/13186 = 1,09 pasa, To ecTh MeHbIIIe, 4eM Ha 10 %.

Pacuet xapkaca u3 pebep Kymoina 06e3 OOIIMBKH IMOKa3all, 4To MPH TOH e Harpyske 3,2 klla mporu6 B ce-
penrHe 3arpyeHHoi 4actu coctaBui 293 mm, winu 1/205 nuameTpa, a MakCHMalbHBIE HATIPSDKEHUS OKa3ajvCh
paBaBEIME 10,95 MIla, TO ecTh AOBOILHO OJIM3KO K pacdueTHOMY compoTusieHuio 13,0 MIla. OTMeTuM, 9TO 3TH
pe3yJIbTaThl MOJyUYEHBI P OTHOCUTENBHOM BBICOTE ceucHus pedep A/D = 1/60, To ecTh yMEHBIICHHONH OTHOCH-
TEJIEHO PEKOMEHIYEeMON HOpMaMH AJIS TFIOCKOCTHBIX KOHCTPYKIMiA, paBHOH 1/40 muamertpa.

Brirn6 pebpa ¢ mpoOTHBOMOIOXKHON CTOPOHBI cocTaBui 1/206 D, TO €CTh MPaKTHUECKH OIMHAKOBBIA C
nporudoM, U JJIsl TUIOCKOCTHOM KOHCTPYKIMHU (0aJIOK YepaadyHbIX MEPEKPBITUH U MPOTOHOB, CTPONMIBHBIX HOT)
HaXOIUTCS B JOMYCTUMBIX npeaenax (<1/200 D). Oxnako 1 6anok u ¢pepM MOKpHITHI HOpMaMH Mporud orpa-
HuunBaercs 1/300 D.

IIpoBepuM ypoBEHb HANPSIHKEHUH.

Makcumanbnbiii MoMeHT M = 309,386 kHwM, cooTBeTCTBYIOMIAs TIPOJOILHAS CHJIa B TPUOIIOPHOMN 30HE
N =333,3 xkH npu ceuennn bh = 0,2x1 m

N M 33330 3093860

~10,95MITa < R, = 13,0 MITa,
A W 200 33333

9

TO €CTh JOBOJILHO OJIM3KO K PAacUETHOMY COIIPOTHBIICHHIO, HO CIIEAyeT YUUTHIBATh, UTO 3T0 st A/D = 1/60 < 1/40,
YTO YXKE CBHJIETEIILCTBYET O MPOCTPAHCTBEHHON paboTe KapKaca KymoJa.
B komb1ieBrIX pedpax MakcumanbHoe yermue N = 109,88 kH; M = 16,1 kHwm; bh = 0,1x0,2 m.

10 988 16 100
C=——t+——

+ =54,9+24,15=7,91MlIla <13,0 MIIa.
200  666,6

Bomnpocam npoyHOCTH OpeBECHHBI IPH ABYXOCHBIX HANPSKEHHBIX COCTOSHUSAX MOCBSILIEHO TOBOJIBHO 0OJIb-
1I0€ KOJINYECTBO TEOPETUUECKUX U IKCIIEPUMEHTAIbHBIX HCCIeN0BaHUM. MHOIrMe aBTOphl KPUTEPUEB NPOYHO-
CTH, CTaBIINX TENEph KIACCHUECKUMH, MPU3HAIOT UX CIOKHOCTD JJIS1 MPAKTUYIECKOTO MPUMEHEHHSI.

I'.A. T'enneB [5—7] mocBATHII MHOTHE TOBI pa3paboTKe MPUEMIIEMBIX C IPAKTUYECKON TOUKH 3pEHUS KpU-
TEpUEeB NPOYHOCTH Pa3JIMUHBIX MATEPUAIOB. XOTS OCHOBHBIC MOJIOKEHHUS €r0 KPUTEPUEB IPOYHOCTH OITyOJIHKO-
BaHHI [8; 9], mpuBeAeM 3/1€Ch BBIBOJI KPUTEPUS JITUTENBHOM MPOYHOCTH aHU30TPOITHOTO MaTepuasa sl UCIIONb-
30BaHMs €T0 MPU HCCIEJOBAHUSX MIIOCKOTO HAMPSKEHHOTO COCTOSIHUS OOIIMBOK OONBLISTIPOJIETHOTO KYIIOJA.
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Mexanudeckue (pusnyeckne) Moae/ Il AaHM30TPONIHOT0 MaTepuaJsa
JJI51 OTIpe/ieSIeHUsI ero JJINTeabHOH MPOYHOCTH

