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HAYYHAS CTATbBA / RESEARCH ARTICLE
KuByuecTb xKe1e300eTOHHBIX KAPKACOB MHOI'03TAKHBIX 31aHUM
€O CJIOKHOHANPSI’KEHHBIMH 3JIeMEHTAMHU

B.U. Kotuynos', B.C. MockoBuepa' (&

11020-3anaonwiii 2ocyoapcmeennniii ynueepcumem, Kypck, Poccutickas edepayus

2Hayuno-ucciedoeamenbckuti UHCmumym cmpoumensioui gusuxu Poccutickoii akademuu apXumexmypbl u CMpoumensHolx Hayx,
Mocxksa, Poccuiickas ®edepayus

B4 lyavetkal @mail.ru

Hcrtopus cratbu AHHOTanus. DKCIIEPUMEHTAIbHOE OIpE/ieNIeHNe NapaMeTPOB CHIIOBOTO COMpPO-
IMoctynuna B pegakuuto: 10 mapra 2022 r. THUBJICHUS JK€J1€300€TOHHBIX KOHCTPYKIMH, HANPABIEHHOE HA MX 3alUTY OT
Jopaborana: 30 mas 2022 r. ABApHUIHBIX 3aMPOCKTHBIX BO3AECUCTBUH, SBISETCS BaXKHBIM HAIIPAaBJICHUEM B T10-
[MpunsiTa k myonukanuu: 9 utons 2022 r. BBILICHUU MEXaHMYECKOW O€30MacHOCTH 3aHUIl U COOPYKEHHH B yCIOBHUSAX CO-

BPEMEHHBIX BbI30BOB. B CBA3U ¢ 3THM L€IbIO UCCIEJOBAHUS CTalla IKCIIEPUMEH-
TaJIbHas OLIEHKA [TapaMeTpoB J1e(hOPMUPOBAHUS B CIOKHOHATPSIKEHHBIX HJIEMEHTaX
KEeJIe300€TOHHBIX paM MPH 0COOBIX aBapHHHBIX BO3NEHCTBUAX, BEI3BAHHBIX BHE-
3alHBIM yJaJ€HHEM OJHOIO M3 HECYIIUX 3JIE€MEHTOB. DKCIEPUMEHTAIbHbIE UC-
CIICIOBAHMS BBINOJHEHBI AJs JIBYX JKEJIE300€TOHHBIX paM, OJHA M3 KOTOPBIX
UCIIBITaHA [P MTHOBEHHOM YJAJICHUH CpPeIHEH KOJIOHHBI, a BTOpas — IpH yaa-
JeHuy KpaiiHed. KoHCTpyKIMu paM 3alIpOEKTHPOBAHbI IBYXIIPOJIETHBIMU C TPEMs
9Ta)KaMH 110 BBICOTE U C UCIOJIb30BAaHUEM IIPOCTPAHCTBEHHBIX apMATYPHBIX Kap-
KacoB, 00eCleUnBaIOIIUX CONPOTHUBIIEHUE KPY4YeHUIO ¢ u3rubom. IlpuseneHsl
Pe3yIbTaThl YKCIEPUMEHTAIBHO-TEOPETUUECKUX HCCIEOBAHUNH KOHCTPYKIMH
KEeJIe300€TOHHBIX PaM B 3alpe/leNbHBIX COCTOSHHAX IMPH OCOOBIX BO3JAEHCTBHAX

U IPOBEJICHA OLIEHKA NePeMEIleHUH, TPEIUHOOO0pa30BaHUs U Pa3pyIIEHUs pac-
CMaTpPHUBAEMBIX CIIOKHOHAINPSHKEHHBIX 3JIEMEHTOB KOHCTPYKLUH IPU TaKUX BO3-
JEHCTBUAX. Y CTAaHOBJICHO, YTO BUJ HANPSHKECHHOTO COCTOSIHUS, KapTUHA 00pa3o0-
BaHUS, PACKpPBITHE W PA3BUTHE TPELIMH CYLIECTBEHHO BIIMSIOT HA MapaMeTpbl
neOpMHUPOBAHNS M AUCCUIIATHBHBIE CBOWCTBA JJIEMEHTOB KOHCTPYKTHBHOM

J1s1 {UTHUPOBaHMS

Konuynoe B.HU., Mockosyesa B.C. XKusy-
94eCTh JKeJIe300€TOHHBIX KapKacOB MHOTO-
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Survivability of reinforced concrete frames of multi-storey buildings
with complex stress elements

Vitaly 1. Kolchunov!?(, Violetta S. Moskovtseva'!(®&

ISouthwest State University, Kursk, Russian Federation
2Russian Academy of Architecture and Construction Sciences, Moscow, Russian Federation
B9 lyavetkal @mail.ru

Article history Abstract. Experimental determination of the parameters of the force resistance
Received: March 10, 2022 of reinforced concrete structures aimed at protecting them from emergency
Revised: May 29, 2022 beyond design impacts is an important direction in improving the safety of build-
Accepted: June 9, 2022 ings and structures. In this connection, the purpose of the study was an experi-

mental assessment of the deformation parameters in the complexly stressed ele-
ments of reinforced concrete frames under special impact in the form of a sudden
column removal. Experimental studies were carried out for two frames, one of
which was tested when removing the middle column, the second — when remo-
ving the extreme. Experimental two-span structures of reinforced concrete frames
are designed with three floors in height, reinforcement was made with spatial
reinforcing cages that provide resistance to torsion with bending. The results of

For citation experimental and theoretical studies of reinforced concrete frame structures
Kolchunov V.1., Moskovtseva V.S. Surviva- under special influences and an assessment of displacements, cracking and de-
bility of reinforced concrete frames of multi- struction of the considered complex-stressed structural elements under such in-
storey buildings with complex stress elements. fluences are presented. It is established that the type of stress state, the forma-
Structural Mechanics of Engineering Construc- tion and width of crack opening significantly affect the dissipative properties of
tions and Buildings. 2022;18(3):195-203. the structural system.

(In Russ.) http://doi.org/10.22363/1815-5235-

2022-18-3-195-203 Keywords: experimental research, complex-stressed reinforced concrete, special

impact, survivability, resistance, progressive collapse

BBenenue

Bompocs! co3nanus METOIOB TIO 3allUTe 3[aHUi U COOPYKEHUI OT MPOrPeCcCUPYIONIero 0OpYIIeHUs BCe
0oJee aKkTyalbHBI B CBSI3U C TIOCTOSSHHBIM yBEIIMYCHHEM Ha HHUX KOJMYECTBA M WHTCHCHBHOCTH BO3/ICHCTBUI
MPUPOTHOTO ¥ TEXHOTEHHOT'O XapaKTepa, IPUBOAAIINX K HEMPOMOPIIMOHATBHOMY OTKa3y KOHCTPYKITHii, a B He-
KOTOPBIX CIy4asX K UX MOJTHOMY paspymienuto. B Poccuu u psife 3apyOekHBIX CTpaH B HACTOSIIIEE BPeMs pas-
paboTaHbI U BBEelIEHBI HOBbIE HOPMATHUBHBIE JOKYMEHTHI TI0 3allUTe 3[aHUI U COOPYKEHUH OT MPOTPECCHPYIO-
mero ob6pymenns’ [1]. /s UX cOBEPIICHCTBOBAHMS U B PA3BUTHE 3TOTO HANPABJICHHS HEOOXOIMMBI HOBBIE HC-
CJIeIOBaHMUS, HAIIPaBJICHHBIC HA U3YYCHUE CUJIOBOTO CONMMPOTHUBIICHUS PA3IUYHBIX THIIOB KOHCTPYKITUH TIPH TaKUX
BO3nelcTBUSX [2—4]. AHanmusupys Teopetuueckue [5—7] u skcnepuMeHTanbHbie [8—14] uccnenoBaHus oTede-
CTBEHHBIX M 3apYOEIKHBIX YUEHBIX MOXKHO 3aMETHTh, YTO B MPEAJIAaTaeMbIX PEIISHHX 0 3alllUTe OT MPOTPECCH-
PYIOIIEro OOpYIIEHUS JKEIe300€TOHHBIX PaMHO-CTPEKHEBBIX KOHCTPYKIIUN KapKacOB MHOTOATAKHBIX 3JaHUN
PacCMOTpEHBI MPOCTEHINE HANPSXKEHHBIE COCTOSIHUS B KOHCTPYKTHUBHBIX AJIEMEHTAX: PACTSXKEHUE — CxKaTHe,
nu3ru6 [8; 13], BHenienTperHoe cxkarue [11; 12; 15; 16] u ap. Ilpu 3ToM crexyeT OTMETHTh, YTO COBMECTHOE
JIefiCTBHE M3THOAIOIIETO W KPYTAIIET0O MOMEHTOB U TIOTIEPEYHBIX CHJI OTHOCHTCS K IOCTaTOYHO PaclpoCTpaHEeH-
HOMY BHJIy COUCTaHHWsS YCWIHH, U PEIICHHUE 3a/1ad IO 3aIUTEe KapKACOB MHOTOAITAKHBIX 3IaHUHA CO CIIOKHOHA-
MPSDKEHHBIMU JKEJIe300€TOHHBIMU AJIEMEHTAMU B 3aIpeACIbHBIX COCTOSIHUSX OT TaKUX BO3JCHCTBUM 10 HACTOS-
IIeT0 BpEMEHW He paccMaTpuBajiich. B Hacrosmiel paboTe mpeacTaBieHBl pe3yJbTaThl IKCIEPUMEHTAIBHO-
TEOPETUUECKOTO HCCIEIOBAHUS MOHOJUTHBIX >KEJIC300€TOHHBIX paM CO CIOKHOHAMPSKEHHBIMHU DJIEMCHTAMHU
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TIPH 0COOOM CTaTHKO-IMHAMHYICCKOM BO3JICHCTBHH, BEI3BAHHOM BHE3AITHBIM YAAJICHUEM CPEIHEH M KpaHel CTOeK
pamsbl. Llenbio uccienoBaHus sSBJISUIACH SKCIICPUMEHTAIbHAS OI[CHKA TapaMeTPOB JIe(hOPMUPOBAHUS B CIIOKHO-
HaTPsDKEHHBIX AJIEMEHTaX )Kelle300€TOHHBIX paM IPU PacCMaTpHUBaEMbIX BO3ICHCTBUSIX.

MeTtoauka

Jlyis peleHuns MOCTaBJICHHBIX 33724 pa3paboTaHa METOAMKA U MPOBENIEHBI YKCIIEPUMEHTAIbHBIC HCCIIE0-
BaHUsI )KUBYYECTH KOHCTPYKIMI MOHOJHUTHBIX JK€JI€300€TOHHBIX paM JABYX CEpUH MpU ABYX BapuaHTax BO3JCH-
ctuit: PXX-1 — pama ¢ BHe3anmHbIM BBIKITIOYSHHEM U3 pa0OTHI IEHTpaibHOHU cTolikm; PXK-2 — pama ¢ BHe3amTHBIM
BBIKITIOUCHHEM U3 PabOTHI KpaHEH CTOMKH.

[lepen mpoBeneHHEeM UCTIBITAHUH BBIMOJIHEH pacyeT HampsLKEHHO-Ie(OPMHUPOBAHHOTO COCTOSIHUS OIIBIT-
HBIX KOHCTPYKIMH paM. PacueTHas cxema ImocTpoeHa Ha OCHOBE MOAETH Ie(OPMHPOBAHMS JKEIEe300€TOHHBIX
KOHCTPYKTHBHBIX CUCTEM B 3aIIpeACIIEHOM COCTOSTHHH IIPH 0COOBIX Bo3nercTBusx [17; 18].

Koneuno-anemMeHnTHast MOJieNlb paMbl peann3oBaHa B nporpaMmmHoM komiuiekce JIMPA-CAIIP ¢ ucnons-
30BaHKMEM OOBEMHBIX KOHEUHBIX SJIEMEHTOB ISl IBYX BapUaHTOB pacdeTHBIX cxeM. IlepBuuHas pacueTHas cxe-
Ma — IIpU ACHCTBUU CUMMETPUYHOIN Harpy3Kd B BHJE COCPEIOTOUYCHHBIX CHJI P, IPUIOKEHHBIX K PUIesIM Haj
MEPBBIM 3TAXXOM B TPETAX KaKJo0ro mposera (Ha paccrossHuM 350 MM OT omop) ¢ akcieHTtpucurerom 0,4 M u3
TUIOCKOCTH paMbl. BTopuuHast pacueTHas cxemMa — NpH ACUCTBHH TeX e COCPEAOTOUECHHBIX CHI U 0COOOM BO3-
JeHCTBUY, BHI3BAHHBIM BHE3AIHBIM YAAJICHUEM M3 PaMbl OJHOM M3 CTOEK (LEHTPaIbHOW MM KpalHel) mepBoro
dTaka M MPHUIIOKEHUEM 10 MECTy OTOPOIICHHOMW CBSI3M PEaKIMH C OOpaTHBIM 3HAKOM, JACHCTBOBABIICH B ATOU
CTOWKE JI0 IPUIIOKEHHS 3aIIPOCKTHOTO BO3/IEHCTBUSI.

Pacuer, B cooTBeTCTBHM ¢ KOMOWHanmen anroputMoB [18; 19], mpoBeneH Mo IByXypOBHEBOW pacyeTHOM
cxeme. PacueTHas cxema IE€pBOrO ypOBHS, IIOCTPOEHHAs A (pparMeHTa KOHCTPYKTUBHOW CHCTEMbI 3aHMS,
npecTaBisia co00i KOHEYHO-IEMEHTHYI0O MOZAETHh PaMbl C MCIIOJIB30BaHUEM OOBEMHBIX KOHEYHBIX dJIEMEH-
ToB (puc. 1). ApMHupOBaHHUE CIOKHOHANPSLKEHHOTO PHUTeENsl ONpENeNeHO IO PacyeTHOW cXeMe BTOPOro YpOB-
Hs [20; 21] ¢ ucronp3oBaHneM (U3NIECKHIX 3aBUCUMOCTEl aedopmannonnoit mogenu [22; 23]. 1o pesynabratam
pacueTa 3anpoeKTHPOBaHa OMBITHAS KOHCTPYKLIHSA paMbl, B KOTOPOM apMHpPOBaHKE PUreiell BHIIOIHEHO 3aMKHY-
THIMHU [IPOCTPAHCTBEHHBIMU KapKacaMmu, pabOTaoIMMK Ha PAaCTsDKEHHE OT U3ruda ¢ KpydeHHEeM IpH yueTe To-
nepeyHoi cuiel (puc. 2).

a 7]

Puc. 1. Koneuno-aneMeHTHast pacyeTHas CXeMa 1epBoro (a) u BToporo (6) ypoBHei
Figure 1. Finite element calculation scheme of the first (a) and second (6) levels

Purenu onbITHOM KOHCTPYKLIMHU paMbl apMUPOBAHBI CHMMETPUYHO II0 BBICOTE CE€UYEHHSI B CXKATOH U pacTs-
HYTOW 30Hax 4eTHIPbMs (2+2) MPOAOIEHBIMHI CTEPIKHIMH, 00BEJMHEHHBIMH B IIPOCTPAHCTBEHHBIH KapKac Tore-
pedHoit apMatypoii ¢ marom 40 MM Ha MIPUONOPHBIX yyacTkax M 60 MM B mposete. KolOHHBI apMUpOBaHbI Ye-
TBIPbMS TIPOAONBHBIMU CTEPXKHSAMH IUaMeTpoM 6 MM ¢ maroM xomyToB 100 mm. Takas cxema apMHpOBaHHSA
KOHCTPYKIHMH NIPHUHATA U3 YCJIOBHUS 00ECHEUEHHs CHUIOBOIO CONPOTHBICHUS IEMEHTOB PaMbl 3aJaHHBIM IIPO-
EKTHBIM Harpy3KaM U pacCMaTpHBaeMOMYy 0COOOMY BO3JCHCTBUIO.
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Crenp nmisi pOBEACHHWS SKCIIEPHMEHTANBHBIX HCCIETOBAHUN pAacCMAaTPHUBAEMBIX KOHCTPYKIHH paM Ha
0co0ble BO3ACUCTBHS BKJIIOYAI PHIUYKHYIO YCTaHOBKY, NIEpEIAIONIYI0 HArPY3Ky Ha paMy, Harpy304HbIE YCTPOWi-
CTBA, PACKPEIUIAIONINE PACTIOPKH TSl OOECTICUSHHS] YCTOMYUBOCTH TTOJIOKEHUSI PaMbl B IPOSKTHOM TIOJIOXKESHHH,
pBIYar AJis CO3MaHUsS KPYTSIIEr0 MOMEHTA B JPYTHE 3JIEMEHTHI.

Jlo mpoeKxTHON Harpy3KkH paMa Harpy’ajach COCPEIOTOYCHHBIMH CHIIAMU B KaXKIOM IPOJIETEe PUTEIIs de-
pe3 crelualbHble PhIYark-KOHCOMH Ul CO3JIaHUS B PUTENAX HaJ MEPBBIM ATAXKOM CJIOKHOTO HAIpPSHKEHHOIO
COCTOSIHHSI — M3rH0a C Kpy4eHHEeM. B OMBITHBIX KOHCTPYKIHAX HCCIEIyeMBIX paM OTCYTCTBOBaja OIHA U3 KO-
JIOHH TIEPBOTO 3TaXa, a B MPOIECCe UCIIBITAHNI OHA MOJEIMPOBaIach CIEHaTbHO N3TOTOBICHHON KMHEMAaTHIe-
CKHM M3MEHSEMOH OMOPOii, HO3BOJISIONIE MTHOBEHHO BBIKIIIOUATh U3 Pa0OTHI KOJIOHHY B COCTaBE paMBbl.
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Puc. 2. KoncTpykuus onsITHOH pamsl niepBoit cepuu (PXK-1):
a — cXeMa YCTaHOBKH IPpUOOpOB; 6 — apMUPOBaHUE
Figure 2. The design of the experimental frame of the first series:
a — the installation scheme of the devices; 6 — reinforcement

B cooTBeTcTBMU C METOAMKOW WCIBITAHUI, C MIOMOIIHI0 MEXaHWYECKHX MPHOOPOB M METOAOM JIIEKTPO-
TEH30METPUH TEH30pe3ucTOpaMu 1; U3MEPSUINCH TiepeMenieHus U aedopmannu 6etoHa Ha (UOPOBBIX BOJIOKHAX
MOTIEPEYHBIX CEYCHUH pHUresieil 1 B MPUOMOPHBIX 30HAX BAOJb OCH pUrens U mox yriom 45° (puc. 2). Mukpo-
cKomnoM (pukcupoBaniach KapTuHa 00pa30BaHUS U U3MEPSITACh MTUPUHA PACKPHITUS TPEIIUH. Y YUTHIBAs JTUHAMH-
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YECKHUIl XapaKkTep JOTPYXEHHUS KOHCTPYKIIMH paMbl Ha BTOPOM 3Tarle UCIBITAaHUH MPHU 0COO0M BO3AEHCTBUH,
TSl (PUKCAIllMH MOKa3aHWH MeXaHHYECKUX MPUOOPOB B MOMEHT AMHAMHYECKOTO NOTPYKEHHS KOHCTPYKIIMU HC-
MOJIE30BAIMCH OCIIHILIOTpad, a Takke udpoBsie hoTokamepsl. OOIIHIA BU]T UCTIBITAHWA KOHCTPYKIIUH paM mep-
BOH M BTOPO¥ cepuii moKa3aH Ha puc. 3.

a

Puc. 3. O6wmwmii Buj ucnisitanuii pam nepsoid, PXK-1 (@) u Bropoit, PXK-2 (6) cepuit
Figure 3. General view of the tests of the frames of the first (¢) and the second (6) series

Pe3yabTaThl H 00CyKIEHHE

AHanu3 pe3yJbTaTOB HCCIICAOBAHNUN OMBITHBIX KOHCTPYKIMH paM MO3BOJISIET OTMETHTH ciieaytomee. Kap-
THHA TPEIIUH NPU MPUIOKEHUH MPOEKTHOW HAarpy3KH M 3allPOEKTHOTO BO3JEHCTBUS, BHI3BIBAIOIINX CIIOXKHOE
COIIPOTHBIICHNE B KOHCTPYKLMSX PHUrelsieii, HOCHIa MPOCTPaHCTBEHHBIN XapakTtep (puc. 4 a, ) 1 KoppeaupoBa-
Jachk ¢ KApTHHOW TPEIIHH, MOJYYCHHOW MPH MCHBITAHUSAX OTACIBHBIX 0aJOK Ha Kpy4YeHHE C U3THOOM B OIbI-
tax [19]. Ha BTOopoMm 3Tare ucnblTaHui, mocje NpruiIokeHus: 0co00T0 BO3ACUCTBHS B BU/IC BHE3AMHOTO yIAICHHS
cpenneit (pama PXK-1) mnm xpaiinein (pama PXX-2) croiikm, xauecTBeHHas KapTHHa 0Opa3oBaHMS MPOCTPaH-
CTBEHHBIX TPEIIMH He M3MeHmach (puc. 4 6, 2). Ilpu 3ToM mpenenbHas MHUPUHA PACKPHITHS 00pa30BaABIIHXCS
NpY MPOEKTHOM Harpy3Ke TpeIlWH ObLIa MpPEBBINICHa U 00pa30BaMCh HOBBIC MPOCTPAHCTBEHHBIE TPEIIUHBI B
NPUOTIOPHBIX yuyacTkax pureneil. [locie mpuioxeHus oco0oro Bo3AeiCTBUS NPOJOJIbHAS apMarypa IpaKkTHye-
CKH JIOCTHTAET TIpeJieIa TeKY4IeCTH, a B IIONIEPeUHOil apMaType HAaNpsHKEHHUS MPEBBIIAIOT BPEMEHHOE COIPOTHB-
JICHUE CTaJIH.

3HauynTeNbHBIC PA3IHYUsl HANPSHKCHUH B TPOJOIBHON U MOMEPEYHON apMaType, PacloIoKeHHOH ¢ pas-
HBIX CTOPOH PHIelisl, U XapakTep TPeInHOOOpa3oBaHus B KOHCTPYKIMHU (puc. 4) Ipu MPOEKTHOM Harpy3Ke CBH-
JICTENILCTBYIOT O CIIOKHOM HANpsHKEHHOM COCTOSIHUHM B TIPHONIOPHBIX 30HAX PUTEINs, UCIIBITHIBAIOIIETO H3THO
¢ xpyuenueM. [locie mpuioxeHus: 0co0Oro BO3AEHCTBHS MPOU3OLUIO pa3pyllcHHE B HaubOolee HaMpsSKECHHOU
MIPUOTIOPHOM 30HE PUresIs O OJHOH U3 00pa30BaBIIMXCS paHEe IPOCTPAHCTBEHHBIX TPELIHH.

ComnocTaBuTeNbHasI OIIEHKA IUPUHBI PACKPBITHS TPEIIMH U NEPEMEIICHNI B CIIOKHOHAIPSKCHHBIX pHUTe-
JSIX paMbl TIPH 38JJaHHOM AKCILTYyaTAllMOHHOW HAarpy3Ke v mocie 0co0oro Bo3AeHCTBUS IPUBEICHBI B TaOJHIIE.

Jis cno>KHOHANPSDKEHHBIX KOHCTPYKLIWH pHUreNieil BHIMOJIHEHA OLEHKA LIMPHHBI PACKPBITHS MPOCTpaH-
CTBEHHBIX TPEUIMH Ha Pa3HBIX 3Tarax Harpy>KeHUs KOHCTPYKIHH (pHc. 5). YCTaHOBICHO, YTO TEOPETHYECKUE
3HAYEHHUs IUPUHBI PACKPHITHS TPELIHH, ONpe/eNeHHbIe TI0 AeCTBYIOMM HopMaM®, Gosiee yeM Ha 40 % MeHb-

2 CIT 63.13330.2018. BeroHHble U ke€I€300€TOHHBIE KOHCTPYKIMH. OCHOBHBIE MOJIOXKEHHS. AKTYyalu3HPOBaHHAS PENAKLIMSA
CHull 52-01-2003. M.: Musnctpoii Poccun, 2018. 152 c.
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III¢ OMBITHBIX 3HaueHui. M3 atoro CJICOYET BBIBOJ O TOM, YTO IIPpHU pacCMaTpuBacMOM CJIOKHOM HaIPs)KCHHOM
COCTOSAHHNHU PAaCYCTHBIC 3aBUCUMOCTU HOPM HYKAAOTCA B YTOYHCHHWHU.

Amnanmms 3Tux JaHHBIX ITIOKa3bIBA€T, 4YTO B 00eHuX OIBITHBIX KOHCTPYKIUAX paM IPHU IIPUHATOM apMUPOBa-

HHH, UCTIBITAHHBIX HA BTOPOM 3Tare Ha 0co00e BO3AEHCTBHE B BU/IE YAAICHHS OJHOM N3 KOJIOHH PaMBbl, ITUPHHA
PaCKpBITHSI TPEIIUH 1, COOTBETCTBEHHO, MpeJelIbHbIE Ae(opMalny apMaTyphl IPEBBIIIAIOT KPUTEPUH, YCTAHOB-
nennsie CIT 385.1325800.2018. 3nauenne npeaenpHoro mporuda (1/84 u 1/35) He HMpeBBICHIIO HOPMHUPYEMYIO
BenmuuHy (1/30), ycraHOBIIEHHYIO [UIsi 0co00r0 Bo3aercTBus. Clie0BaTenbHO, BBIOIHEHHE Je(OpMalMOHHBIX
KPHUTEPHEB 0COOOTO MPEETIHHOT0 COCTOSHHS JUIS ONBITHBIX KOHCTPYKIMH paM IIPH paccMaTpUBaeMBIX BO3CH-
CTBHSX MOXKET OBITh 00ECTICUYEHO YBEIMUEHNEM HHTEHCHBHOCTH MOTIEPEYHOT0 apMHUPOBAHUSI PUTENei.
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pam niepBoii, PXK-1 (a, 6) u Bropoit, PXK-2 (6, 2) cepuit
Figure 4. Scheme of formation and width of crack opening in structures before (@, 6) and after (6, ) beyond the design impact
of the frames of the first (a, 6) and the second (6, ¢) series
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IInpuHa packpbITHS TPEIUH H OTHOCHTEJIbHbIE MPOTU0bI B CJ0KHOHANPS’KEHHBIX PUTeJISIX
J10 U NOCJIE 3aIIPOEKTHOr0 BO3/eicTBUS

Cepusi pamMbI ITapameTpsl 1edopmMupoBaHus

KOHCTPYKTHUBHOI'O 3JICMECHTA

Hocne ynanenus
KOHCTPYKTHBHOTO 3JIEMEHTA

Jo ynanenus

[IpeBsimenne kputepust ocoboro

P [upuHa pacKpbITHA TPELUH, derc,st, MM 0,19 HIPEIICITBHOTO COCTOSHMS
OtHocHTENnbHBIH 1Tporuo, f// 1/954 1/84
[ TUpHHA PACKDITHS TPIIHH, derest, MM 0.19 [IpeBbimenne kputepus 0cod0ro
PXK-2 MPeIeIbHOTO COCTOSHUS
OTHOCHUTENBHBIH POTHo, f7/ 1/755 1/35

Width of crack opening and relative deflections in the complex-stressed crossbars before and after the beyond design impact

Frame series Deformation parameters Before removing the column After removing the column

The width of crack opening, acre,st, mm 0.19 Exceeding the criterion

First of a special limit state
Relative deflections, f// 1/954 1/84
. . Exceeding the criterion
Second The width of crack opening, acre,st, mm 0.19 of a special limit state
Relative deflections, f// 1/755 1/35
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Puc. 5. [lluprHa pacKpbITHS TPELIMH B CIOKHOHANPSDKEHHBIX pUreisix pam nepsoit, PXK-1 (a) u Bropoii, PXK-2 (6) cepwmii
Figure 5. The width of crack opening in the complex-stressed crossbars of the frames of the first (a) and the second (6) series

3akaouenue

[pennoxxennsle puznveckas MoJeNb KelIe300eTOHHON paMbl, MOJeNHpyonleld GparMeHT kapkaca MHO-
TO3TAKHOTO 3aHUS, SJIEMEHTHl KOTOPOTO UCHBITHIBAIOT CIOKHOE HANPSXKEHHOE COCTOSIHHE, & TaKyKe METOJIUKA
€€ HCIBITAaHUH MO3BOJWIN SKCIIEPUMEHTAIBHO ONPEEIIUTh MapaMeTphl 1eOPMUPOBAHUS U Pa3pyIICHUS TaKUX
KOHCTPYKITUH B 3allpeIeIbHBIX COCTOSHUSX B YCIOBUAX CTATHKO-THHAMUYECKOTO Ae(hOPMUPOBAHUS.

AHaIM30M IKCIIEPUMEHTAIBHBIX TAHHBIX 1e(OPMUPOBAHHUS, TPEIITHOOOPA30BaHUS H Pa3pyIICHHUS KOHCTPYK-
Ui JKeNIe300€TOHHBIX OTBITHBIX paM B TPENENbHBIX U 3alpeIebHBIX COCTOSHHSAX YCTaHOBJICHBI MPUPAIIEHUS TIPO-
THOOB, N3MEHEHHS KapTHHBI TPEIIIMHOOOPA30BaHMS M PACKPBITHS TPEIIHH JI0 ¥ TTOCIIE 3aIIPOEKTHOTO BO3IEHCTBHSI.

MopenupoBanue 1ehOpMHUPOBAHUS, TPEIIMHOOOPA30BaHUS U PA3PYIICHHUS KEIe300€TOHHBIX paM B (hu3nde-
CK{ Y KOHCTPYKTHBHO HEIIMHEWHOW IMOCTAaHOBKE BEHIMIOJIHEHO C MCTIOIB30BaHIEM OOBEMHBIX KOHEUHBIX 3JIEMEHTOB
M YPOBHEBBIX pacueTHHIX cxeM. [Ipn 3TOM y4HTHIBaIOCh M3MEHEHHE CTPYKTYPHI CEYEeHUI Mpru 00pa3oBaHUU Tpe-
IIUH ¥ TIPOCTPAHCTBEHHBIN XapaKTep TPEIIUH B pACCMATPUBAEMBIX CIIOKHOHAIPSDKEHHBIX KOHCTPYKIIHSX.
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AHHOTaMsl. 3alUTHBIE MOKPHITHS HAXOIAT IIMPOKOE IPUMEHEHHE BO BCEX OTPacisIX
IIPOM3BOACTBA U >KU3HeAesTeabHOCTU. HeoOXxonumMble kadecTBa MOKPBITU obecre-
YUBAIOTCS IyTEM Pa3pabOTKU CIOKHBIX TOHKOCIONHBIX KOMITO3HIMHA. CII0XKHOCTD
CTPYKTYpPbI IIOKPBITUSI TIPOSIBIICTCS U B MPOLIECCE IKCILTYaTallUd B PE3YyNbTaTe BO3-

JeCTBUS OKpY>Karole cpenpl, Gpusnueckux nomeii, yenosedeckoro akropa. MHO-
THe MOKPBITHSL UCXOAHO (hOPMHPYIOTCS HEMOCPECTBEHHO Ha MOBEPXHOCTSX KOH-
CTPYKIIM#H, UIMEFOIIMX HCXOTHO CIIOKHYIO TeOMETpHIO. [Ipu 3TOM psif Smart-IIOKphITHiA
HapsIIy CO CIIOXKHOM CTPYKTYpOU MpH cpadaThIBAHHU U3MEHSIOT (DH3HKO-MEXaHUYECKHE
cBoiictea. [Ipu BBIOOpE MOKPBITHSL, A[IE3MBA W TEXHOJOTUH €r0 HAHECCHHS BO3HH-
KafOT BOIPOCHI, CBA3AHHBIE C OMPEICICHHEM HX HEOOXOINMBIX TEOMETPHIECKUX U
(HU3UYECKHX TapaMeTPOB, C OIICHKON MEXaHUIECKHX CBOWCTB M CPOKOB HX CITY:KOBI
B 3aBHUCHMOCTH OT OKPY’KAIOIIeH cpeasl, Gpusudeckux moneil u T. 1. st 3Toro He-
00XOIMM HaJICKHBIH WHCTPYMEHT HccienoBanus. B 0030ope Ha 0asze M3BECTHBIX
IMyOJNUKAIWi U ATEHTOB Ha M300PETEHUE OTMEUCHBI METO/IBI UCCIICIOBAHMS MeXa-
HUYECKHX CBOWCTB PACUICHSIEMBIX U HEPACWICHSIEMbBIX MOKPBITHI, METOBI OIpe/ie-

JICHUS aAre3uy — MPOYHOCTU CUCIUICHUS MOKPBITHUA K IMOJIOKKE, METOAbI UCCIICA0-
BaHM: PACCIOCHHMA COCTAaBHBIX 3JIEMCHTOB U OTCJIOCHUS HOKPBITHA OT IMOMJIOXKKH.
AKL[GHTI/IpOBaHO BHMMAaHHUC Ha 3(1)(1)6KTI/IBHLIX OKCIIEPUMCHTAIIbHO-TCOPETUICCKUX
METOAaX OLCHKHW MCXaHHYCCKHUX CBOKCTB TMOKPBITUA W aAre3rBa Ha IUIOCKHUX W HE-
TUIOCKHX MMOBEPXHOCTAX, a4 TAKIKC Ha HCKOTOPBIX aKTyaJIbHbIX pE3yJIbTaTax.

JJist ntuTHpOBaHUSA

Arynos C.H., I'voatioynun P.U. KectkocTs,
a/ire3ust U paccjocHUe MOKPBITHS B CUCTEME
«IO/JI0KKa — TOKpbITHEY // CTponTenbHas
MeXaHUKa HHKEHEPHBIX KOHCTPYKINH U CO-
opyxenuid. 2022. T. 18. Ne 3. C. 204-214.
http://doi.org/10.22363/1815-5235-2022-
18-3-204-214

KiroueBble cj10Ba: 3alIUTHOE IOKPBITHE, CUCTEMA, IIOJI0KKA, IOKPBITHE, CIOKHAs
TEOMETPHS, CTPYKTYPa, )KECTKOCTh Ha PACTSHKEHHUE, MOIYJIb YIIPYTOCTH, aAre3us,
paccioeHue, METObl HCCIIEJOBaHU, IKCIIEPUMEHTAIbHO-TEOPETUYECKAI METO

Rigidity, adhesion and delamination of the coating in the “substrate — coating” system
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Abstract. Protective coatings are widely used in all branches of production and
life. The necessary qualities of coatings are provided by developing complex
thin-layer compositions. The complexity of the structure of the coating also arises
during operation as a result of the influence of the environment, physical fields,
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human factor. Many coatings are initially formed directly on the surfaces of
structures with initially complex geometry. At the same time, a number of smart
coatings, along with a complex structure, change their physical and mechanical
properties when triggered. When choosing a coating, adhesive and technology
for its application, questions arise related to determining their necessary geometric
and physical parameters, assessing their mechanical properties and service life
depending on the environment and physical fields, etc. This requires a reliable
research tool. In the review, based on well-known publications and patents for
the invention, the following are noted: methods for studying the mechanical
properties of decomposable and non-decomposable coatings; methods for deter-

mining adhesion — the adhesion strength of the coating to the substrate; methods
for studying the delamination of constituent elements and delamination of the coating
from the substrate. Attention is focused on effective experimental and theoretical
methods for assessing the mechanical properties of the coating and adhesive on
flat and non-planar surfaces, as well as on some relevant results.
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Beenenne

Cpeny TOHKOCTEHHBIX DIIEMEHTOB KOHCTPYKIIHA, COYETAIIINX JETKOCTh C BHICOKOI MPOYHOCTHIO, 0c000
BBIACTIAIOTCA IINICHOYHBIC 1 MeM6paHHI)Ie OJICMCHTBI, K KOTOPBIM OTHOCATCA U Pa3JIMYHbIC 3allIUTHBIC ITOKPLITHA.
OHH HaxoJAT IMPOKOE IPMMEHEHHE BO BCEX OTPACIIAX IPOM3BOACTBA U sku3HeAesTensHocTu' [1-3]. Cama npu-
poJia mojckasbiBaeT 3((HEKTHBHOCTh WCTIONB30BAaHHS PA3IMYHBIX TUIEHOK U MOKPBITHH, JOCTATOYHO PACCMOTPETh
crpoeHue (hopsl U payHBI.