Ha puc. 5 npencraBneHa MexaHudeckasi MOJENTb aHH30TPOITHOTO MaTepraa, O3BOJISAIONIAs JaTh aHAIH-
THYECKOE U KOJMYCCTBEHHOE OTIPEICIICHUE €T0 NITUTEIBbHON W TUHAMUYIECKON MPOYHOCTH C SAMHON (DH3UICCKOM
KOHICTIIMN B IIMPOKOM JUala3oHE BPEMCHHA IlCﬁCTBI/IS[ BHEIIHEHN Harpy3ku: OT MHOTHX I[Heﬁ n MECALIEB 10 Ac-
CATBIX U COTBIX JTOJIEH CEKYH/IBI.

1
B,
Kg=Kj
0
AO _I Bo
Ejo Kgo=Kio

Puc. 5. MexaHnyeckre MOJIEIIH:
a— aHPI30Tp0HHI;II>i Marepua; 06— JUISL OTIPEACTICHUSA I[J'IHTBJ'II)HOP’I TIPOYHOCTH
Figure 5. Mechanical models:
a — anisotropic material; 6 — for the determination of long-term strength

Mopenb COCTOUT U3 IBYX HOCIEAOBATEIBHO COCAMHEHHBIX 3JI€MEHTOB: 3jeMeHTa (0 u snemeHTa 1, Kax-
IIBIA 13 KOTOPBIX IPENCTaBIsET, BOOOIIE ToBOps, Moaens KenpBuna — Doiirra — mapajieibHO COCTUHEHHBIC
aneMeHThl Ao U By, A1 1 By, XapakTepu3yroiuecs pa3IMYHBIMYI 3HAYCHUSIMU UX MPOYHOCTHBIX U Ie(hOpMaIuoH-
HBIX MTapaMeTPOB.

LlenecooOpa3HbIM C MPAKTUIECKOH TOYKH 3PEHUS MPEICTABISETCS pa3leNbHbIN MOAXO0 K ONpPEeAeIeHIIO
JUTITEIGHON W JMHAMHYECKOW TPOYHOCTH AHM3OTPOIHOTO MaTepHalia, MOCKOJIBKY OTPE3KH BPEMEHH #; H fo
UMEIOT COBEPIIEHHO Pa3IUYHBIA MOPSAOK. JeHCTBUTENbHO, MPH ONpeAeNeHNH UIUTEIBHON MPOYHOCTH (Mac-
mrTabd BpeMeHH f,) pabora snemeHnTa by mpakTHUecKkn He OKa3bIBaeT BIMSHHUA Ha KOHEYHBIH pe3yibTar, a IMpU
OnpeCTCHUH TUHAMUYECKOH MpouHOCTH (MaciiTad BpeMeHH fp) paboTa 3jieMeHTa 1 — HaKOIUICHUE JJTUTEIIbHBIX
nedopMalyii MOJMI3y4eCTH — 3a ITOT MaJIbId OTPE30K BPEMEHH €IIIe HE MOXKET ITPOSIBUTHCS.

[lomyueHHBIe KpUTEPUN UTUTENHHON MPOYHOCTH aHW30TPOIMHOIO Marepuaia (B YaCTHOCTH, JIPEBECHUHBI)
(hOpMYJTUPYIOTCS IS 3JIEMEHTApPHOTO (KOHEYHOr0) 00beMa MaTepHalia, HaXOASIIEIOCS B YCIOBUAX OJHOPOTHO-
T'0 CIIOKHOTO TUIOCKOT'O HAIMPSKEHHOT'O COCTOSIHHUSL.