Her C(i)epbl YeJI0BeUEeCKON JCATCIBbHOCTH, T'AC OBl HH TIBITAIHCH pemiaTb TEXHUYCCKUE U O3KOHOMHYC-
ckue TpobJeMbl Ha 6a3e MOBEPXHOCTHBIX TMOKPHITHil' [1-5]. DT0 mpo6ieMbl TpeHHS M M3HOCA, KOPPO3HH M
apo3un (puc. 1, @), MOTJIOMIEHHUS BOJIH 3aJaHHOTO JHama3oHa (puc. 1, 6), 3aUTH OT BRICOKHX TEMIIEpaTyp H
orus (puc. 1, 8), 3aLTUTHI OT BUPYCOB U OakTepuii (puc. 1, 2) u T. 1.

Cpena / Environment Bounusr / Waves (\\_/ Orowus / Fire
N
[ 1 | N o o A T R
Ioxperrue / Coating
a o 8 2

Puc. 1. 3amuTHbIC DOKPBITHS:
@ — OT KOPPO3UH; 6 — BOJIH; 6 — OTHsI; 2 — BUPYCOB
Figure 1. Protective coatings:
a — against corrosion; 6 — waves; 6 — fire; ¢ — viruses

TTOKpBITHS TOJDKHBI OBITh HAJEKHBIM 0aphEPOM IS 3aIlUThI JJIEMEHTOB KOHCTPYKIMI B 3aBUCUMOCTH OT
CBOETO HA3HAUEHHS: TEIUION3O0MSIIMOHHbIE i OTHE3AIUTHBIE — IPEIOXPAHATH OT BO3/ICHCTBUS TEMIOBOTO MOTOKA
¥ TUIAMEHH; JAKOKPACOYHBIE — HANEKHO 3alIMIIATh OT KOPPO3HH M T. J. IIpH 3TOM NOKPBITHS IOJKHEI OBITH
TEXHOJNOTMYHBI B M3TOTOBJICHHH M NMPUMEHEHHH, MMETh XOPOIIYIO aJre3Hi0 K KOHCTPYKIMH M 00ecreuHBaTh
TpeOyeMYIO JI0JITOBEYHOCTD B 33/IaHHBIX YCIOBHAX dKCIUTyaTanuu. [[puMeHeHne 3aMTHBIX TOKPLITHH — 3 dek-
THBHBII CIIOCOO 3aIMTHI MOBEPXHOCTEH KOHCTPYKIMII OT BO3JEHCTBHS OKPY/KAIOMEH CPeIbl ¥ PasIMUHEIX (H-
3ugecknx moyeit! [1-3].

Heo0OxoquMble KauecTBa MOKPBITUI 00ECHIEUUBAIOTCS TIyTEM Pa3pabOTKU CIIOKHBIX TOHKOCIOMHBIX KOM-
TIO3MIMI C PA3INYHBIMK BKIIOUEHHUSAMH (TaK HA3bIBAEMBIE MATEpHAT-KOHCTPYKIHH) 1 anresusa. Co3aroTcs pas-
JIMYHBIE TOKPHITHA, B TOM YHCIIe SMart-oKpsITHs (yMHBIE) [4—7] U are3HMoHHbIe KOMIOHEHTHI, HCIIOJIBb3YS BECh
HAKOIUICHHBIH TEXHOJOTMYECKHH apceHall, BKIIOYAs HAHOTEXHOJOTHIO. Pa3zpabaThIBAalOTCA Smart-caMo3ajiedn-

! Sxynoe H.M. MexaHnka TOHKOCTEHHBIX KOHCTPYKIMM: MCTOPHS, ANATHOCTUKA, JeueHne: yuebnoe nocobue. Kaszann: U3n-so
KI'ACY, 2020. 159 c.
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BaOIIHMECS, MPOTUBOOOpACTAOIINE, CBepXTHAPOPOOHBIC TOKPHITHS [1—8], HOBBIE TPYIIIBEI OMOITHIOB M WHKAII-
CyJIMpOBaHHBIC TIPOTHUBOOOpacTaromye BemecTsa [9], cynepruapododHOe KOMIIO3UIIMOHHOE MOKPBITHE U3 CO-
MOJTUMEPOB CTUPOJIA, METHIIMETAKpHUIIaTa M HAHOYACTHUI] TUOKCHIAa KPEMHHSI pACCMOTPEHO, B 4aCTHOCTH, B [10].
Moaubukaius MOKPHITHA YTIIEPOIHBIMH HAHOTPYOKaMH ¥ HAHOBOJIOKHAMH TIO3BOJISIET OTyYaTh HAHOCTPYKTY-
pUpPOBaHHBIE MOBEPXHOCTH, CIIOCOOCTBYIOIINE TOBHIIICHNIO MEXaHMYECKUX CBOUCTB [11]. Dmokcumnpie KpackH,
CoJIepIKaIlie CUIIOKCaH, MO3BOJISIOT MOIYYaTh MOKPHITHSI C 3aJaHHBIMH cBOMcTBamu [ 12—15].

MHorue MOKPHITHS UCXOAHO (OPMHUPYIOTCS HEMOCPEACTBEHHO HA TOBEPXHOCTAX KOHCTPYKIWH, UMEI0-
IIUX UCXOJHO CIIOKHYI0 reoMeTputo. [Ipu aTom psifi smart-moKpeITUH HAPSy CO CI0XKHOM CTPYKTYpOH MpH cpa-
OarbIBaHUM (HANPUMED, PACKAIICYJISALIUN — BIUBAHUH ONPE/ICIICHHBIX KOMIIOHEHT B COCTaB MOKPBITHS ) U3MCHSIOT
(u3MKO-MeXaHHYECKHE CBOKCTBRA.

CoBpeMeHHBIE TTOKPBITHS, KaK IMPaBIIIO, 0OJAJal0T CIOKHOW BHYTPEHHEH CTPYKTYpOH, (pOpMHPYIOTCS
HETIOCPE/ICTBEHHO Ha TOBEPXHOCTSX JJIEMEHTOB KOHCTPYKIMH, KOTOPBIE, UCXOs U3 (PYHKIIMOHAJIHHOTO Ha3Ha-
YeHHs, 3a4acTyl0 UMEIOT HEMJIOCKYI0 reoMeTpuio. CI0XKHOCTh CTPYKTYpPBI HOKPHITHS BO3HUKAET U B Mpolecce
SKCIUTyaTallid B Pe3yJIbTaTe BO3IEHCTBHUS OKPY)KAIOIIEH cpenbl, GU3NIECKUX IOJIeH, a TakKe YeIIOBEYeCKOTO
(akTOopa — Ha MOBEPXHOCTH MOKPHITUS MOSBISIFOTCS Pa3IndHbIe Ne(EeKThI (IapanuHbl, BMATUHBI, TPEIIUHBI, JIO-
KaJIbHbIC YTITyOJICHHUS); IIPOUCXOIUT JCTPalalisl MOJMMEPHBIX YacTei KOMIO3UIIMN, 00pa3yoTcs 00JIacTH pac-
cioeHus u T. 1. [Ipu 3TOM H3MEHSFOTCS MeXaHHYECKUE U (PU3HUecKrue CBOMCTBA OKPHITHSA U anre3uBa. CiioxxHas
CTPYKTypa TOKPHITHS BBI3BIBAET MOSBICHHE Pa3IMYHON aHM30TPONMUHN B MEXaHWYECKHX CBOWCTBAX MOKPBITHA U
aJire3uBa.

Jerpamamus 3aiiTHOTO OKPBITHS PUBOJIUT K CEPhE3HBIM MOCIIEACTBHSIM, B YaCTHOCTH K OT'OJICHHIO TI0-
BEPXHOCTEH HECYIMX 3JIEMEHTOB M HMHTEHCHUBHOMY KOPPO3MOHHOMY M3HOCY HECYIIIETO AJIEMEHTa KOHCTPYKIIHH,
00pa30BaHMIO LIAPAIHH, JIOKANBHBIX YIIIyOJIeHHUH U T. 1.

Hns obecnieuenus: 6ezaBapuitHON pabOTHl KOHCTPYKIHMK C TOHKOCJIOWHBIM MOKPHITUEM HEOOXOIMMO OCO-
0oe BHUMaHHE YAETATh MOKPBITUSAM, KOTOPhIE 00ecreunBaoT (QyHKIMOHATHHOE Ha3HAUYEHUE CaMOil KOHCTPYK-
. HeoOXoquMo T0CTOBEPHO OIpeNeNisiTh HCXOAHbIe MEXaHHUECKHE CBOWCTBA TIOKPBITHSA U ajare3uBa, chop-
MHUPOBaHHBIX Ha TUIOCKUX U HETUIOCKUX MOBEPXHOCTIX AJIEMEHTOB KOHCTPYKIIUH, & TaK)KEe M3MECHEHUE CBOWCTB
MOKPBITHS U air€3WBa B IPOIIECCe IKCIUTyaTallii PU BO3ICHCTBUHN (PHU3UUECKUX MOJICH U CpEeI.

[Ipu BBIOOpE TOKPBHITHSL, a/ire3UBa M TEXHOJIOTHH €T0 HaHECEHWS! BO3HUKAIOT BOIIPOCHI, CBSI3AHHBIE C OTIPE-
JIETICHUEM WX HEOOXOJUMBIX TEOMETPHUECKUX M (PU3UUECKUX MAPaMETPOB, C OLIEHKOW MEXaHHMYECKHX CBOWCTB M
CPOKOB UX CITy>KOBI B 3aBUCHMOCTH OT OKpY>KaromIei cpensl u pu3mdeckux monen u T. A. Jist aroro Heooxoaum
HAJAEKHBIH MHCTPYMEHT MCCIIEIOBAHMS.

I'pamoTHOE MPOEKTHUPOBAHUE TOHKOCIOWHBIX MOKPBITUNA, AUATHOCTHKA CBOWCTB MOKPBITHS, €0 aare3uu
K HECYILEMY 3JIEMEHTY U Y4eT paccilOeHHs B MPOILecce SKCILUTyaTalluy — 3aJ0T 0e30MacHOr0 (pyHKIMOHUPOBAHHS
KOHCTpYKIMi. Tema nccienoBaHus akTyallbHa JJIsl BCEX OTpacliel: MalllMHOCTPOEHUS, TPAHCIOpTa, TPyOormpo-
BOJIOB, HEPTEXUMHUH U T. 1.

MeToabl HCCIEe0BAHUSA MeXaHNYECKHX CBOMCTB l'[OKpI)ITI/Iﬁ

Bompocam ompenenenns MexaHUYeCKHX CBOHCTB TOHKOCIOWHBIX TMOKPBITHH YIENSETCS ONpeaelieHHOe
BHMMaHue. [1o JaHHOH TeMe MMeeTcs psJ OTEYeCTBEHHBIX M300PETEHMil, aBTOPCKHX CBHETENHCTB, a TAKKe
TIATEHTHI 3aPyOEKHBIX CTPaH’,

[Iupoko uconb3yeTcs CTaHAAPTHBIN CIIOCO0 OJJHOOCHOTO UCTIBITAHHS HA PacTsHKEHHE 00pasioB B (hopMe
IIPAMOYTONBHAKA IMHPHHOH oT 10 10 25 MM, jumHOI He MeHee 150 mm*. OmHAKO CTaHMAPTHEI cOCO6 Majo-
3 PEKTHBEH NPH HCCIICAOBAHHUA MEXaHHMYECKHX CBOMCTB MOKPBITHA, UIMEIOIIMX CIOXHYIO CTPYKTYpPY, pa3ind-
HBIC TIOBEPXHOCTHBIC NE(EKTHI U MOBPEKIACHHS. B 3aBUCHUMOCTH OT PacIONIOKEHUSI BBIPE3aeMOU MOJIOCKU MeXa-
HUYECKHE XapaKTePUCTUKU OyIyT pa3nmu4HbIMH. [lopoil HEBO3MOXKHO JIa)ke OMHCaTh CTPYKTYpy Marepuaia u
(opMBbI edEKTOB, HE TOBOPS yKe 00 OTpeAeNIeHIH peabHBIX XapaKTepUCTHK Kommo3nuinii. [Ipu uccnemoBanum
JKECTKOCTHBIX XapaKTEPUCTHK MOKPBITHH CIIOKHON CTPYKTYpHI CTAaHAPTHBIM CIIOCOO0M HaOIIroaeTcsi O0JIbIIOH

2 Ne 1742671, Ne 1458766, Ne 601599A, Ne 1441243A1, Ne 765697A, Ne 1756786, Ne 2184361, Ne 2296976, Ne 2310184,
Ne 2387973, Ne 2403556, Ne 2421707, Ne 2572673, Ne 2653473.

3US 5764068A. CIIA, 1998; US 6050139A. CILA, 1998; US 6951144B2. CLIA, 2001; Sinonuu JP 8313422A.

4TOCT 14236-81. Inenku noaumepHsie. MeToa UCIbITaHUs Ha pacTsokenue. M., 1989; ASTM D 412-16. Standard test methods
for vulcanized rubber and thermoplastic elastomers — tension. ASTM International, 2021; TOCT 29088-91. MarepuaJiel moJMMEpHBIE
STYEHUCThIC dMacTu4dHble. OnpeaeneHre YCIOBHOW MPOYHOCTH U OTHOCUTEIBHOTO YIUTMHEHUS pU paspbise. M., 1991.
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pa36poc pe3ynbpTaToB MCembITaHua [3]. DToT MeTon Mano3h(EeKTHBEH MM BOBCE HEMPHMEHHM JIUIs HCCIIEI0BA-
HUSI HCXOJTHO HETJIOCKUX TOKPBITHH.

IIpy paccMOTPEHNH TOKPBITHIA CIOKHOMN CTPYKTYphI Mano3hdeKTHBEH ¥ HHAeHTOpHBIH MeTon’ [16], mo3-
BOJISIONTHI OTIPENEIATh CBOMCTBA TIOKPHITHI B OKPECTHOCTH HCCaeayeMoi Touku. B [17] MeTomomM HaHOMHICH-
TUPOBAHUS OMMCAaH MacmTaOHBIN 3((deKT NpH mepexoae K HaHoMacmTabaMm. Bo3HUKaOT GoNblIMe TPYIHOCTH
NIPU OLICHKE WHTETPAIbHBIX XaPaKTEPUCTUK MOKPHITUH HEOTHOPOAHOU CTPYKTYPHI.

JlenaroTcs OMBITKA MOJACTUPOBaHUS 1e(hOPMHUPOBAHUS TOHKUX IJICHOK Ha MOJIGKYJISIPHOM YPOBHE, B YacCT-
HoctH [18; 19]. OmHaKO BO3HHMKAIOT TPYIHOCTH TPH OMHUCAHUU CIOKHOM CTPYKTYPHl HA MHKPO- M HAHOYPOBHSIX,
a TaKKe 3aJaHuu HHGOopMaLuH o fedeKTax Ha pa3HbIX YPOBHAX OJHOBPEMEHHO.

D¢} PeKTUBHBIM MMOIXOAOM OIPEEIICHHISI MEXaHHYECKHX CBOWCTB IJIOCKUX TOKPBITHIA CIIOXKHON CTPYKTYPBI
SIBJISIETCSI SKCIIEpUMEHTaIbHO-TeopeTndeckii MeTon (3TM) [20-23], ocHOBaHHBII Ha CHHTE3€ IKCICPUMEHTAIh-
HBIX JaHHBIX M TEOPETUYECKUX COOTHOIIEHHH, MOTYUYSHHbIX U3 HEIMHEHHOW TEOPUH TOHKUX 000JI0UEK, TEOPUHU
YIOPYTOCTH U IJIACTUYHOCTH. METO/ MO3BOJISET ONPEACIATh HHTETPANbHBIE MEXaHUUECKHe CBOMCTBa 000m04ey-
HBIX TTOKPBITHH U MOKET OBITH MCITOJIB30BaH JIJISl MCCIICIOBAHNS HAHOTIOKPBITHI M HAHOTIIICHOK [23].

OKCIepUMEHTAIBLHO-TeopeTHUecKnii MeToa [3; 20—23] MOKHO HCTIONB30BaTh JJI OIICHKH MEXaHHYECKHUX
XapaKTePUCTUK HEPACWICHSIEMBIX IIOCKUX M HETUIOCKHUX MOKPBITHI B CHCTEME IIOKPBITHE — MOIJIOXKKa». Pas-
JISNBHO HCCTIeNysl CBOWCTBA MAKeTa IOJUIOKKA — MOKPBITHE» (Mnomn + Auoxp) (PHC. 2, @), TOIIOKKH TOIIIUHON
Huonn (pHIC. 2, 6) W M3 YCIOBUS PaBEHCTBA MOIYJS YIIPYTOCTH KOMITO3UIIMH Ha pacTsbkeHue E. cymme Momyneil
YIPYTOCTH Ha PACTSHKEHUE TOMIIOKKH Eponn U TIOKPBITHS, OLIEHUBACTCS MOJLYJIb YIIPYTOCTH Erop [24; 25]:

_ Ec (hnoxp + hnogn) - Eno;w hnoan

HOKp —

hnoxp

Benuuunbl E. ¥ Enoqn ONPENEISAIOTCS SKCIIEPUMEHTANBHO-TEOPETHUYECKUM MeToAoM. Takoi moaxon uc-
MOJIb30BAH ISl OLIEHKH MEXaHHYECKUX CBOMCTB HAaHOMOKPHITHS M3 okcuaa TUTaHa Ti0; TOMIMHON /o = 80 HM,
HaHECEHHOH MOHHO-TIJIa3MEHHBIM CIIOCOOOM Ha MOJUMEPHYIO TUIEHKY TONLIMHON finonn = 0,1 MM [24; 25]. 3aBu-
CHUMOCTb MOJYJISL yIPYTOCTH OT HHTEHCUBHOCTH JeopMalyii €; MpUBeJeHa Ha pucC. 3.

[ | -

IToxpsITHe-TIOAI0KKa / Substrate — coating

Tlomoxka / Substrate

a o6

Puc. 2. Cxema uccie10BaHUs CUCTEMBL:
a — MOJIOKKA — IIOKPBITHE, = IIOOJIOXKKaA
Figure 2. System study scheme:

a — substrate — coating; 6 — substrate
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Puc. 3. Moxyns ynpyrocta HOKphITHS — JieopMarius
Figure 3. Modulus of elasticity of the coating — deformation

5 Kynpusnos B.H. T1IeHOUHO-TKaHEBbIE MATEPUAIIBI LTS CTPOUTENBHBIX KOHCTPYKIHI: yuebHoe nocobme. Kazans: KUCH, 1989. 94 c.
¢ United States Patent US4699000. Automated device for determining and evaluating the mechanical properties of materials. 13.10.1987.
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PazButne momxoma [24; 25] mius MCCIemOBaHUS JKECTKOCTHBIX CBOWCTB HEPACWICHHMBIX ITOKPBITHA Ha
MOJUTOKKE CIIOKHOW (opMbl m3nioxkeHo B [3]. [oxxox Gasupyercs Ha dakrTe, 4TO TaHTEHLIUAbHAS KECTKOCTh
HCCIIETyEMOTO TIOKPBITUS Beoat PABHA PA3HOCTH TAHTEHIIMATBHON KECTKOCTH TOHKOCTEHHON TOJIIIOKKH C TIOKPBI-
THEM Bgum 32 BBIYETOM TaHT'€HLIUAJIBHOM )KECTKOCTH TOHKOCTEHHOMN MOJIOKKH Bipel:

Beoat = Bsum — Bihel.

[Tpu 5TOM AJS OLIEHKH TaHT'CHIUATBHBIX KECTKOCTEH MOJIOKKH C OKPBITHEM Bgym M TOIIO0XKH Bghel HC-
none3yetcss OTM. Ilpu nccinenoBaHny MPOU3BOJIBHBIX 00BEKTOB HY)KHO BEIOpaTh pallMOHAIbHBIN BapHaHT KOH-
Typa 3aIleMJICHUs, YTOOBI Ha SKCIICPUMEHTAIRLHOM 3Tare odecrneduTs G (EeKTHBHOE 3alleMIIeHe, a Ha Teope-
TUYECKOM — YNPOIIATh pa3pad0TKy YHCIEHHONH MOJCIH.

Crioco0 OIeHKH YpOBHSI HANPSDKEHHUH B TUNIEHKE B KOHCOJMBHOW CHCTEME IUIEHKa — TIOIIOKKa» PacCMOT-
peH B [26]. Biusare HanpsH»KeHHO-Ie(OPMUPOBAHHOTO COCTOSIHUS Ha TPAHUIIE pa3fielia «IUIEHKa — TOI0KKa
Ha MpoIIecChl ypyroi negopmanyu mieHok Ti mpu 3HaKoNepeMeHHOM U3rHOe MpecTaBieHo B [27].

OKCIEepUMEHTAIBHO-TEOPETHIECKUN METO/ Pa3BUT IS UCCIECAOBAHUS MEXaHUUIECKUX CBOMCTB MOKPBITHH
HCXoHO Hermockor (opmer [3; 28—-30]. PaccMoTpers! cheprdeckue U IMUIMHAPHICCKHE MEMOpPaHHBIC TTOKPHI-
TSI, B TOM YHCJIE MOKPHITHE B BHJE KaTeHouaa (puc. 4). [Ipu nccnenoBannu GparMeHTOB HEIUIOCKHX 00pa3lioB
UCTIONIB3YIOTCS 38)KMMBI KOHKpeTHOH (opmbl. M300pakeHne kpermieHus: s oOpa3uoB chepuyeckoil popMel
MPEJICTaBICHO Ha puc. 5. MeToJ pa3BUT I UCCIEAOBaHUS MEXaHWYECKMX XapaKTePUCTUK OHWOIIOTHYECKHX
MeMOpaH (B YaCTHOCTH, SK30KapIrii anenbcuaa) [30], cxema 3KCIiepuMeHTaIbHON yCTaHOBKY IPUBEIEHA Ha pHC. 6.

-~ S—

Puc. 4. O6pazen «kaTeHOH Puc. 5. Kpennenue o6pasna Puc. 6. Cxema 5kCIIepUMEHTAIbHON YCTaHOBKU
Figure 4. Sample “cathenoid” Figure 5. Sample holder Figure 6. Scheme of the experimental setup

MerToapl onpeieieHUsI aAre3UN MOKPBITHS K MOAI0KKE

HecMoTpst Ha akTyaJbHOCTh BOIPOCAaM OIPEAETCHUS aAre3UH TOHKOCIONHBIX IOKPBITHH K 3JI€MEHTaM
KOHCTPYKIMH yZenseTcsi OTHOCUTENBHO Mo BHUMaHMS. V3BECTHBI pa3fUYHbIE CTIOCOOBI OMpeeeHus Ipoy-
HOCTH CIETLICHHUs TOKPBITHS C TIOLIOKKOM, B 4aCTHOCTH aBTopckue cauaeTensctsa CCCP’.

Anresus onpezensercs Ha 6asze mpu6opos®, anresumerpos (Hampumep, cepun IICO-XMTI). Onnako, u3-
BECTHBIE MPUOOPHI He Bceraa 3QQEeKTUBHBI, a WACHTHYHOCTh 3aMEPOB B MPOIECCEe U3YUCHHUS BIIMSHUS pa3iny-
HBIX (DaKTOPOB TPYIHO O0ECICUUTb.

Crioco0 ompeneneHys aAre3ny INIEHKU K MOUIOKKE AJISl MaJIbIX IPOTHOOB, HCIOIB3Ys MapaMeTphl «ITy3bl-
ps», onricad B [31]. Mcmonb3yoTcss COOTHOIIEHUS TSI YIIPYTHX IUIEHOK, KOTOpPbIE Nal0T 3HAYUTEIbHBIN pa3dpoc
C YBEJIMUEHUEM PATIYCa «ITy3BIPSD».

CymiecTByeT croco6’ onpejieleHHsi IPOYHOCTH CIEIUIEHUs TIOKPBITHH ¢ TOUT0XKKOM, P KOTOPOM B TIO-
KPBITHE MMIUIAHTHPYIOT MOHBI, HIAEHTUYHbIE 110 XUMHUECKOMY COCTaBy. VIOHBI IPOHUKAIOT Yepe3 MOPHI B IO-
KpBITHE TIPH HAJIMYUK B HEM Je(DEKTOB M MOBBIIIAIOT BHYTPEHHUE HATIPSHKEHUS, PUBOSIIIE B CIIydae MIOXOH
MPOYHOCTH CHEIJICHUSI K OTAEICHHUIO MOKPHITHS OT OCHOBHL. B crmocobe u3MepsIoT 103y O0MydYeHHsT TOKPBITHS

7 Ne 183459; Ne 1305579; Ne 689411. P®, 2012; Ne 2207544. PD, 2003; US6050139A. CLLA, 1998.
8 US6050139A. Devices and methods for testing tack uniformity of a coating on a substrate. 18.04.2000.
9 Astopckoe cBuzerenbetBo CCCP 1305579, 1985.
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MOHAMH U IO €€ BEIMYHMHE CyISIT O IPOYHOCTH CLEIUIEHHUS MOKPHITHA ¢ noanoxkoi. Henocratok: uccnenyercs
HE WCXOJHOE MOKPHITHE, a MOKPBITHE, HACHIIIIEHHOE CTPYKTYPHBIMHU JeeKTaMul paJnalliOHHOTO XapaKkTepa, Bbl-
3BaHHBIMU MMIUTAHTALUCH HOHOB.

JIIsl J)KECTKMX IUIOCKHMX HMOKPBITHH pa3padoTaH 3KCIEPUMEHTAIbHO-TCOPETUUECKUH METOX ONpEAeIeHUs
aJire3uu MOKPHITUI B BUJIE IUIEHKHU K ILIOCKOH MOMIOKKE B ABYyMepHOii noctanoske'’. B moanoxke GopMupyror
LEHTPaIbHOE OTBEPCTHE MYyTEM yIaJCHUs MaTepraia MOAI0KKH 10 MOKPBITHS. 3aMepsAI0T N3MEHEHUE AuaMeTpa
OCHOBaHUS KyIIOJIa B IpoLiecce OTCIanBaHus MOKpbIThs. [Ipeanonaraercs, 4To HanpsDKEHHUE 1O Paguycy, HadH-
Has OT KPOMKH, pacipeeeHo Mo mapadoiie 4eTBepToro nopsaka [4; 32]:

_ 4 _ Om _ omA* _ _ 4 4
c=ar* + b, a=-5 b__T' A=r+h G=17—-A4A%
Tzie ¥; — paanyc o0pa3yeMoro Kymona; s — TOJIIMHA IOKPBITHS; Gy — HAIIPSXKEHUS OTPHIBA.

Merton pa3BHUT AJIsi OLUEHKH aare3ud THOKOTO TOHKOCJOHHOTO IOKPBITHS K HECYIIeMY dSJIeMEHTY KOH-
crpykuuu (puc. 7)'' [33; 34]. Cnoco6 moBkIIIaeT TOUHOCTH ONpPEIEICHHS TTapaMeTPOB aAre3NH BCIIEICTBIE yUe-
Ta MEXaHUYECKUX CBOWCTB MaTepuasa 1 TOJIIINHBI IIOKPBITHA, @ TAKXKE BBICOTHI [ (puC. 7) U 3JUTUIICHOCTH OCHO-
BaHMS Kymosa (puc. §), BOSHUKAIOIIEH BCICACTBUE aHH3O0TPOIINH aIT€31MBa U MaTepHralia MOKPBITHS.

H
¥
_.?.TI

Puc. 7. Cxema ycTaHOBKH Puc. 8. ®oto 0Opazyemoro kymosia
Figure 7. Installation scheme Figure 8. Photo of the formed dome

[TpodHOCTh CLEIIICHHUS T)orr OMPENENSIOT Yepe3 pamuanbHoe ycunaue I B TUIGHKE Y OCHOBaHUS KyIoja
B 00JacTH MaJIoii moyocu b OTphIBa:

2EH3T [™° a9 :
Nogr = O [a? 4+ H%(cos20 + A2sin%0)]VAZc0s20 + sin20
otr — /2 daoe !
a(l1=v2) [,

Vcos20 + A2sinZ6

rae E — MOAyib yOpyrocTH IJIeHKU; H — BBICOTa MObeMa KYITOJia OTCIOUBIICHCS MJICHKYU; O — yrioBast KOOpIu-
HaTa B INIOCKOCTH TOJIOKKH; @, b — MOTyOCH OCHOBaHUs Kynona; v — koadduuuent [lyaccona.

Ycunme T onpenensieTcss U3 peUICHHs 3a1a4d HETMHEWHOW TEOPUH 000JIOUEK, B YACTHOCTU MPH yIOBJIC-
TBOPEHWH UCXOIHBIX JaHHBIX MOKHO BOCHOJIB30BaThcs pemeHueM [32]. Criocob mo3BoseT NOBBICUTh TOYHOCTD
OTpECICHHS are3ny 3a CUYET yueTa MEXaHMYCCKUX CBOWCTB M TOJIIUHBI MaTepUalia TUICHKU; CHI)KAETCS pa3-
Opoc pe3yabTaToB.

DKCTIIEpPUMEHTAIHLHO-TEOPETUIECKUI METO]] OI[EHKH aJre3H TUICHKH K IMIMHAPUIECKON TTOIOKKE OIIH-
caH B [35]. ANTOpUTM HCCIEIOBAaHMS: TOJaeM CTYIIEHYaTO B eMKOCTh 1 maBieHue (puc. 9); Ha KaKIOM Iare
HArpy>KeHUs p 3aMepseM IapaMeTpsl Kymonia ¢, b u H u mony4yaeM 3aBUCHUMOCTh «IIporud H — maBieHUe p»
JUTSL BEPIIMHBI KYIOJIa; COCTABISAEM MOJIENb (PparMeHTa HWIHMHIPUYECKOTO TIOKPBITUS DIUTUNTHYECKON (HhOPMBI
B 1iane, HanpuMmep ANSYS wim cruraiftHOBEIN BapuanT MKD; METOIOM TPHUCTPENKH — BaphbUPYs CBOHCTBAMH
MaTepuana, IpudJinmxkaeMcs K rnapaMerpaM KyroJja, COOTBETCTBYIOIIUM 3KCIIEPUMEHTAIBHBIM MapameTpam a, b
u H (puc. 10); onpenensiem pacnpenenenne HIAC u ycunue 71 TOKPBITHS, a TAKXKE MEXaHUYECKHE CBOHCTBA T10-
KPBITHUS; UCCIIEAYEM alr€3HOHHBIC CBOMCTBA MTOKPHITHS:

ab\/Rg(bzcosze+azsin29)—a2bzsin29

= Sotry Sotr = hg(l—¢1 — &), Tor =T
Notr otr/Sotr otr o 1 2) otr 1 RR,(b?c0s?0+a?sin20)

19 TTarent 2421707 P®. Cnocob onpeesieHus aare3uu rieHky K nomioxkke / onpamreiin P.B., Sxkynos H.M., Hypymmun P.T.,
Slkynos C.H., Slkymosa P.H. 2011.
" Tlatent 2572673 P®. Criocob onpeieeHus aare3un mieHkH k nouosxke / Skynos C.H. 2016.
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Puc. 9. Cxema ycTaHOBKU Puc. 10. ®parment moaenu
Figure 9. Installation scheme Figure 10. Model fragment

Bnusiaue nedopmanuy moBEpXHOCTH MOAJIOXKKH HA aire3ul0 MOKPBITUS U3y4deHo B [36]. [ns atoro Oblia
pa3paboTaHa crienManbHas yCTaHOBKA, CXeMa KOTOPOi IpuBeieHa Ha puc. 11.

Puc. 11. Cxema yCTaHOBKH:
a — TIOKPHITHE Ha PACTAHYTOH MOBEPXHOCTH IIOJIOKKY; O — HOKPBHITHE Ha CKATOU MOBEPXHOCTHU MOATIOKKH;
1 — noasnoxka; 2 — MOKPHITUE; 3 — U3MEPUTEIIBHOE YCTPOUCTBO; 4 — y3€1 Iolauu CXKaTOro BO3yXa; 5 — MaHOMETp; 6 — yroyiku; 7 — TAru
Figure 11. Installation scheme:
a — the coating on the stretched surface of the substrate; b — the coating on the compressed surface of the substrate;
1 — substrate; 2 — coating; 3 — measuring device; 4 — compressed air supply unit; 5 — pressure gauge; 6 — angles; 7 — rods

YcTaHOBICHO, YTO HAaIH4KE Ie(OpPMAaIlUK TTOBEPXHOCTHU IIACTHHBI CHHYXKAET MMPOYHOCTh CIUEIUICHNUS, TIPHU-
YeM Ha C)KaToW TOBEPXHOCTHU 3TOT 3P PeKT Ooiee 3HAUUTEICH.

MeTtoabl HCCIeTOBAHNS paccja0€HUsA COCTABHBIX 3JIEMECHTOB H OTCJI0CHUSA MOKPLITUA OT MOAJ0KKH

B snmemeHTax KOMMIO3UIIMOHHBIX KOHCTPYKIIMH, B TOM YHCIIE B CHCTEMaX «IIOJJIOKKA — MOKPBITHUEY,
O] BO3/ICHCTBIEM MEXaHUYECKUX U (DU3MUYECKUX TOJICH MOTYT BO3HUKATh HAIPSKEHUS, BBI3BIBAIOIIUE PACCIIO-
€HHUE COCTaBHBIX AJIEMEHTOB KOMIO3ULUN U OTCIOCHHUE MOKPBITUS OT NOI0XKKHU [37; 38]. B uactHOCTH, HAnpsI-
JKEHUS, BOSHUKAIOIINE B TOKPBITHH, NIPUBOAAT K 0O0pa30BaHUIO CKIIATOK M TO(PPOB, paCTPECKUBAHUIO TTOKPHI-
tus'? [37-41] u T. 1. AKTyaIbHOCTb TIPOGIEMBI CTAOGMILHOCTH TOHKUX IUIEHOK Ha TOUI0XKKe oTMeudaeTcs B [37],
IJIe paCCMOTPEHBI MPOIECCHl YIPYTOd W MiaacTUudeckor nedopManui METATMYECKUX, OKCHHBIX U TMOIYIPO-
BOJHHUKOBBIX IUICHOK IPH MEXaHMYECKOM HarpyXeHHH. BHEITHUM OCMOTPOM TPYIHO ONMPEICIUTh HAIHINC
paccioenus. BaxkHo 3HaTh, MPOU3O0IIIO U PacCIOCHUE, €ro pa3Mephl U MECTOHAXOXKCHHE. Bo3HUKaeT mo-
TpeOHOCTh B METOJIaX WCCICAOBAaHUS PACCIOCHUS B KOMITO3UIIMOHHBIX CTPYKTypaX, B TOM YHCJIE B CHCTEMax
«IIOKPBITHE — TIOJITOXKKAY.

Eme oxuH moaxom — UcCiIemoBaHNe JKeCTKOCTH KOMIIO3UITHOHHEBIX CTPYKTYp ¢ paccioenueM. B [41] pac-
CMOTpPEHBI BapUaHTHl (POPMHUPOBAHKSI KOMITO3UIIMH MTyTEM JIAMUHUPOBAHUS OTACIBHBIX Cl10eB. CXeMa CTPYKTY-
pBI 00pa3ia «moJuMepHas IUIeHKa + TKaHb + MMOJIMMEpHAs TUIEHKa» C YYaCTKOM PacCIIOCHHS Tpe/CTaBIeHa Ha
puc. 12.

Toukas 6ymara / Thin paper
Txanb / Cloth Z 3

[ i

IMonumepnast mienka / Polymer sheeting

Puc. 12. Ctpyxrypa obpasia 10 JaMUHUPOBAHUS
Figure 12. Sample structure before lamination

12 United States Patent US6092414. Method for analyzing a separation in a deformable structure / John W; 25.07.2000.
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OO6pa31e! i uccaenoBanus B [41] modydeHsl MyTeM JJaMAHAPOBAHMS KOMIIO3HUITUH: TUICHKA U3 TIOIHAC-
Tepa, TKaHb — Oenas 0s3b, TOHKast Oymara (caiderka). i onpeaeacHus KECTKOCTHBIX CBOWCTB KOMIIO3MIIMM
HCIIOJIB30BaH 3KCIEPUMEHTANIbHO-TeopeTHueckuii meton [20-23].

Hccnenoanbl MOJIMMEPHO-TKaHEBbIE KOMIO3UITUHU AuaMeTpoM D = 100 MM ¢ TOJILIMHOM TIEHOK ¢ = 75 MKM,
100 MM 1 125 MxM: rpymma 1 — ckiieeHHasi KOMIIO3UINS «IUIEHKa + TKaHb + IJIEHKay; Tpyma 2 — He CKJIeeHHas
KOMITO3UIIMS «IUIeHKa + Oymara + TkaHp + Oymara + IJICHKay; rpynma 3 — KOMIIO3UIHSI «IUICHKA + TKaHb + IUICH-
Kay, He CKJIeeHHas B IIeHTpe nuameTpoM d = 1 cMm. Pesynmbrarer uccnenoBanuu o [41] mpuBeneHs! B TabmHIIE.