Kputepun kxpaTkoBpeMeHHOH MPOYHOCTH AHU30TPOITHOI0 MATEPHAJIA

CornacHo [5; 6], BO3MOXHBI TPH HE3aBUCUMBIX MEXaHHU3Ma pPa3pyIICHUS aHU30TPOITHOTO MaTepuaa:
OT OTphIBa (PacTsDKEHHS), CMATHS (CKaTHsI) M CIABUTA, pPeaTu3alusi KOTOPHIX 3aBHCHT OT BHIA HANPSDKEHHOTO
COCTOsSHHUA B paCCManHBaeMOﬁ TOYKE TeJIa. DT MEXAHHU3MBI MOTYT UMETh MCCTO KaK IIPU KPAaTKOBPECMCHHOM
JICHCTBUH BHEIIHEH HArpy3KH (COOTBETCTBYIOIIEM BPEMEHU MPOBEICHUS CTaHAAPTHBIX UCIBITAHUN), TaK U MPH
JUTUTEITHHOM U IMHAMHYECKOM JISHCTBUHU HATPY3KH.

B cBsi3u ¢ 3TUM nony4YeHHEIE B [5; 6] KpUTEepUH KPAaTKOBPEMEHHON MPOYHOCTH aHU30TPOITHOTO MaTepHala
(COOTBETCTBYIOIIME MPENIEITEHBIM COCTOSIHUSIM dJIEMEHTa Ag — PUC. 5 — JUI cIydaeB OTPhIBA, CMSTHS M C/IBUTA)
CTPOMWJIMCh Ha OCHOBAHUM CICAYIOIINX OUCBUAHBIX (1)H31/I‘IGCKI/IX MMPEATTOCHLIIOK!
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— 7S cIydasi OTphIBa

d
d_(p[cn (9)-R,(0)]=0; “
— HJIsA Cﬂy'{aﬂ CMATUSA
d
d_(p Gn((p)+RC((p)]:0; (5)
— HJIs1 Cﬂy'{aﬂ cABUra
d
a “R_(9)]=0, 6
Lo (V) =Rei(o)] (©)

rac G, ((p) n Tm (\I/) — HOpPMAaJIbHBIC W KAaCaTCJIbHBIC HAIIPAKCHUA Ha MCKOMBIX OIIACHBIX INIOMIAAKaX OTpPbIBA,

CMATHS W CIABUTA (HOpPMalIH K KOTOPBIM OMPEIENAIOTCS HEM3BECTHBIMH 3apaHee yriaamu ¢ u V); Ry(¢), RA®)
U Rey(y) — abCoNOTHRIE 3HAUEHUS TPeebHBIX HOPMAIFHBIX M KacaTeIbHBIX HANPSHKEHUH TIPH OTPhIBE, CMATHH
" CABUTC, IOJIYYCHHBIC U3 ONBITOB ITPU MPUHYANUTCIIBHOM }Z[eﬁCTBHH OIHOOCHBIX HaHpH)KeHI/Iﬁ pacTsaKCHUA, CKa-
THS ¥ CIBUTA KaK (QYHKINH YTIIOB ¢ U Y.

IIpu 3TOM

6,+06, ©,—-0, )
= + cos2¢+ 1, sin 2¢;
2 ™)
6,-0, .
T, (\u) = Tsm 2y -1, cos2y,

TZIe Oy, Oy, Txy — HOPMaJIbHBIE M KacaTelbHbIe HANPSKEHHUS B TJIABHBIX OCSAX aHU30TPOIMH MaTepuana (a1 ApeBe-
CHHBI — BJIOJIb U IIOTICPEK BOJIOKOH); ( U Y — YIJIBI MEKAY OChI0 X M COOTBETCTBYIOIMMHU HOPMAJIAMH, a TAKXKE

— 2 tn2 .
R,(9)=R, cos’ 9+R, sin’;
- 2 s 2
R, ((p) =R, _cos ¢+ RCy sin” @; )
_ 2 .2
R, (\y) =C,cos"y+C sin"y,
rae Ryx, R, — npeneisl KpaTKOBPEMEHHON IPOYHOCTH Ha OTPBIB BIOJIb oceil X 1 ¥V (BI0JIb U MONEpEK BOJIOKOH);
Rex, Rey — TIpeniensl KpaTKOBPEMEHHON MPOYHOCTH Ha cMsTHE BIoJb ocel X u V; C, u C, — mpenensl KpaTKoBpe-
MEHHOM IIPOYHOCTH Ha CIIBUT BJIOJIb IUIOINAJOK C HOPMAJIIMHU, COBIAAAIOIINUMU C ocsiMU X U V.
Ha ocHOBaHMM yKa3aHHBIX YTBEPKICHUHA W MPOBEICHUS COOTBETCTBYIONTNX BBIKIAAOK B [5; 7; 10] Opumm
MOJTyYEeHB! CIEAYIONINE aHATUTUYECKUE BBIPAKEHUS IJIs1 KPUTEPUEB KPATKOBPEMEHHOW MPOYHOCTH aHU3OTPOII-