JKcIepHMEHTAIbHbIE U PacyeTHbIe BeJMYHHBI 10 [41]

I'pynna 1 I'pynna 2 I'pynna 3
p-Mila H, mm B, xI' cm H, mm B, xI' cm H, mm B, xI' cm
0,03 3,84 3974 4,35 273.3 4,07 333,7
0,04 4,32 372,1 4,81 269,6 4,37 359,5
0,05 4,71 3589 5,25 259,2 4,78 3434
0,06 5,14 3314 5,59 257,6 5,17 325,6

Bep =365 Bep =265 Bep =341

HpuMethue: H- HpOFI/I6LI 06pa3u013 OT OaBJICHUSA p; Bn Bcp — TAaHI'CHIUAJIBHBIC JKECTKOCTU U CPCAHUEC 3HAYUCHUS KECTKOCTHU
JJIA paCCMOTPEHHOI'O idalta3OHa Harpy3ok.

Experimental and calculated values according to [41]

. MPa Group 1 Group 2 Group 3
H, mm B, kG cm H, kG cm B, kG cm H, mm B, kG cm
0.03 3.84 397.4 435 2733 4.07 333.7
0.04 432 372.1 4.81 269.6 4.37 359.5
0.05 4.71 358.9 5.25 259.2 4.78 343.4
0.06 5.14 3314 5.59 257.6 5.17 325.6
Baverage = 365 Baverage = 265 Baverage = 341

Note: H — deflections of samples from pressure p; B U Baverage — tangential stiffness and average stiffness values for the con-
sidered load range.

Kak BugHO U3 TaONHIIBI, pacciioeHue KOMIIO3HUIUY BIUSET Ha €€ KECTKOCTb, TO €CTh Ha €€ HECYLIYIO CIO-
COOHOCTb.

Uccnenosanue paccioeHus B aehopMUpyeMoil KOHCTPYKIMH ITIpeicTaBieHo B matente US6092414%,
BeisBiIsIeTCS BBITYKIIOCTh, 00Opa3oBaHHas Ha IOBEPXHOCTH MIMHBI aBTOMOOMIIS IO/ M HaJl OpekepamMy MpH KaKIAO0M
UCTIBITATENIbHOM JABJICHUH, U CPAaBHUBAETCS IJIOIIAMb [IONEPEYHOIO0 CEYECHUS BBIIYKIOCTH € IUIOLIAJBIO IOIe-
PEYHOTO CEUCHUS STATOHHON BBIMYKIOCTH JUISl OTIPEACICHHS TJIyOUHBI OTPhIBA B UCIBITATEIBHON HehopMHUpYe-
Mo KOHCTpyKUuH (puc. 13). MecTomnonoxeHne paccioeHus ONpenenseTcst MyTeM CHUKEHUS JaBleHHs BOIM3H
paspseiBa 10 obecreueHHs ATATOHHOHN neOopMUpyeMoil KOHCTPYKLIMH TOTO XK€ pazMepa.

Oparment mmnb! / Tire fragment

Paccroenue B Marepuaie IUHbl —

non 6pexepam / 7N

—— PaccioeHne B MaTepuaie [IHHBI
oz 6pexepamu /

Delamination in the tire material
BHYTpeHHsS MOBEPXHOCTb IIUHBI / under the braces

The inner surface of the tire

Delamination in the tire material
under the braces

\

Puc. 13. Paccioenue matepuana aepopmupyemoit munbl (paspes) no narenty US 609241412
Figure 13. Delamination of deformable tire material (cut) according to US 6092414

13 United States Patent US6092414. Method for analyzing a separation in a deformable structure / John W; 25.07.2000.

PACYET U NPOEKTVUPOBAHVE CTPOUTENBHBIX KOHCTPYKLM 211



Yakupov S.N., Gubaidullin R.I. Structural Mechanics of Engineering Constructions and Buildings. 2022;18(3):204-214

3akaouenue

3amuTHBIE TOKPBITHSA — HAICKHBIN Oaphep 3allUThl 3JIEMEHTOB KOHCTPYKIMN B 3aBUCHMOCTH OT Ha3zHayde-
Hust. [Ipu ucceioBaHUN 3aIUTHBIX MOKPBITUH HEOOXOMUMO OICHUTh CBOWCTBA MOKPBITUI W MPOYHOCTH CIIET-
JICHUs TIOKPBITHS C MOJJIOKKOMH, a Takke o0paTUTh BHUMaHUE HAa PACCIIOCHUE COCTABHBIX JIEMEHTOB U OTCIIOE-
HUA TOKPBITUA OT MOOJIOXKKH. HBYMepHLIe OKCHCPUMEHTAJILHO-TCOPETUICCKUEC METOABI UCCIICAOBAHUA CBOMCTB
MOKPBITHS U €T0 aJIT€3UH K MOJI0KKE — Hanbosee 3 (heKTUBHBIC TTOTXOBI.

PaccMmoTpeHHas 061acTh MCCISIOBaHHS HEIOCTATOYHO M3ydeHa. HeoOxoauMo nanmbHeIee COBEpIICH-
CTBOBaHHE METOJIOB UCCIICIOBAHUS 1 CO3JaHNe Ha X 0a3e HOBOW MPHOOPHOI Oa3bl.
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Hcrtopus cTaTbu AHHOTanus. beToH MUPOKO UCTIONB3YETCs B KAYECTBE CTPOUTEILHOTO MaTepraia
[Toctynuna B penakuuto: 10 mapra 2022 1. BO BceM mupe. OJHAKO ero IpUMEHEHNE B CTPOUTENbHBIX KOHCTPYKIIHMSIX Orpa-
Jopa6orana: 30 mast 2022 1. HAYEHO 10 NMPHYMHE €r0 HU3KOW MPOYHOCTH Ha pacTsbKeHme. JTa mpoliema
IMpunsra k myoaukamuu: 9 nons 2022 T. YaCTHYHO PEIIAETCS UCTIONb30BAaHUEM CTAIBHOI CTEPKHEBOH apMaTyphl M IPH-

MCHEHHEM [HCIIEPCHOTO apMHUPOBAHUS Pa3IMYHBIME THIIAMH BOJIOKOH. B mccie-
JOBAaHHH IIPEIAraeTcsi OAHOBPEMEHHOE TPAIUIIMOHHOE apMUPOBaHUE OETOHHOM
KOHCTPYKIHHU CTaJIbHBIMH CTEP)KHSIMH C JTOIOJIHUTEIBHBIM JIUCIEPCHBIM apMHPO-
BaHHEM HATYPalbHBIMH KOKOCOBBIMH BOJIOKHAMH, OTHOCHTEIBHO JCIICBHIMHU H
LIMPOKOIOCTYIIHBIME BO MHOTHX cTpaHax A¢puku, Azun u JIaTHHCKOH AMEpHUKH.
Llenp uccnenoBanus — ananu3 3QGEKTHBHOCTH MPEUIOKEHHOTO PEILICHHS Iy TeM
CpaBHEHHUsI HEOOXOAMMOr0 KOJIMIECTBA CTAIBHOM apMaTyphl (110 Macce) st Gainku
W3 TPAIAULMOHHOTO OETOHA M AHAIIOTUYHOM GAKU C OOIHUTEIBHBIM JUCIEePC-
HBIM apMHPOBAHHEM KOKOCOBBIMH BOJIOKHAMH. M3y4eHbl IPOruOBI U TPEI[HHO-
obpasoBanue B Oankax. [Ipumensuiock iporpammHoe obecrieuenue Autodesk Robot
Structural Analysis Professional 2022. Pe3ynbraThl mokaszanu, 4ro 0ajka, JOIMOJ-
HUTEJIHFHO apMHUPOBaHHAsi KOKOCOBBIM BOJIOKHOM, TpeOyeT MeHbinero Ha 11 %

KOJIMYECTBA CTATLHON apMaTypsl (TI0 Macce) 10 CPaBHEHHIO C aHATIOTUYHOMN Oaikoi
13 TPaAMLHOHHOTO Jkene3o0eroHa. Kpome Toro, Ganka, apMupOBaHHAs KOKOCOBBIM
BOJIOKHOM, HCHBITBIBAJIA Ha 6 % MEHBIINH Mporud, a Takke HAOIIOIAIOCh Cy-
[IECTBEHHO MeHbIllee 00pa3oBaHHe TPEIIMH MO JeHCTBHEM HArpy3KH MO CpaB-
HEHHIO C MPOCTOi OeToHHO# Gankoii. Jloka3aHo, 4TO MPEeIOKEHHBIH B paboTe
MOJXOJ 3aMETHO YIIy4IaeT padoTy jKere300eTOHa B KOHCTPYKIHH, YTO B TOM
YHCcIIe MO3BOJISIET MOJIyYUTh CYLIECTBEHHYIO SKOHOMHIO apMaTypHOI cTaiu.
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Introduction

Concrete is one building material that is widely used in everyday life. Its strength is greatly influenced by
the composition and quality of the ingredients mixing. But one of the main problems of this material is its low
tensile strength: the value of concrete tensile strength has range from 9—15% of its compressive strength. In line
with the development of today's concrete technology, various attempts were made to improve the unfavorable
character of concrete. One of these methods is to add some type of fibers into the concrete mixture to enhance
the tensile and compressive properties of concrete [1].
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The properties of concrete are influenced by many factors mainly due to mix proportion of cement, sand,
aggregates and water. The various properties of the produced concrete hugely depend on the mix ratios of these
main materials. We are going to discuss the main properties of traditional concrete.

Concrete is known by its grade which is designated as M 15, M20, etc. in which letter “M” refers to con-
crete mix and number 15 or 20 denotes the specified compressive strength (fi«) of 150 mm cube at 28 days, ex-
pressed in N/mm?. Thus, concrete is known by its compressive strength. M20 and M25 are the most common
grades of concrete, and higher grades of concrete should be used for severe, very severe and extreme environ-
ments [2].

The characteristic strength of concrete in flexural member is taken as 0.67 times the strength of concrete
cube. The strength to be taken for the purpose of design is known is known as design strength and is given
by design strength (f;) = characteristic strength/partial safety factor for material strength. The value of partial
safety factor depends upon the type of material and upon the type of limit state. According to IS code, partial
safety factor is taken as 1.5 for concrete and 1.15 for steel. Design strength of concrete in member is equal
to 0.45f [3].

The tensile strength of concrete is one of the basic and important properties which greatly affect the extent
and size of cracking in structures. Moreover, the concrete is very weak in tension due to its brittle nature. Hence,
it is not expected to resist the direct tension. So, concrete develops cracks when tensile forces exceed its tensile
strength. The brittleness of lightweight concrete has developed concern among structural engineers [4].

Therefore, it is necessary to determine the tensile strength of concrete to find out the load at which
the concrete members may crack. The question of increasing the reliability and durability of reinforced concrete
structures is a priority [5]. Furthermore, splitting tensile strength test on concrete cylinder is a method to deter-
mine the tensile strength of concrete. The procedure is based on the ASTM C496 (Standard Test Method of Cy-
lindrical Concrete Specimen) which is similar to the other codes like IS 5816 1999 [6].

Short term modular ratio is the modulus of elasticity of steel to the modulus of elasticity of concrete. Short
term modular ratio = E; / E., where E; is the modulus of elasticity of steel (2-10° N/mm?), E, is modulus of elas-
ticity of concrete (5000-SQRT ) N/mm?). As the modulus of elasticity of concrete changes with time, age at
loading, etc., the modular ratio also changes accordingly. Considering the effects of creep and shrinkage partial-
ly, IS code gives the following expression for the long-term modular ratio. Long term modular ratio (m) is equal
to 280/(3fbc), Where fupe is the permissible compressive stress due to bending in concrete in N/mm? [3].

Different types of fibers can be used for additional disperse reinforcement of concrete, for example, basalt
fibers [7]. But it is very promising to use for this purpose different types of organic fibers which are widely
available in some regions. Natural fibers are a great solution because they are more sustainable and environ-
mentally friendly. There is a wide range of natural fibers which can be utilized in concrete as reinforcement.
In this research, the natural fiber that was considered was coconut fiber because it showed more consistent re-
sults during the literature review.

Coconut fiber reinforced concrete

Coconut fiber is extracted from the outer shell of a coconut. Its scientific name and the plant family of
the coconut fiber is Cocos nucifera and Arecaceae (Palm) respectively, while it is commonly referred to as
“Coir”. The cultivation of coconut is concentrated in the tropical belts of Asia and East Africa. There are current-
ly two types of coconut fibres: white fibres and brown fibres. The white fibres are extracted from immature co-
conuts, whereas the brown fibres are extracted from already matured coconuts. Coconut fibres have a very low
conductivity and high toughness. Coconuts are widely available in many west African countries. The fibres from
concrete have a young modulus of 4—6 GPa and a tensile strength of 131-175 MPa. The addition of fibers to
the concrete mix can improve its mechanical properties including flexure, deformation, toughness, ductility,
and cracks [8]. Natural fibers were used by researchers as alternatives to synthetic fibers in composites like con-
crete [9].

Several experimental studies have been done on coconut fiber reinforced concrete (CFRC). Compressive
and flexural strength of coconut fibre reinforced concrete using destructive and non-destructive test methods was
studied in [10]. Conventional compression tests and Schmidt Hammer Rebounds on cube specimens and two-
point bending test on short beam specimens with different coconut fibre content were conducted. From the re-
sults and analysis of this research work it was concluded that the addition of a 0.5% coconut husk fibre as a con-
stitutive material of concrete affected the rheological properties of the fresh concrete, increased the compressive
and flexural strength of concrete by 35.8 and 22.15% respectively.
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Also, mechanical properties of coir fiber reinforced concrete were studied in [11]. The authors tried to de-
termine coir fibers’ length and volume in the concrete composition affect the general physical and mechanical
properties of the resulting concrete. As the basis, plain concrete (PC) with the mix ratio of 1:2:2 for cement,
sand and aggregate respectively was used. The water to cement ratio was 0.48. For preparing CFRC (the mixture
of the same composition with additives of coconut fibers) it was necessary to add a little more water to make
the mix more workable as the coir fiber caused the concrete to be less workable and possibly the increase in
the overall porosity of the concrete. It was found that with an increase in fibre content and length, the static
modulus of elasticity of the various CFRCs reduced. For CFRC with fiber’s length of 25 mm, the values of static
modulus of elasticity were larger than that of PC. Compared with the PC, the coir fiber inclusion either increased
or reduced the static modulus of elasticity depending on the fiber’s content and length used.

From the laboratory experiments carried out, it was reported that cubes with volume fraction of 1% and fi-
bre length of Scm had an average compressive strength of 42 MPa in comparison to other fibre lengths and frac-
tion volumes and plain concrete mixture of 35 MPa.

Design of fiber-reinforced composite of minimum material consumption at guaranteed reliability and du-
rability requires consideration of cases when cracks may appear in the binder [12].

In [13] a behavioural study of coconut in a concrete structure was conducted. The experiment was made
based on high strength concrete with the addition of fiber with 5 mix proportions (1, 2, 3, 4, and 5%) by
the weight of cement. The compressive strength and split tensile strength of cured concrete evaluated for 3, 7,
28 days. The study revealed that the compressive strength of the cubes differed depending on the percentage of
fibre content. Maximum compressive strength was discovered in the cube with the volume fraction of 1% with
a value of 66.52 MPa. The compressive strength dropped upon adding more fibres to the concrete.

For the split tensile strength test, cylinders with varying volume fractions of coconut fibres were examined.
It was also found that the maximum tensile strength of the samples was at the fibre volume fraction of 1% at
the value of 4.54 MPa. Further increase in the fibre volume led to a decrease in the split tensile strength of the samples.

In [13] the following conclusion were made:

— coconut fiber being low in density reduces the weight of the fiber reinforced concrete;

— the compressive strength and split tensile strength of the concrete gets the maximum value at the mix
of fibre fraction of 1%;

— since by addition of fibers in the concrete the strengths of the specimens get decreasing and it can be
concluded that the fibre should not be used beyond 1%.

In [14; 15] it was concluded that ductility of dispersed basalt fiber reinforced concrete depends not only
in the percentage of basalt fiber in the concrete but also on the length and diameter of the basalt fiber. Increase
in the percentage of basalt fiber in the concrete yielded an increase in the concrete ductility. Similar results
might be found for coconut fiber reinforced concrete.

Methods

The analysis in this research was conducted in the Autodesk Robot Structural Analysis Professional 2022.
A simply supported beam of length 6000 mm and cross section of 300x650 mm was the structural element
that was analysed. It was loaded with a uniformly distributed live load and dead of magnitudes 7 and 20 kN/m
respectively. The self-weight of the beam was also considered.

There is a great need of incorporating BIM technology in modern-day construction [16]. The simulations
will basically compare how a concrete beam from coconut fiber reinforced concrete would perform in real life
loading conditions as compared to a plain concrete beam of the same design mix. The demands in steel bar rein-
forcements, crack formation and depth and deflection for both beams will also be assessed. The software calcula-
tions are done in accordance with the Eurocode 1.

Building structural element model

The structural element to be used for our analysis is a simple pinned on both supports rectangular beam.
The construction and analysis of the model was done in Autodesk Robot Structural Analysis Professional 2022.

The beam is supported on two identical rectangular columns with dimensions 400x300 mm. The rectangu-
lar beam has the cross-section dimensions 300650 mm and of length 6000 mm and was loaded with two uni-
formly distributed loads. One UDL is a dead load while the other one is a live load. The self-weight of the beam
is also put into consideration in the calculations. The beam’s calculation scheme is shown in Figure 1. Table 1
shows different loads and their meanings acting on the rectangular beam.
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Figure 1. Loading on the rectangular beam
Table 1
Loads acting on the beam
No. Case number Distributed load Nature Sub-nature gf-load factor pl, kN/m

1 SW Self-weight Dead load Structural 1.35 -
2 DLI1 Uniform Dead load Structural 1.35 20.00
3 LL1 Uniform Live load Category A 1.5 7.00

Both the plain concrete and coconut fiber reinforced concrete beams were loaded with the same load pat-

tern and quantity.

The following are the material properties of the plain concrete and coconut fiber reinforced concrete re-

spectively.
1. Plain concrete beam
e Concrete: PC 20, fox = 20.00 MPa.
Rectangular stress distribution [3.1.7(3)].
Density: 2447.32 kG/m’.
Aggregate size: 20.0 mm.

e Longitudinal reinforcement: BS00C, fjx = 500.00 MPa.

Horizontal branch of the stress-strain diagram.
Ductility class: C.

e Transversal reinforcement : BS00C, fix = 500.00 MPa.
Horizontal branch of the stress-strain diagram.
Ductility class: C.

e Additional reinforcement: B5S00C, fix = 500.00 MPa.
Horizontal branch of the stress-strain diagram.

2. Coconut fiber reinforced concrete beam

e Concrete: CFRC20, fix = 26.40 MPa.

Rectangular stress distribution [3.1.7(3)].

Density: 2447.32 kG/m’.

Aggregate size: 20.0 mm.

Coconut fibre length: 60 mm.

Coconut fibre fraction volume: 0.5%.

e Longitudinal reinforcement: BS00C, fix = 500.00 MPa.

Horizontal branch of the stress-strain diagram.
Ductility class: C.
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e Transversal reinforcement: B500C, fi«x = 500.00 MPa.
Horizontal branch of the stress-strain diagram.
Ductility class: C.

e Additional reinforcement: B500C, fyx = 500.00 MPa.
Horizontal branch of the stress-strain diagram.

Methodology for calculation

The following were the calculation options which were put into consideration when running the software
simulation for both beams.

e Regulation of combinations: EN 1990:2002.

e Calculations according to: EN 1992-1-1:2004/A1:2014.

e Seismic dispositions: no requirements.

e Precast beam: no.

e Cover: bottom ¢ = 5.0 cm; side ¢;= 5.0 cm; top ¢>= 5.0 cm.

e Cover deviations: Cgev = 1.0 cm; Cqyr = 0.0 cm.

e Coefficient b, =0.50: long-term or cyclic load.

Method of shear calculations: strut inclination.

Calculation results

After running the calculations in the Robot Structural Analysis Professional software, the following results
were obtained for the plain concrete and coconut fibre reinforced concrete beam respectively.

PC and CFRC internal forces results

Since the PC and CFRC beams had the same dimensions and were both equally loaded, the internal forces
in both the beams were the same and are displayed Table 2.

From the values in the Table 2, the maximum moment in ultimate limit state (ULS) in the beam was
224.35 kN-m in the middle of the span. Bending moments at both ends of the beam were zero. The shear forces
were maximum at the supports. They were of the same value, 131.45 and —131.45 kN respectively. The ultimate
limit state shows values of internal forces beyond which the structure will collapse and loose its integrity.

Table 3 displays the values of the internal forces in the beam in the serviceability limit state (SLS). Ser-
viceability limit state means checking the structure for service conditions such as stability analysis, check for
deflection, stress checks in normal conditions. Like in the ultimate limit state, the maximum bending moment is
in the middle of the span and the maximum shear force values are at the supports of the beam.

Table 2
Internal forces in ULS
Span Mt max, kN'‘m Mt min, kN-m MI, kN-m Mr, kN-m 0l, kN Or, KN
P1 224.35 -0.00 58.46 58.46 131.45 —131.45
Table 3
Internal forces in SLS
Span Mt max, kN-m Mt min, KN'‘m Ml, KN-m Mr, kKN-m 0l, kN Or, kKN
P1 162.20 0.00 -24.33 -24.33 95.04 -95.04

Required reinforcement area, deflection, cracking and material survey

1. Plain concrete beam. Now that we have the internal forces values in both ultimate limit state and ser-
viceability limit state for both beams, we can now go on to compute the required reinforcement area, deflection
values, cracking and finally do the material survey for both beams.

Computations will first be done for the plain concrete beam. We shall start with required reinforcement
area. Table 4 shows the values of total reinforcement area required in the top and bottom sections of the beam.

Table 4 shows the required reinforcement areas for the middle span, left support and right support of
the plain concrete beam respectively. As clearly visible in the table, the middle span bottom section of the beam
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requires a larger area of reinforcement due to the maximum bending moments putting the beam under tension.
The top part of the middle span requires almost no reinforcement because it is under compression. The left
and right supports’ bottom and top sections require a lesser area of reinforcement as shown in the table.

Table 5 is showing the deflection parameters of the plain concrete beam. From the table it can be observed
that after the simulation, the perpendicular cracks formed were 0.4 mm in width and the total quasi-permanent

combination wt(QP) was 1.7 cm.

Table 4
Required reinforcement area for PC beam
S Span, cm? Left support, cm? Right support, cm?
an
P Bottom Top Bottom Top Bottom Top
P1 9.80 0.00 2.29 1.31 2.29 1.31
Table 5
Deflection parameters of PC beam
Span wt(QP), cm wt(QP)dop, cm Dwt(QP), cm Dwt(QP)dop, cm wk, mm
P1 1.7 2.6 0.2 1.3 0.4

We shall now look at the computations of the required reinforcement for the plain concrete in all the sec-

tions in detail.
P1: span from 0.40 to 6.40 m.
Longitudinal reinforcement:
e bottom (B500C):
3d167=6.59 from 0.11 to 6.69;
2d161=4.74 from 1.03 to 5.77;
e assembling (top) (B500C):
3d14[=5.77 from 0.51 to 6.29;
e support (B500C):
3d14 [=2.03 from 0.05 to 1.78;
3d14 [=2.03 from 5.02 to 6.75.
Transversal reinforcement:
e main (B500C):
stirrups 32 d8 /= 1.43;
e=4-0.30+9-0.40 + 3-0.30 m.
Material survey:
e Concrete volume = 1.33 m’.
e Formwork = 11.03 m?.
e Steel B500C.
e Total weight = 99.87 kG.
e Density = 75.32 kG/m’.
e Average diameter = 11.9 mm.
e Survey according to diameters.

Table 6
Table of steel reinforcement for PC
Diameter, mm Length, m Weight, kg Number Total weight

8 1.43 0.56 32 18.04

14 2.03 2.45 6 14.71

14 5.77 6.98 3 20.93

16 4.79 7.49 2 14.98

16 6.59 10.40 3 31.21
PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLI 221



Chongo P., Shambina S.L., Tembo O. Structural Mechanics of Engineering Constructions and Buildings. 2022;18(3):215-227

Table 6 summarizes the steel bar reinforcement in terms of the diameter, length, weight, number of bars
and total weight for each bar diameter in the plain concrete beam span. This includes the main longitudinal re-
inforcement bars, support bars, assembling bars and stirrups. The main longitudinal bars, diameter 16 mm in
the middle of the span are the heaviest as displayed in the table.

2. Coconut fiber reinforced concrete beam. We shall now look at and analyze the results for coconut fiber
reinforced concrete beam analysis.

Table 7 shows the required reinforcement areas for the middle span, left support and right support of
the coconut fiber reinforced concrete beam respectively. As clearly visible in the table, the middle span bottom
section of the beam requires a larger area of reinforcement due to the maximum bending moments putting
the beam under tension. The top part of the middle span requires almost no reinforcement because it is under
compression. The left and right supports’ bottom and top sections require a lesser area of reinforcement as
shown in the table. Comparing these values to the values of the required reinforcement areas for the plain con-
crete, the coconut fiber reinforced concrete beam has a slightly lesser requirement for reinforcement in the mid-
dle span and at the left and right supports.

In Table 8, we can see the total quasi-permanent combination wt(QP), allowable due to quasi-permanent
combination deflection wt(QP)dop, deflection due to quasi-permanent load combination after erecting a structure
Dwit(QP), the admissible deflection increment from the quasi-permanent load combination after erecting a struc-
ture Dwt(QP)dop and the width of the perpendicular cracks formed wk. After being loaded, the maximum per-
pendicular deflection cracks in the span of the CFRC beam was 0.4 mm as well.

Table 7
Required reinforcement area for CFRC
Span Span, cm? Left support, cm? Right support, cm?
P Bottom Top Bottom Top Bottom Top
Pl 9.54 0.00 2.25 1.29 2.25 1.29
Table 8
Deflection parameters of CFRC beam
Span wt(QP), cm wt(QP)dop, cm Dwt(QP), cm Dwt(QP)dop, cm wk, mm
P1 1.6 2.6 0.2 1.3 0.4

The next step is to make computations of the required reinforcement for the plain concrete in all the sec-
tions in detail (the number of bars, placement and length of each bar diameter in the CFRC beam).

P1: span from 0.40 to 6.40 m.

Longitudinal reinforcement:

e bottom (B500C):

3d16/=6.50 from 0.15 to 6.65;

2d167/=4.61 from 1.09 to 5.71;

e assembling (top) (BS00C):

2 d14 [=5.40 from 0.70 to 6.10;

e support (B500C):

3d147=1.66 from 0.05to 1.71;

3 d14 /=1.66 from 5.09 to 6.75.

Transversal reinforcement:

e main (B500C):

stirrups 29 d8 [ = 1.60;

e=10.04+80.16 +12:0.28 +8:0.16 m.

Material survey:

e Concrete volume = 1.33 m’.

e Formwork = 11.03 m?.

e Steel B500C.

e Total weight = 88.73 kG.

e Density = 66.92 kG/m’.

e Average diameter = 11.7 mm.
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Table 9 summarizes the steel bar reinforcement in terms of the diameter, length, weight, number of bars
and total weight for each bar diameter in the CFRC beam span. This includes the main longitudinal reinforce-
ment bars, support bars, assembling bars and stirrups. The main longitudinal bars, diameter 16 mm in the middle
of the span are the heaviest as displayed in the table.

Table 9
Steel reinforcement material survey for CFRC
Diameter Length Weight Number Weight
8 1.60 0.63 29 18.27
14 1.66 2.01 6 12.07
14 5.40 6.52 2 13.05
16 4.61 7.28 2 14.57
16 6.50 10.26 3 30.77

Results and discussion

After running the structural analysis on the plain concrete and coconut fibre reinforced concrete beam, re-
sults were obtained. We are now going to analyse, compare the results obtained from the tests.

Internal forces in the beam

As earlier stated, both beams were loaded with the same amount and form of external loads. The beams
also had the same geometrical properties (cross-section width, height and length). Due to this, the results for
the support reactions, shear forces and bending moments were identical. The beams were loaded with a dead and
live uniformly distributed load. The lead to having the maximum shear forces at the supports and the maximum
bending moment in the centre of the beam. The Table 10 shows the results from the calculation in detail.

Table 10
Detailed theoretical results (ULS and SLS)
Abscissa, m ULS SLS
M max, KN-m M min, KN-m V' max, kN M max, KN-m M min, kN-m V max, kN

0.40 58.46 -33.65 131.45 18.25 -24.33 95.04
0.84 106.60 -20.13 112.17 58.39 0.00 81.10
1.48 162.04 —-0.00 84.13 103.81 0.00 60.83
2.12 199.53 -0.00 56.09 136.25 0.00 40.55
2.76 219.07 -0.00 28.04 155.71 0.00 20.28
3.40 224.35 0.00 0.00 162.20 0.00 0.00

4.04 219.07 —-0.00 -28.04 155.71 0.00 -20.28
4.68 199.53 —-0.00 -56.09 136.25 0.00 —40.55
5.32 162.04 -0.00 -84.13 103.81 0.00 -60.83
5.96 106.60 -20.13 -112.17 58.39 0.00 -81.10
6.40 58.46 -33.65 —131.45 18.25 —24.33 -95.04

From the values of the bending moments in both ULS and SLS we can notice the need for horizontal beam
steel bar reinforcements to absorb the flexural forces as a result of these bending moments in the beam. The sup-
ports of the beam are also in need of transverse reinforcements to prevent crack formation due to shear forces.
We shall analyse the quantity of steel bar reinforcements for each beam in the sub-heading of reinforcements
later in this chapter.

Deflection and cracking

When both beams were subjected to the uniformly distributed loads, they both underwent deflection
and cracking. Through the help of the software, we were able to calculate deflections and cracking in both cases.
We shall now look at and analyse them. Table 11 summarizes the findings.
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Table 11
Table of deflection and cracking for PC and CFRC beams
Beam Span wt(QP), cm wt(QP)dop, cm Dwt(QP), cm Dwt(QP)dop, cm wk, mm
PC P1 1.7 2.6 0.2 1.3 0.4
CFRC P1 1.6 2.6 0.2 1.3 0.4

wt(QP) — total due to quasi-permanent combination; wt(QP)dop — allowable due to quasi-permanent
combination; Dw#(QP) — deflection increment from the quasi-permanent load combination after erecting a struc-
ture; Dwt(QP)dop — admissible deflection increment from the quasi-permanent load combination after erecting
a structure.

As clearly indicated in Table 11 the plain concrete beam has a higher value of deflection from the loading
as compared to the coconut fibre reinforced concrete beam under the same loading.

Reinforcement

As earlier stated, there is need for steel bar reinforcement in both beams as a result of the shear and ben-
ding moment forces which occurred in the beam due to the loading. We shall analyse the amount of steel re-
inforcement needed in each case and find where more steel reinforcement was needed. The reinforcement is in
the span P1 from 0.4 to 6.4 m.

For the PC beam. Figure 2 graphically shows the placement of the different steel bars in the plain concrete
beam. It clearly shows the positions of the main horizontal bars, assembling bars, support bars and stirrups. Let’s
break down the placement of the bars below for a better understanding.
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Figure 2. PC steel reinforcement diagram

Longitudinal reinforcement:

e bottom (B500C):

3d167=6.59 from 0.11 to 6.69;

2d16 /=4.74 from 1.03 to 5.77;

e assembling (top) (B500C):

3d147=5.77 from 0.51 to 6.29;

e support (B500C):

3 d14 /=2.03 from 0.05 to 1.78;

3 d14 /=2.03 from 5.02 to 6.75.

Transversal reinforcement:

e main (B500C):

stirrups 32 d8 /= 1.43;

e=4:0.30+9-0.40 + 3-0.30 m.

For the CFRC beam. Figure 3 on the other hand also graphically shows the placement of the different
steel bars in the plain concrete beam. It clearly shows the positions of the main horizontal bars, assembling bars,
support bars and stirrups. Below is the breakdown of the placement of steel bars in the beam.
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Longitudinal reinforcement:

e bottom (B500C):
3d167=6.50 from 0.15 to 6.65;
2d167/=4.61 from 1.09 to 5.71;
e assembling (top) (B500C):

2 d14 [=5.40 from 0.70 to 6.10;
e support (B500C):
3d147=1.66 from 0.05to 1.71;
3d14 [=1.66 from 5.09 to 6.75.
Transversal reinforcement:

e main (B500C):

stirrups 29 d8 / = 1.40;
e=1:0.04+8:0.16+12:0.28 + 8-0.16 m.
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Figure 3. Steel bar reinforcement diagram for CFRC beam

After the analysis, the software generated the type and amount of steel needed for each beam type. Table 12
summarizes the results from the analysis. From the table, it can be seen that plain concrete beam required more
bars of steel reinforcements in number and in length despite both beams requiring steels bars of the same diameters.

Table 12
Steel bar reinforcements in PC and CFRC beams
Longitudinal reinforcement Transverse reinforcement
Type of concrete beam - —
Bottom (BS00C) | Assembling (top) (BS00C) Support (BS00C) Main stirrups (B500C)

Number 3 2 3 3 3 32

PC beam Diameter 16 16 14 14 14 8
Length 6.59 4.74 5.77 2.03 2.03 1.43

Number 3 2 2 3 3 29

CFRC beam | Diameter 16 16 14 14 14 8
Length 6.50 4.61 5.40 1.66 1.66 1.40

Material analysis

We shall now summarize the overall material requirements for the beams. This will summarize the con-
crete, formwork and steel material survey for erecting a 6000x300%650 beam from PC and CFRC.
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Table 13
Total material survey for PC and CFRC
Steel BS00C
Type of Concrete volume, m? Formwork, m? - - -
concrete Total weight, kg Density, kg/m? Average diameter, mm
PC 1.33 11.03 99.87 75.32 11.90
CFRC 1.33 11.03 88.73 66.92 11.70

Table 13 draws a clear conclusive distinction in the material survey between the plain concrete and coco-
nut fibre reinforced concrete beam. Since the two beams were of the same dimensions, there was hardly any dif-
ference in the concrete volume and formwork area needed to erect them. However, there was a reasonable dif-
ference in the total weight, density and average diameter of the steel bar reinforcement. The PC beam had larger
values for total weight, density and average steel reinforcement bar diameter.

Conclusion

The experimental structural analysis in the Autodesk Robot Structural Analysis Professional 2022 soft-
ware was carried out to determine the differences in material demands for a plain concrete beam and a coconut
fibre reinforced concrete beam. Both beams were of the same geometrical characteristics and were loaded with
the same uniformly distributed load (form and quantity).

The mechanical properties of the coconut fibre reinforced concrete were gotten from experimental re-
searches from reviewed and published scientific articles from our literature review. The CFRC beam had a frac-
tion volume of 0.5% of coconut fibre of length 6¢cm. After running the analysis in the software, the internal for-
ces in the beams came out of the same value.

During the analysis of results, it was found that the PC beam had a greater deflection and cracking as
compared to the CFRC beam. The PC beam also showed results of having a greater required reinforcement area
as compared to the CFRC. This meant that the PC beam was in need of more steel reinforcement.

The results of the analysis also included the material survey for both beams. From the survey it was dis-
covered that the both the PC and CFRC were of the same concrete volume and formwork area. However,
there was a significant difference in the steel reinforcement total weight, density and average diameter of
the bars. The PC beam requires a total weight of 99.87 kg of steel bar reinforcement while the CFRC beam
of the same geometric dimensions requires 88.73 kg of steel bar reinforcement.

Based on this software analysis, it was found the following:

1) the CFRC beam experiences 6% less deflection and crack formation when loaded with a flexural force;

2) the PC beam requires a greater area of reinforcement as compared to the CFRC;

3) the material survey showed that CFRC requires 11% less of steel bars in weight as compared to the PC.