HBIX MAaTC€pUAJIOB:
— UIA CJIy4asi OTpbIBa

(Rpx —GX)(RW _Gy)_riy =0; )
— JUTSL CITydasi CMSITUS
(R -i-csx)(Rcy-i-csy)—t2 =0; (10)

X xy
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— UIA Ciy4dasi CABUra
(GX—Gy)Z—4(Cx+TxyXCy—’Exy)=0. (11)

Kpurtepun 11urTejibHOM NPOYHOCTH AHU30TPOMHOI0 MaTepHaJia

Kak yxe yka3bIBajocCh, JJis ONMPEASICHUs [UIMTEIBHON MPOYHOCTH aHU30TPOITHOTO MaTepuaa 1ejeco00-
pa3HO KUCMOJB30BaTh €T0 MEXAHUYECKYIO MOJICHb, ITPEICTABICHHYO Ha PHC. 5.

[Ipu mpusoxeHnn K TMOCIeNOBaTeNbHO coenuHeHHBIM 3nemeHTaM 0 (Ag) u 1 (A1, bi) obobmennoro
BHEIITHETO JOJITOBPEMEHHOTO CHIIOBOTO BO3ACUCTBHA Gi—>(Ox, Oy, Txy) CyMMapHble 0000IIeHHbIE AedopMaun
snemeHToB 0 1 1

& =& T8
8x :8x0 +8x1’
€,=8,+8,, | (12)

gxy = 8)cyO + 8)cyl

He3aBucumeie mpeacibl NPOYHOCTH MaTE€pHajia B TJIaBHBIX OCAX aHU30TPOIHNU (HpI/I OTPBIBE, CMATHU U
CZ[BI/IFC) ONpeaACIAIOTCA JOCTUIKCHUEM 3HAUCHUAMN CYMMAapPHBIX z[e(bopMauHﬁ €; COOTBCTCTBYIOIUX MPCACIIBHBIX
3HaueHud — Do —> (Ox0, D)0, Do), PABHBIX MPEAETHHBIM JedopMaIisiM deMeHTa Ao MPH KPaTKOBPEMEHHOM

JeCTBUY BHENIHEH HATrPY3KH — Djo= —— :

R R R,
SXOZ—X; 9y0=—y; axyo= i . (13)

xy0

rae Ry=R,x umu Rex, Ry,= R,y wnu Rey, Ryy=Cx wn Cy; Exo, Eyo 1 Eyyo — TMHEWHBIE MOIYJIN YIIPYTOCTH 3J€MEHTa Ay
B HampaBleHUsIX X 1 ¥ (BAOJIb U TIOIIEPEK BOJIOKOH) U €ro 000O0IIEHHBIN MOTyJIb CIBUTA COOTBETCTBEHHO.
Hedopmaruu amemenTa 1 €1 ONPEaeNIIOTCS U3 CICAYIOMUX OUCBUTHBIX 3aBUCHMOCTEH:

a2y
dt

ci= 0ot O3 Oy = Ey85 O =K, ) (14)

rae Eij — 0000meHHble MOy YIPYTOCTH 31eMeHTa Aj; Kji — MOIYJIH BSI3KOTO COTPOTHBIECHUS 3JIeMeHTa bi.
Ha ocnoBanuu (14)

dgil il i
— 4 Sil —
dt il il
U TIpu
c, o E
t=0,¢,=0 —¢g,=—(1-€e"), o, =—L. (15)
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Takum 06pazom, B coorBeTcTBHH € (12):
c, c.
g =—1+8.\l—e ™" )|l=—=Y.(¢), 16
=2 e )= 2w (16)

i0 i0

rac 8,’ = Eio/En.
Ha ocuosanuu (13) u (16), mpeaensl JIATEILHON MPOYHOCTH aHU30TPOITHOTO MaTepraia B HaIpaBICHUAX
rIaBHbIX ocei anmsotpormn R, =R, (t,)

rIe

W () =148, (1= ) > ;