This makes the CFRC a light construction material and more economical in terms of steel reinforcement.
From the results obtained from the research, the beam made from coconut fibre reinforced concrete showed
better performance under the given loads. It also showed less deflection, crack formation and less steel bar rein-
forcement. This makes it a better and more sustainable material as compared to the plain concrete. However,
more research is needed on the incorporation of natural fibres in concrete as there are no existing standards and
code for their use as reinforcement in concrete.
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Volumetric element with vector approximation of the desired values
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of rotation at the loading step, the developed algorithm for forming the stiffness
matrix of a hexagonal finite element with nodal values in the form of displace-
ment increments and their derivatives was used. To obtain the desired approxi-
mating expressions, the traditional interpolation theory is used, which, when
calculated in a curved coordinate system, is applied to the displacement vector of
the internal point of a finite element for its approximation of class CV through
nodal displacement vectors and their derivatives. For the coordinate transfor-

mation, expressions of the bases of nodal points are obtained in terms of the ba-
sis vectors of the inner point of the finite element. After the coordinate transfor-
mations, approximating expressions of class CV are found for the components
of the displacement vector of the internal point of the finite element, leading in
a curved coordinate system to implicitly account for the displacement of the fi-
nite element as a rigid whole. Using calculation examples, the results of the de-
veloped method of approximation of the required values of the FEM with signi-
ficant displacements of the structure as an absolute solid are obtained.
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BBenenue

Teopus MeXaHUKH CIUIONTHOW CpEeIbl M, B YACTHOCTH, 000JI0YEK pa3zpaboTaHa MOCTaTOYHO moiHO [1-3].
VYpaBHeHus U ONpeaeNeHNs] HalpsHKEHHO-1e(OpPMUPOBAHHOTO COCTOSIHUSI KOHCTPYKTUBHBIX 3JIEMEHTOB arpo-
MPOMBIIUIEHHOTO KOMIUIEKCa, XUMHYECKOTO U aBHAIIMOHHOTO MAIIMHOCTPOEHHS M APYIHX OTpacieid Moyrydu-
JIMCh IO CJIOXHOCTU TaKMMH, YTO UX HCIIOJIb30BaHME B IIPAKTUKE MHXKCHEPHBIX PAcueTOB OKAa3aloCh BEChbMa
OTpaHUYEHHBIM. VI3-3a CII0O)KHOCTH IOJTyYEHUS aHATUTHUECKUX PEIIeHUH 3HaYNTEIbHOE KOJIMYECTBO HCCIIE0Ba-
HUHM TOCBAIIEHO Pa3pabOTKe YMCIEHHBIX M MPUOIMKEHHBIX METONOB pacdera IedopMmupyembix Ten [4-8].
Cpemu METOZOB YHCIICHHOTO OIpeaeiieHrs HamnpsokeHHO-nedopmupoBannoro cocrosaus (HJIC) mmkeHepHBIX
CTPYKTYp pa3iMYHOTO Ha3HAUYEHWS METOJ KOHEYHBIX 37eMeHToB (MKD) sBnsercs ogHuM u3 Haubomee ddek-
TUBHBIX, YTO OTPakeHO B PabOTax Kak OTedeCTBEHHBbIX [9—14], Tak m 3apyGexHbIX Hccnenopareneii' [15-22].
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Onpenenenue HJIC TOHKOCTEHHBIX KOHCTPYKIMH B YKa3aHHBIX pab0Tax BBIIOIHAJIOCH IIPU UCIIOJIB30BAaHUU I'H-
MOTE3bI MPSMOW HOpMalH Ha ocHOBe MKD B popMynupoBke MeToza nepemetieHuid. [IpiuemM B KpUBOJIHMHEHHBIX
cucTeMax KOOpAMHAT TPAJULUOHHBIE (GYHKINH (HOPMBI HCIIOIB30BATINCH HEITOCPEACTBEHHO AJIS AllIPOKCHUMALIH
KOMIIOHEHT BEKTOpa MEPEMENICHUI Yepe3 Y3JIOBbIC BEIHYUHBI, B PE3yJIbTaTe Kak[as KOMIIOHEHTa BEKTOpa Iie-
peMeleHN BHYTpeHHEH TOYKH KOHEYHOI'O 3JeMEHTa BhIpa)kajlaCh TOJBKO Yepe3 Y3JIOBBIE 3HA4YeHHS 3TOH ke
KOMIOHEHTHI” [15; 17-22] u He 3aBHceNa OT APYrUX KOMIIOHEHT. JTH TOI0KEHHS HCIOIb30BATICh B MATPHIIAX
JKECTKOCTEH KOHEYHBIX 3JIEMEHTOB M IPU UCCIECIOBAHUH MPOLECCOB AeHOPMHUPOBAHMS B TCOMETPHUECKH HEIH-
HelHo# mocranoBke [19; 20; 22; 23].

Ha ocnose MKD co3naHbl U IIMPOKO MPUMEHSAIOTCS YHUBEPCAIbHBIE KOMMEPUYECKHE IPOrpaMMHBIE TPO-
nyktel Tuna ANSYS, NFSTRAN, LS-DYNA, ADINA, ASTRA-MOBA u np. Crnenyer 0OTMETUTb, YTO IIpUMeE-
HEHHE alMPOKCUMUPYIONMX (QyHKIHN (HOPMBI HEIIOCPEACTBEHHO K KOMIIOHEHTaM BEKTOPA MEPEMEILEHHs BHYT-
pPEHHEN TOYKM KOHEYHOTO 3JEMEHTa KOPPEKTHO TOJBKO MPH BBHIMOJIHEHUH PacueToB B JIEKapTOBOIl cCUCTeMe KO-
opauHat. [Ipu BeImonHeHHMU pacueToB Ha ocHOBe MKDO B KpuBONIMHEHHOH cucTeMe KOOpAMHAT Takod mpueM
aNNpOKCUMAlUU NPUBOAUT K OOIIEU3BECTHON MpoOIeMe ydeTa CMEIIEHUs] KOHEUHOIO 3JIEMEHTa KaK TBEPJIOTO
tena [16; 23].

B nacrosmeii padore st onpenencuust HJAC HenuneliHo nedgopmupyeMoit 000JI04KH BpaiieHus 0e3 uc-
MOJIb30BaHUS TUIIOTE3bI IPSIMOM HOpMaJlK pa3padoTaH Ha IIare Harpy>KeHHs [IECTUIPAHHbBIA KOHEYHBIH 371eMEHT
B (OpPMYJINPOBKE METOA HNEPEMELICHNH ¢ Y3JIOBBIMH HEU3BECTHBIMM B BHJIE NPHUPAILLCHUN NEpPEeMEIeHUH U uX
TIPOU3BOHBIX.

Jns annpoKcHMAaIyy NpUpaIleHUH IepeMeIIeHr depe3 y3/I0Bble 3HaUeHUs pa3padoTaHa BEKTOpHAs all-
npokcumarus kiacca C', ucronb3oBaHne KOTOPOit MocIe KOOPAMHATHOTO MPeoOpa3oBaHus a0 BO3MOKHOCT
MOJyYUTh alMPOKCUMHUpYIOMKE (YHKIMH, TPUBOIAIINE K PEUICHUIO MPOOJIEeMBl y4eTa CMEIIEHUs] KOHEYHOTO
3JIEMEHTa KaK a0CONIOTHO TBEPAOTO Tena

MeTtoanl
BexmopHnoie napamempol 000104KU epawieHus

Ilonoxenue HpOH3BOJ’ILHOI>i TOYKH MO Cpe,[[PIHHOfI MOBEPXHOCTHU 000JI04YKH BpalicHus B Z[eKapTOBOﬁ CH-

creme koopauHar Ox, y, z c opramu i, j,k onpenensercs paanyc-BeKTOPOM

R’ = xi +rsin6j +rcos0k, (1)

rjie 7 — pajuyc BpameHus Touku M,
BekTophl 6a3uca NPOM3BOIBHON TOUKH M° OTpeieNaoTcs BHIPaKeHHAMU

=0 _ B0 = -7 . =0 _ B0 _ i - N7
a =R, =i +r, sinbj+r, cosOk; a, =R",,=rcos0j —rsinOk;

~0 -0

a 1
a, == >
‘alaz‘ \/1+r,X

(—fr,x +sin® +k cos 9).

Paiiyc-BeKTop Mpon3BombHOi Touku M *° 06omoukn nmeer Bij
B0C _ B0 | #=0
R>=R"+ Ca3 . 2)

o 0
Bekrops! 6asuca mpon3BoIbHON Touku M ConpeuensﬁoTc;I muddepeHnupoBanueM (2) M MPEACTABIIIOT-
Csl MATPUYHBIMU BBIPAKCHUSIMH

{i}=[s]"{"}, )

2 bame K.JO. MeTo]] KOHEUHBIX 3J€MEHTOB: y4eOHuK. M.: ®usmaraut, 2010. 1022 c.
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0
JluddepenmmpoBannem (2) ¢ HCIOMB30BAHHEM (3) MOKHO MPOH3BOHBIE Ga3UCHBIX BEKTOPOB Toukn M °
IPEeACTaBUTh KOMIIOHEHTaMU B 0a3uce 3TOM XKe TOUYKH:

{8 ) =[5 1" {&"} = [m]{e"};
{g"}
{go’c}:[S’c][s]il{gqo}:[l]{gqo}’ (4)

Il
—
[}
—
—
[

|
——
0qy
=1
——
Il
—
N
| S
——
Q)
=]
——

T

e {20, ) ={80, 80, 80 1 (8% =8 g, gl s 18 ={8t g Eh .

Ilepemewenun u oeghopmayuu

B ycnoBusix maroBoro HarpyXeHHsI pacCMaTPHUBAIOTCS TPH TTOJIOKEHUS TTPOU3BOIFHON TOYKH OOOIOYKH:

HCXOHOE COCTOSIHUE, Ae(hOPMHUPOBAHHOE COCTOSIHUE (BEKTOp mepemenieHuss V) u cocennee ¢ 1eopMHUPOBaH-
HBIM COCTOSIHUEM (BEKTOp MEpEeMEIeHUs W ).

= 0
KoMImoHeHTEI BCKTOPOB NEPEMCIICHUN Vuw OIMPEACIAOTCA B Gasuce Touku M ¢ .
74 i =0, — i =0
V=vg:, w=w g Q)

[Mocne nuddepenumnpoBanus (5) ¢ yaerom (4) MOTyIarOTCS COOTHOLICHHS

> i=0. 75 _ pi=0.75 _ gi=0. > _ i=0, = _ =0, = _ =0
V=g V=8 V. =& W, =wg; Wy=0,8; W, =g, (6)

0 — ABISIOTCS DYHKUMSIMU KOMIIOHEHT BEKTOPOB MIEPEMEIIECHUN }, W COOTBETCTBEHHO U OMpeeNs-

roe |,

m?

IOTCA BBIPAXXCHHUAMM TaKOT'O BUAA:
1 _ 1 1 2 3. 3 3 1 2 3.
1 —(v,x +m, v +my v +my v ), /s —(v,C +v + Ly + Ly ),

o = (W,L +m W+ my, W+ m31w3); o = (W,Z + W'+ Lw? +l33w3). (7)

Omnpenenss nonoxxkeHue Touku M ¢ paanyc-BeKTOPOM
R =R“+V, (8)

ero augGepeHIIPOBaHUEM MOKHO HAWTH BEKTOPHI JIOKAIBHOTO Oa3uca Touku M <
g =(R)..=g (1+ )+ @/ + &4
g, =(R%)y=8f + & (1+ £7)+ 81
g =(R) =g +@ 7 +a (14 F). 9)

KomnoneHThI TeH30pa JedopManuii mocje j MaroB Harpy>KeHHs ONPENeISIFOTCS Pa3HOCTHIO KOMIIOHEHT
0
METPHYECKHX TeH30poB B Toukax M u M© [3]:

1o oy oos  —os .
8:.:—(gy_—g;):—(g9V .+g°V,l.+V,.V,J.). (10)
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[Ipu yuete (6) u (9) nedopmanwu 3aUIITYTCS BEIPAKCHUSIMHE
1
en=flgh+hign+ e+ (A fen+ R en + g+ 20 Kk + 2 gl + 2171 g7

26y = fi8n t fign t 8t o8t e g T g g+
+f21 33g103 + f22f31g102 + f22f32g22 + f22f33g§3 + f23f31g103 + ffffg; + f23 33g;)3~ (11)

KommoneHTsl TeH30pa npupatienuit gegopmanuii Ha (j+1)-M 1Iare Harpy»eHus ONpEACISIIOTCs pa3Ho-
*
CTBIO KOBAPHAHTHBIX KOMIIOHEHT METPHYECKHX TeH30poB Touek M° u M*©:

ASmn :%(gjnn _gmn):%(gmw’ +g w +W’m 1/_{)’n) = Agzn +A8:[m > (12)

roe Ag” ; A€" — KOMIIOHEHTHI JMHEHHOTO TEH30pa MpHUpanleHui aehopMaIuii 1 HETMHEHHOTO TEH30pa MPH-

pamieHuit nedopmaruii.
[Ipu yuete (6) u (7) nuHENHBIE YaCTH TEH30pa MPHUPAIIEHUH TedopMaIiiil MOKHO MPEICTaBUTh BRIpaXke-
HUSIMU

oo 1 2 3 1
A" =w', e +w', e, + W, e+ W (emy +cymy, +eymyy )+
+w’ + + +w + + ;
w (c1m21 C,My, c3m23) w (clm3l C, My, c3m33),

1 2 3 1 2 3
2AET =W, Ci WL G W L G W O T W Gt W g G+

1
+w (04111 +cil, + el +en, ey, +cgn13)+
+w2(cl +cd,, +cl,,+cn,, +Cn,, +Con )+
4°21 5%22 6°23 77721 87722 97%23

3
+W (el + €5l + Colyy + €My + Gyl + oty ), (13)

_ 03 2 0 0 3
¢ =8uhi +/5 & +g33(1+f3 )
KoMImoHeHTBl IMHEWHOTO TEeH30pa MpHpalleHuid aedopMannuii MOKHO OINPENeNTUTh MAaTPUYHON 3aBHCHU-
MOCTBIO

{Ae"} =[L]{ w}, (14)

6x1 6x3  3x1

rae {AS}T = {Aafl Ae’ Ae’ 2Ae” 2Ae” 2A8;}; {W}T = {w1 ww’ }; [L] — Marpulia OIepaTopoB COOT-
1x6 N - - 1x3
Hotrenwmii (13).
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3asucumocmu HanpaxceHuii om oegopmayuu

Ilonmbie HaIlpsKCHUA U UX IMIPUPAIICHUSA B aKTyaJIbHOM 0asuce TOYKHU ]\4C OIpeaACIAOTCA COOTHOIICHUAMU
[3;12]

o' =\1(e)g" +2ng"g"e,,; Ac’ =M1 (Ae)g” +2ug"g"Ae" , (15)

mn

rae ¢”; AG” — KOHTpaBapHaHTHbIC KOMIIOHCHTbI TEH30POB HANPSUKCHWH W UX NpHpauleHui; £ , Ag' — Ko-
BapHaHTHbIE KOMIIOHCHTHI TEH30POB Je(GOpMalMii U WX JIMHEWHBIX MpUpamieHuid; A, I — mapamerpsl Jlame;
1, ( ) & 8", I (Ae)= Ag” g™ — mepBble HHBapHAHTBI TEH30POB Aeopmalmil M NX IMHEHHBIX MpHpa-

HICHUH.
CootHomenus (15) npeacTaBiasoTCs B MATPHYHOM BHIIE!

{o} =[C]{e}; {Ao}:[C]{As”}, (16)
rie {o} = {G 6670’ 6'3623} (e} ={e,808,,26,26,26,, ) {AG}Tz{AG”A022A033A012A0'3A023}.

Mampuua HCECMKOCMU KOHEYHO020 J/iemMeHnma 6 ¢0pM€ mwecmupannuKa

V310BEIC KOOpAWHATBI HICCTUT'PAHHOI'O KOHEYHOI'O 3JICMCHTA MPUHUMAKOTCA B BUAC MATPUL-CTPOK:

DY =i el |, (17)
1x8

rae A — x,0,{ — KOOpJMHATHI y3]I0B KOHEYHOIO 3JIEMEHTA B INI00AIBbHON CHCTEME KOOPAUHAT; i, j, ... A — y3II0-

BbI€ TOUKH IIECTUTPAHHUKA.
JInisi BBIITOJTHEHUSI YHCIIEHHOTO WHTETPUPOBAHUS MO 00OBEMY HICCTHIPAHHOTO KOHEYHOTO 3JIeMEHTa OH
oToOpaxaercst Ha Ky0, C JOKaJbHBIMU KOOPJMHATAMH, H3MEHsIOIIMECS B mpenenax —1 < a,b,c <1 [12]. Ko-

OpJIMHATHl BHYTPEHHEH TOYKHM IIECTUTPAHHOIO JUCKPETHOTO 3JEMEHTA OINPENEISIOTCS Yepe3 Y3JIOBbIE 3HAue-
HUSI HA OCHOBE TPUJIMHEHHBIX (DYHKIUH B CICTEME KOOpPIUHAT KyOa:

r={o(a.b.c)l {0}, (18)

1x8 8x1

ITpsMble (x,a , X, 5X,.,0,,,0,,,0,.,C,.,C,, ,Z;,c) U 00paTHbIE (a,x NN N NN NN R N e ,c,g)

MIPOU3BOIHBIE KOOPAUHAT ompeaelsatorcs nuddepennupoanueM (18).
Cranapuas annpoxcumayus nepemeujerui. [IpuHATHIE y3JI0BbIE HEM3BECTHBIE NIECTUTPAHHUKA B JIOKAJb-
HOU ¥ IT00AIbHON CHCTEMaX KOOPAWHAT 3alMChIBAIOTCS MATPUIIAMU-CTPOKAMHU:

T . T . . . .
11 ti th : T _ ti th @ ti ti ti th | . _
{wy} :{w W } {wy} —{w W .w,x...w’o...w,c...w,c}, t=1,2,3. (19)
1x32 1x32

Martpwurtisi-ctonoust (19) csizanbl Mex Iy OO0 MaTPUYHON 3aBUCHMOCTBIO

(o) = [1] (), 0)

32x1 32x32 32x1

rJe MaTpHIa [T ] COJIEPIKUT MPOM3BOHBIE II00ANBHBIX KoopauHar X, 07, (¥ y3/0BBIX TOYEK B JIOKAIBLHOI
cucreMe a, b, ¢ (0):1', j, k, I, m, n, p, h)

OO6br4HO B MKD KOMIOHEHTHI BEKTOpa W aIpOKCHUMHUPYIOTCS BBIPAKEHHAMH

AHANUTVYECKME W YNCTEHHBIE METO[IbI PACYETA KOHCTPYKLIA 233



Gureeva N.A. et al. Structural Mechanics of Engineering Constructions and Buildings. 2022;18(3):228-241

w = {w}T {wf}z {w}T [T] {Wf} = {y}T {wf}, t=1,2,3, (21)
1x32 32x1 1x32 32x32 3941 1x32 32x1

T v
rae {\V} — alrpoOKCUMHpPYIOollasd MaTpula ¢ 3JICMECHTaAaMU B BUJIC ITOJIMHOMOB 9pMI/ITa TPETHCU CTCIICHU,

CO:Z.’j’ k’ l’ m’ n’p, h;
w=1,2, ..., 8. (22)

[ocne muddepenumpoBanus (21) HaXOAATCS MPOU3BOAHBIE KOMIIOHEHT BEKTOpA MEpeMeIleH sl 1Mo TII0-
GanbHBIM KOOpAUHATaM X, 0,

W ={w, } [T} =, ) ) ] =
1x32  32x32 3241 1x32 32x1

B anmpoxcumupyronux BeipaxkeHHUsX (21) u (23) oTCYyTCTBYIOT HmapaMeTphl UCIIONB3YEMON I pacuera
KPUBOJIMHEHHOW CHCTEMBbI KOOPAMHAT, MMO3TOMY KakKAas ONpENeNseTCsl Yepe3 y3JIO0Bble 3HAUEHHUS TOJNBKO ATOH
K€ KOMIIOHEHTHI.