W, (1) =148, (1-e™")>1;

y

Y, (6)=1+8, (1-e ") >, (18)

Xy

a t = t; — 3aJJaHHOE TPEJEIbHOE BpeMsl ACHCTBUS BHEITHEHN TONITOBPEMEHHON HATPY3KH.

Takum 00pazoM, ornpeneieHne JINTEIBHON MPOYHOCTH aHU30TPOITHOTO MaTeprana CBOAMTCSI K M3MEHe-
HUIO, & UIMEHHO YMEHBIIICHUIO 3HAYCHWH TpPEeNeNoB KPaTKOBPEMEHHOW MPOYHOCTH B HAIPABICHUSIX TJIABHBIX
oceii anuzoTponuu coriacHo 3asucumoctsM (17) u (18). Buocs (17) B kpurepuu (9), (10), (11), 3anumieM okoH-
YyaTeJbHbIE BRIPAKEHUS I KPUTEPUEB NIUTEIHHONH IPOYHOCTA aHU30TPOITHOTO MaTepHasa B ImapaMeTprUIecKoi
3aBHCHMOCTH OT fy:

— Q7S cIy4asi OTphIBa

L0 2 6 |-1, =0 (19)

— UIA CIyvast CMATUA

R R,
—< 4o, || —F~+0, |1, =0; (20)
‘ch (tﬂ) < (lﬂ) ’ '
— UIA CJiy4das CABUra
2 C. Cy _ _
(GX—G)/) -4 m'i"[xy —\ny (tﬂ) Txy =0. (21)

B xpurepun (19), (20), (21) moMumMo TpenenoB KpaTKOBPEMEHHON MPOUHOCTH (Rpyx, Rpy, Rex, Rey, Cx, C))
E E E

0 xy0
0 0§ =—=, 8 =—"" u Tpu pa3MepHblC BEIUUHHBI

E " E Y

yl xyl
~1 _ _ —
o1 (ceK ) — oy = Evi/Ki1, 0p1 = Epi/Ky1, ®g1 = Exgi/Ki.

BXOIAT TpU Oe3pa3sMepHBIX mapamerpa — O, =

x1
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YucreHHble 3HAYCHUS Oi U Mi] ONPEICISIOTCS HA OCHOBAHUH YKCIIEPUMEHTANBHBIX JaHHBIX. OnpeieneHue
XapaKTEePUCTHUK JJIs pacyeTa UIMTEIbHON IPOYHOCTH JIPEBECHHBI BBHITIOIHEHO COTIJIACHO IpeayiokeHmsM [.A. ['enne-
Ba I aHU30TPONHBIX MAaTCPUAIOB. Wcnonp3oBaHbI PE3YIAbTATBI SKCICPUMECHTAJIBHBIX I/ICCHe):[OBaHI/Iﬁ JIINTECIIb-
HOTO COTIPOTHBIICHUS JIPEBECUHBI eTu 110 onbiTaM 1950—1955-x rr. H.JI. JleonTtsena [11; 12].

Jlist BCeX TpeX yKasaHHBIX BHJIOB CONPOTHBICHUS JPEBECHHBI €11 OTHOWCHUA R, (11) / Ry, R, (t2) /Rex

1 R (t1) /Ry IpH £; — o0 (IPH NPaKTUIECKH HCOTPAHHYCHHOM BPEMCHH JCHCTBHS HATPY3KH) OKA3aIHCh C 110~

CTATOYHOM CTENEeHBIO TOYHOCTH paBHBIMH 0,5, TO €CTh MaKCUMaJIbHOC CHIDKCHHE INTEIBLHON IPOYHOCTU
coctaBwio 50 % oT KpaTKOBpEeMEHHOW. DTO MO3BOJIMIO HA OCHOBAaHUU SKCIEPHUMEHTAJIBHOTO PE3ylIbTaTa —
Y, (o) =¥, () = 1/0,5 = 2 oleHUTs 3HAYCHUSI TTAPAMETPOB Oy H Oy, @ UMEHHO Oy = Oy, = 1. B manpHeimem
3HaveHHe O, (CONPOTUBIICHHUE MOTIEPEK BOJIOKOH) OBUIO TaKKe MPUHSITO PAaBHBIM SAMHUIIC.

AHanuTH4ecKas anmpoKcUMaIus rpadUKoOB JUTUTSILHOTO COIPOTUBIICHUS JPEBECHHBI MMO3BOJIMIIA yCTa-
HOBHTH CJIEIYIOIINE 3HAYCHUS BEHINH My

— NPU PacTSKEHUN — 0,1 = 1,65x107 cyT.™';

— IIPU CXKATUU — My = 2,50% 1073 cyT.’l;

— TIpM CKaTBIBAHUH — My = 7,25%107 cyT.”.

3HaueHUs ®y1 (IPH COMPOTUBIICHUH TMOMEPEK BOJIOKOH) C YY€TOM OOJBIIEr0 BIHSHHS IMOJI3YYECTH MarTe-
pHaia B 3TOM INIaBHOM HampaBieHWH aHu30TponuH (K, < K1) ObUIM NPUHSTHI PaBHBIMU:

—TpH pacTSKEeHHH — 0,1 = 3,30x107 cyT. ;

— IPH CKATHH — @y = 5,00x107° cyT. ;

— HPH CZIBUTE — My = 7,25%107° cyT. ™

Pacuer o6omouku B 11e10M [10] ¢ yueToM OOIMIMBKY TMOKa3an €¢ OOJBIIYI0 POJIh B BOCIIPUSATHH HOPMAaITb-
HBIX ¥ OCOOCHHO CIIBUTAIOIINX YCHITUH.

Jlnst aHanu3a HaMu BBIOpaHa MpOCTEHIas KOHCTPYKIUS 3alOJHCHHS SYSeK MEXy peOpamu B BUJC JO-
IIaTO-TBO3AEBBIX LIUTOB C IIEPEKPECTHHIM PACIIOIOKEHUEM JTOCOK.

B xoHCTpyKIMM OMIMHAPUYECKOW 000I0YKH (pUC. 6) MCIONB30BaHBI MAHENH B BUJE KapKaca M3 JOCOK
TonuHoN 40 MM C OJTHOW HYDKHEH OOIIMBKOM M3 TOCOK TONIIUHOW 25 MM. biaronapsi BKIIOYSHHIO 3TOTO CITO-
cola 3armoyTHeHHs sS9eeKk MEeXAy peOpaMu yAaloch YCHEIIHO OCYIIeCTBHTH MPUMEHEHHE pedep ¢ OTHOIICHHEM
BBEICOTHI ceueHus 1/56 mponera [10].

Puc. 6. MoHTa)X KOPOTKO#! LIIJIMHAPUIECKOH 000J1049KH TIposieToM 42 M
Figure 6. An erection of the short cylindrical shell with a 42 m span

Ha ocHoBanmu o01ero pacuera KOHCTPYKIIUH 10 JTAHHBIM O CABHTAIONINX YCHJIMAX OMpPEIeIeHbl OCHOB-
HBIC MTApaMETPHI IITUTOB.

Pasmepsr cpenneil sueiiku Mexay peOpaMu Kapkaca MpHHATHL 2,49%2,49 M, KOJIMYECTBO TOCOK HIMPHHOM
13 cm mns kaxaoro cinost muta paBHo 19 mr. KonudecTBo rBo3aeit mpu yCTaHOBKE MO 2 TBO3AS B KaXKIOM IEpe-
CEYEHHUH JOCOK PABHO 192x2 = 722. IIpu nepexoce mmTa OT CABUra TBO3AU BBI3BIBAIOT CMATUE APEBECUHBI MO
HuMH. VX Hecymas crocoOHOCTh, coriacHo HopMmaM, coctaBiser T = 0,8 a-dn = 0,8x4x0,3x722 = 693 xH, rue
d — nuameTp TBO3[IS, CM; ¢ — TOJNIIUHA [IUTA; 7 — KOIIMIECTBO TBO3ICH.
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C,Z[BI/IFaIOH_II/IC HaIPsOKEHUA ITPU MAKCUMAJIBHOM CIABHUI'C 110 KOHEYHO-3JIEMCHTHOMY pacy€Ty COCTaBIAKOT

T
2T OB e e = 6,96 MITa,
bl 0,04x%2,49

[TomryueHHOE 3HaYEHHE T HAMHOTO MPEBBIIIAET PACUETHOE COMPOTUBIICHHUE J1aXKe CKAJIBIBAHUIO APEBECHHBI
noniepek BosiokoH 0,8 MIla. CornacHo pacueTy, Takoe CABUTAIOIIEe HANPSHKEHUE TOCTUraeTcs TOJbKO Ha 38 aTame
npu HarpykeHun 28 klla 1 cymmapHO# BBIIEpIKKE MPU BO3pacTarolei Harpyske B Teuenue 2580 cyt. (7 ner).

IIpuBenem pe3ynbpTaThl pacueTa, COOTBETCTBYIOIIME 27 ATanmy Harpykenus npu 6 klla u BeiepkKe nepen
stuM B TeueHue 1980 cyt. (5,42 ner) npu NocTOAHHONW ogHOCTOpOHHEH Harpy3ke 4 kIla. MakcumanbHble CIBH-
rarouiye HanpspKeHus npu 3toM coctapuiu 1,45 MIla. [pu narpyske 2 klla, cootBercTBeHHO, 0,5 MI]a.

JUI cpaBHEHUS BBINOJIHIIIN €IIE PACUEThl UCCIEAYEMOTO KyIIoJIa IIPH IPYruX pa3Mepax TOJNIIHUHBI HIUTOB.
[Ipu Tommuue 2 cm u Harpyske 2 klla MakcumanbHBIe HanpspkeHus paBHbI 2,43 Mlla, a npu TonmuHe § cM U
9TOM K€ Harpy3Ke BeJINYMHA HanpskeHu moHusmiace 1o 1,0 Mlla.

OtMeTHM, 4TO HapsAdy C JOLIATHIMU HACTHJIAMH BIIOJIHE BO3MOXHO 3aIIOJIHCHHUE SUEEK BBIITOIHITH KOMIIO-
3UTHBIMH MaTepHajlaMH, KaK IMTOBBIIIEHHON MPOYHOCTH W YMEHBIIEHHON TOJIIMHBI, TaK U MOPUCTBIMUA MaTepHa-
JIaMH HU3KOHU TETJIONPOBOAHOCTH.

Koncrpykuust cnocoOHa BOCIPUHAMATh HAarpy3KH OONBLION HHTEHCHBHOCTH B TEUEHHUE [UIUTEIHLHOTO Bpe-
MCHU TPH MEPUINOHANBHBIX peOpax YMEHBIIICHHOW BBICOTHI ceueHus a0 1/60 quameTpa. 3TO CBHIETEIHCTBYET
TaK)Ke O TOM, YTO KYTIOJI 00eCleYnBaeT BEICOKYIO CTETIeHb KOHCTPYKTHBHOM 0€30MacHOCTH M MOAXOJUT JIISI BO3-
BEJICHUSI COOPY>KEHUH, SKCIUTyaTHPYIOIIUXCA B HKECTKUX YCIOBUSIX, JUKTYEMBIX MPUPOAHBIMU U TEXHOT€HHBIMU
BO3JEVICTBHAMH.

3akiaoueHue

Bpewmst TpeOyeT HOBBIX MOAXOJOB K MOCTPOSHUIO HOPM MPOEKTUPOBAHUS C YUETOM CIIOKHBIX HAIMPSKCH-
HBIX COCTOSIHUU WM BKIIOYSHHS B HOPMBI 3(pPEeKTHBHBIX pacueToB ¢ ucnoib3oBanueM DBM. Ilpu atom HeoOxo-
JAUMO yHnpoulaTtbh paC4€THBIC MCTOAUKU U IPUMCHATD IPOCTHIC KPUTEPHUU ITIPOUYHOCTH.

CoBmecTHas pabota pebep Kapkaca KyMOJOB C 3JICMCHTaMU 3alOJHEHHS SYSCK MEXYy HUMH OKa3bIBacT
0O0JIBIIIOE BIMSHUE HA TIOBBIIICHNUE CHIIOBOTO COITPOTHBIICHUST KOHCTPYKIIMH B I[EJIOM.

HenuHelinpie pacdeTsl ¢ MPIMEHEHNEM METO/Ia HHTETPATBHBIX OIIEHOK TO3BOJISIIOT aHAJIM3UPOBATH CHJIIO-
BOC COIIPOTUBJICHUC CJIOKHBIX COBPEMCEHHBIX ACPEBAHHBIX W, BO3BMOKHO, JPYIrUX KOMILICKCHBIX KOHCprKHI/Iﬁ
C YYETOM JITUTEILHOTO HATrPYKEHUsI JIFOOBIMU HEPAaBHOMEPHBIMU HArpy3KaMH BO BPEMEHH U IO BEJIHYUHE.

BrimonHeHs! pacyeTs! KyIojIoB C YMEHBIIIEHHOH BBICOTON ceueHust pedep Ha 20 % 10 CpaBHEHHUIO C IPHHSTHI-
MH YCTOSIBIITUMUCS] PEKOMEHIAIMSME TI0 TIPOEKTUPOBAHUIO. [IpoaHaTM3MpOBaHO COCTOSIHIE KOHCTPYKITUH U €€ CHJIO-
BOT'O COMPOTHUBIICHUS B PA3IMYHBIX YCIOBUSIX HATPYKEHUS U C PA3TIMYHOM KECTKOCTHIO MaHes el 3amoTHEHUS TUeeK.

O0ocHOBaHa BO3MOYKHOCTh YMEHBIICHHUS BBICOTHI CEUSHHS MEpPUINOHATBHBIX pedep. [Ipeanaraercs B namb-
HEHIIeM UCCIIeIOBaTh U JPyTHe BO3MOXHOCTH SKOHOMHUH MaTePHAaJIOB 3TUX PACIPOCTPAHEHHBIX KOHCTPYKIIHH.

[IpoBepeHa BO3MOXKHOCTH BOCIPHUSATHS KaPKACOM C YMEHBIIICHHBIMU CEYCHHSIMH peOep HAarpy30K B MOH-
Ta)KHOM COCTOSIHUU M YCTaHOBJIEHA JOIMTyCTUMOCTD BOCTIPUSTHS 3TUX HATPY30K.

B nenmom npumensiemast HoBast 3QpeKTHBHAS METOJMKA pacdeTa M PEKOMEHAANNHU 0 MPOEKTHPOBAHHIO
MOTYT O0ECIIEYNTh IKOHOMHUIO MaTePUAIOB Ha TOKPBITHE 10 25 %.

Takum 00pa3zoMm, HECMOTPsI Ha UMEROIIUICS A(()EKTUBHBIN MaTEeMAaTUYECKHIA almapar pacyera KOHCTPYK-
Ui ¢ y9eTOM HETMHEWHO! paboThHI ApEeBECHHBI, B HOPMaX OTCYTCTBYIOT PEKOMEHJIAINH M0 €r0 MPUMEHEHHIO U
HET yKa3aHWW Ha HEOOXOIUMOCTh KOHCTPYHUPOBAHUS C YUETOM COBMECTHON PabOTHI AJIEMEHTOB ISl oOecTeue-
HUSl KOHCTPYKTHUBHOM 0€30MaCHOCTH COOPYKESHUI IIPU OJTHOBPEMEHHOM CHIDKEHUH Pacxojia MaTepHalioB.

YrpolreHus: KOMITBIOTEPHOTO pacdeTa MOXHO JTOCTHYh ITyTeM aBTOMATH3AlUK ITOWCKAa CeYeHHH C HanOOJb-
[IMMH HaIPsDKEHUSIMH Ha KaKIOM IIIare HTepanuii ¥ pacueTHON KOPPEKTUPOBKH MOAYIIS IeOpMAII B OJJHOM 3TOM
CCUCHUH, a B OCTAIBHBIX CEUCHHSX T10 IMHEHHOMY 3aKOHY WJIH IO T1apadoJie, COOTBETCTBYIOIICH ITIOPE MOMEHTOB.
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