YkazaHHBIC HEIOCTATKH aIMIPOKCUMHUPYIOMUX BeIpaxkeHui (21) u (23) mpuBomar B MKD k oTcyTCTBHIO
BO3MOXKHOCTH Y4eTa dJIeMeHTa KaK TBEpAOTO Tela.

C yuerom (21) u (23) coornomenus (14) as npupamennii gepopMannii mpeacTaBIsIFOTCS B MATPUIHOM
BUZE

(A"} =[L]{w}=[L] [4]{w]}=[B,]{w]}, (24)

6x1 6x3  3x6 6x3  3x96  96x1 6x96  96x1

T T T T
r 2 3
rae {Wy } = {W } {Wy } {Wy} — CTPOKaA Y3JIOBbIX HCU3BCCTHBIX 00BEMHOT0 KOHEYHOT'O OJICMCHTA,

1x96 1x32 1x32 1x32
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Bexmopuas annpoxcumayusa nepemewjenuti. 1lpn BBHITIOJHEHNH pacuyeTOB B KPUBOJIWHEWHBIX CHCTEMax
KOOPJIMHAT JJIsl TIOMyYEHHUs allIPOKCUMHUPYIONTUX BRIPAKCHUN UCKOMBIX BEJIHMYHMH BBOJST B PACCMOTPEHHUE BEK-
TOpPHBIE Y3JIOBBIE HEM3BECTHBIE KOHEYHOTO 3JIEMEHTa B JIOKAJTbHOW M TII00aIhbHON CHCTeMax KOOPIWHAT BBIpa-
KEHUSAMHA

o \T (=i =hi=i =i =i =h . [T\ (=i omhio i =i =i = 25
Wy S AW W W, LWl W LW AW S W LW W, LWL W LW (25)
1x32 1x32
Mexay MaTpuIiaMu-cToI0maMu (25) BBIIOTHAETCS COOTHOIIICHUE
=1 _ -
{ar} = [r]{l ). 26)

32x1 32x32 32x1

TpamuirionHas Teopus anpPOKCUMAIIHIA TTO3BOJISET OMPEICIIUTh BEKTOP IEPEMEICHUS] BHYTPSHHEH TOYKU
KOHEYHOTO 3JIEMEHTA Yepe3 y3JI0BBIC BEKTOPHI (25) BeIpaKeHUEM

W= ()" (= ) (7] (0} =y () e

1x32  32x] 1x32 32x32 32x] 1x32 32x]

Huddepenimponanrem (27) Mo KpUBOJIHHEHHBIM KOOpAUHATaM X,0,( OmpenensiroTcst MpOU3BOIHBIE BEK-
TOPOB NEpEMELICHUI:

W ={Ton} {1} m=x,0,0 (28)

1x32 32x1

=T
Ha ocnoBanuu (5), (6) cTonOen y3710BbIX HEM3BECTHBIX {wy} MOJKHO MPEJCTaBUTh MaTPHYHBIM BBIpaKe-

HUEM
~-T\ _[ ~ A r
(=[G ]{o,} =[G][N]{wi}. 29)
32x1 32x96 96xl1 32x96 96x96  96x1
_ i 2i  3i Vh_ 2h_ 3h: 1i 2i_ 3i i 2i  3i i 2i  3i 1h 2h 3h| .
rae {ay} —{w WIWT LW IWTIWT 0 0O L0 O 0L .0 0L Oy .0l O 0L }, (30)

I:é] — BEKTOPBI GA3MCHBIX {gf‘” gy g;"”} y3nosbix Touek (0 =1, 2, ..., 8).
32x96

[Tpu xoopauHaTHOM MpeoOpa3oBaHuK BhIpaxkeHUs (29) Oa3uCHBIE BEKTOPHI y3JIOBBIX TOUYEK KOHEYHOTO

9JICMCHTA B MATpUIIC |:G:| JOJKHBI OBITh BBIPA’KCHbBI YCPE3 0asucHbIC BCKTOPLL BHyTpeHHeﬁ TOYKH KOHCYHOI'O

9JICMCHTA COOTHOIICHUEM

)=l [} =l T e} == {e"}: o=tk tomompoh G

—

Hcrnonp3ys (31) miis 3aMeHBI 2JIEMEHTOB MaTPHITHI |:G] B (29) u moactarmsisa (29) B (27) u (28), MOXKHO

c(hopMHUPOBATh MAaTPUUHBIE BBIPAKECHUS
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T

w={g"} | v.[7] ...yg[zh]Tfyg[zi]T...fy”[zi]T...fyzs[zi]T...fyn[z;]T [N]{wh}=[2"] [H]{w}:

3x3 96x96  96x1 1x3 3x96  96x1

W, =[] [H.,]{w'}. (32)

1x3 3396 96x1

[IpupaBauBas mpassie yactH (5), (6) u (32), MOXHO IMOTYIUTH alIPOKCHMHPYIOITIE BRIPAKCHIS

n
1x96 96x1 1x96 96x1

Wl e =) ) =12 nm123) 6

T T
i€ MaTpPHUIIBI {h’} u {b}’q} SBIISFOTCSL CTPOKAMH MaTPHIL [H ] u [H ,m] COOTBETCTBEHHO.

T
Komnonentamu Matpuiibt [z‘”] B anmnpokcuMmanuax (33) y4uuThIBaroTCs MapaMmeTpsl HCIONb3yeMOH B

pacyere KpUBOJIMHEWHOW crcTeMbl KoopauHaT. OTIeNbHasi KOMIIOHEHTa BEKTOpa TIEPEMEIICHHS 3aBUCUT OT BCEX
KOMITOHEHT BEKTOPOB IEPEMEIICHUH Y3JIOBBIX TOUCK WX IPOM3BOAHBIX, YTO OOJiee aJeKBaTHO COOTBETCTBYET
r€OMETPHYECKOMY CMBICITY B KPHBOJIMHEHHON cucTeMe KOOpANHAT.

C yuetom (33) KOMIIOHEHTBI JIMHEHHOTO TEH30pa NMpUpPalICHUH 1edopMalnil 3aMUIIyTCs MATPUYHBIM BbI-
paskeHHEM

{ae"} =[L]{w}=[L][H]{w} =[B,]{w]}. (34)

6x1 6x3  3x1 6x3  3x96  96x] 6x96 9(,;(1

Mampuya scecmkocmu KOHeYHO20 dieMeHma Ha wiaze Hazpyxcenus. Vicnonp3yercs (QyHKIIMOHAI, OCHO-
BaHHBI Ha paBEHCTBE pabOT BHEUTHUX U BHYTPEHHUX CHJI HA IIare Harpy>KeHusl.

1= !{ AG}T {A&:l} 6V+£{ 0} {Aa”}@V—!‘{w}T {Aq}T ds—I{w}T {q} ds +‘,[{ G}T {Ae“}@V, (35)

s

rae g u Aq — cymMMapHas ¥ [1aroBasi Harpy3ka Ha IIOBEPXHOCTH § 3JIEMEHTa; V' — 00beM 3j1eMeHTa.
[Tocie moacTaHOBKM aNNPOKCHMHUPYIOIINX BBIPAKEHUH 1 MUHUMHU3AIUK (DYHKIIMOHATA MO y3JIOBBIM He-

T
HU3BCCTHBIM {W}l:} IIOJIy4ac€TCs BBIPAXKCHUC

[K]+[1<H] {wﬁ} ={F,}+{R}, (36)

96x96  96x96 96x1 96x1 96x1

rae [K] — maTpuna KecTKOCTH 3ieMeHTa; [K"] — Marpuia 3a c4eT HeMMHEHHON 4acTH NmpupauieHuil nedopma-
LUH; {F } — BEKTOp Y3JIOBBIX Harpy30K Ha LIare HarpyXeHHus; {R} — HEBSI3Ka Ha IlIare Harpy>KeHusl.

Pe3yabTathl 1 00cy:K1€eHUE

CootHomeHusMHU (36) MIPEACTABIAIOTCS ABAa BapHaHTa MATPHIIBI KECTKOCTH IIECTUTPAHHOTO KOHEYHOTO
JJIEMEHTA B KPUBOJIMHEMHON cHcTeMe KoopAauHaT. IlepBblii BapuaHT OCHOBAH Ha alIpPOKCHMALMM IIEpeMelle-
HUU, KOPPEKTHOU TOJIBKO B JEKAPTOBOM CHCTEME KOOPAMHAT, KOT/Ia KaXKAas HICKOMAasi BEIMUMHA allpOKCUMUPY-
€TCs uepe3 y3JI0BbIe 3HAUEHUS ITOU e BETUIHHBI.

BTopoii BapuaHT OCHOBaH Ha MaT€MAaTUYECKON MOJIENN allIPOKCUMAIIMU BEKTOPHBIX BEIUYUH, B KOTOPOM
nocje KOOPAMHATHOTO MPeoOpa3oBaHMsl MOJYyUYAIOTCS anMpOKCHMUPYIOUINE BBIPAKECHUS UCKOMBIX BEIHYHH,
BKITIOYAIOMINE TTApaMeTPhl HCITOE3YeMON KPUBOJIMHEWHON CUCTEMBI KOOPIUHAT.
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Ipumep pacuema 1. OnpeneneHo HanpsHKEHHO-IeHOPMHPOBAHHOE COCTOSHUE MIJTUHAPUIECKONH 0007104~
KH JJMaMETPOM d W JJTMHOM L, HaXOsIIEHCs o ISHCTBUEM COCpeIoTOYeHHO# critbl P (puc. 1).

I'eomeTpuueckne mapaMeTpbl 000109KH MPUHATH cnexytommmu: L = 0,8 m; d = 0,504 m; ¢ = 0,0254 wm;
E = 6,9-10" MIla; v=0,28; P = 6,9 H.

Puc. 1. lHunuaapuueckast 000704Ka Ha MPY>KUHHBIX OIOPax
Figure 1. Cylindrical shell on spring supports

B xauecTBe OIIOPHBIX YCTPOMCTB B pacyeTe NPUHATHI IIPYKUHBI [IEPEMEHHOM KECTKOCTH. B niepBoM Bapu-
aHTe pacyeTa CYUTAIOCh, YTO MPYKUHBI a0COMIOTHO JKecTKre. Bo BTopoM BapuaHTe Mpearnoaraiochk, 4To npy-
JKUHBI TIO3BOJISIIOT CMEIEHNE BCEH KOHCTPYKIIMY Ha BETMYHHY A.

PacueTsl BBIMOIHSUIMCH C UCTIOIB30BAHUEM Pa3padOTaHHOTO IIECTUTPAHHOTO KOHEYHOTO DJIEMEHTa Ha OcC-
HOBE JIByX BApUAHTOB aIIIPOKCUMAIUU UCKOMBIX BEJIMUUH. B IIepBOM BapuaHTE UCIOJIb30BAIACH TPAAULIMOHHAS
anmnpoKcUManus KOMIIOHEHT BeKTopa nepemerterns (21) u ux npon3BoaHsIx (23).

Bo BropoM BapuaHTe pacuera NpUMEHSIACH pa3paOOTaHHAs aBTOPaMHU anlpOKCHMALUs EPEeMEICHUN U
WX TPOU3BOIHEIX (33).

Pe3ynpTaTel BapuaTHBHBIX PacdyeToB MpHU AOCOMIOTHOH >KECTKOCTH HPY>KUHHBIX ONOP NPEICTABICHbI B
TabJIMLE B 3aBUCUMOCTH OT I'yCTOTBI CETKH JUCKPETH3aLUU YeTBEPTOHN 4acTH 000I0UKH.

Pe3yabTaThl BADHATHBHBIX PACYETOB NPHU A0COJIIOTHOM KeCTKOCTH NMPYKUHHBIX ONOP

Mporué w, m

I'ycrora ceTku

Bapuanr pacuera 1 Bapuanr pacuera 2
3x3x] 2,15-10°3 2,0:10°3
4x4x1 2,18:10° 2,1-10°
5x5x1 2,19-10° 2,1-10°
6%6x1 2,2:10°3 2,2:10°3

Results of variable calculations with absolute stiffness of spring supports

Deflection w, m

Mesh density
Calculation option I Calculation option II
3x3x1 2.15:1073 2.0-103
4x4x1 2.18:1073 2.1-103
5x5x1 2.19-10°3 2.1-1073
6x6x1 2.2-10°3 2.2-10°3

TabnuuHble pe3yabTaThl CBUACTEILCTBYIOT, YTO 3HAYCHUs IEPEMEILICHUS] TOYKH NPUIIOKEHH CHIbl P COB-
NajaioT B CIydae MCIOJIb30BaHMS KaXKIOTO W3 BApUAHTOB ANNPOKCHMAIMK MCKOMBIX BEJIMYMH LIECTHIPAaHHHUKA.
Ha puc. 2 npezncrasieH rpaguk U3MEHEHUs OKPYXKHBIX HOPMaJIbHBIX HAIIPSXKCHUM BHYTPEHHUX BOJIOKOH TOUKH P
B 3aBUCHMOCTH OT KECTKOCTH MPYKHHHBIX OIOP, MO3BOJISIONINX CMEIIEHHE KOHCTPYKIMY Ha BEIMYUHY A.

Kak Buano u3 rpaduka, cMeleHne WmHaApruYeckoi 06onouky Ha 0,1 M Kak TBepIoro Teja He MPUBOIUT
K U3MEHEHUIO OKPY’KHBIX HOpMaJIbHBIX HanpspkeHud (uaus 11).

Hcnonp3oBanue anmpokcuMaiy MCKOMBIX BennurH MKD B BapuanTe | mpuBOIUT K 3HAUNUTENBHBIM H3-
MEHEHUSIM OKPY>KHOTO HOpMalbHOTO HanpsbkeHust (inHus ).
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3HadeHNs] HOPMAIbHBIX HaNpsDKeHHH 1Mo BapuaHTy 1l ocranmcs HensMeHHbIME 1 ipu A = 1 M, 4TO CBUIE-
TEJILCTBYET O PEUICHUH MPOOJIEMBbl ydeTa CMELICHUS KOHEYHOTO 3JeMEHTa KaK TBEPJOro Tella Ha OCHOBE pas-
paboranHoro BapuaHnTa Il anmpokcuMany KOMIIOHEHT BEKTOpa MepeMeIeHUsT Yepe3 y3JI0BbIe 3HAUCHHS KOM-
TTOHEHT.

Ok
11
58,62
i}
A, M

010 00z 004 006 008 01 0,12
-20
30 1524

Puc. 2. I'paduk u3MEHEHHS OKPYIKHOTO HOPMAJIBHOTO HATIPSKECHHUS
Figure 2. Graph of changes in the circumferential normal stress

Ilpumep pacuema 2. PaccmatpuBanoch nehOpMHUPOBAaHHOE COCTOSIHUE MWJIMHIPHUYECKON TTaHEIH, 3alieM-
JIEHHOM 1m0 KoHIaM [22] (puc. 3).

B kadecTBe MCXOMHBIX JAHHBIX MPUHSATHI CICAYIONIUE BEIMYUHBI: TOJIIIMHA MOTIEPEUYHOTO CCUCHUS apKU —
¢t = 0,00476 M; mupuHa ronepevdHoro cedeHus apku — b = 0,00254 m; BHyTpenHuit paaguyc R = 3,381 m; cextop
KpyroBoii apkn o = 0,256 paj.; MOIy/b YIpyrocTn Matepuana apku E = 7-10* MIla; kospdurment Iyaccona
v = 0,2. HarpyxxeHue NMIMHAPUIECKON MAHEIH OCYIIECTBIIIACH COCPEIOTOUCHHON CHIION P, pUKIaabIBaeMOM
B €€ BEpILIHUHE.

Ha rpaduke (puc. 4) npruBeeHBI 3HAYCHHUS TIEPEMENICHUI TOYKH MIPHIIOKEHUS TPpy3a B 3aBUCUMOCTH OT Be-
JIMYMHBI CUJIBL, TJIE€ UCTIONB30BaHbl 0003HaueHus: P, kKH — 3HaueHne coCpeloTOUeHHON CHITBI; Wi, M — IlepeMelie-
HUS TOYKH, HAMJICHHBIC ITPH UCIOJIb30BaHUH CKAJSIPHOW alIPOKCUMAIINU TIEPEMEIICHUI B TUCKPETHOM 3JIEMEHTE;
W2, M — YHCJICHHBIE 3HAUCHHS ITepPEeMEIIeHIIA, HaliIeHHbIE HA OCHOBE allPOKCUMAIINH MTEPEMEIICHUH B BEKTOPHON
(hopMyIIMPOBKE; W3, M — IIEPEMEIIICHUS, TPUBEICHHBIC B [22] HAa OCHOBE UTEPAITMOHHOM MTPOIIEAYPHI.

AHanu3 NpUBENICHHBIX Ha rpa)uKe YMCICHHBIX PE3YJIbTATOB ITOKA3bIBACT, YTO 3HAYCHUS MEPEMEIIECHHUNA Wi,
MOJTyYeHHbIE HAa OCHOBE HCIIOJIb30BaHMUS CKAJSPHON ammpoKCHUMAIlUH, OKa3aJIUCh OTIHYAIOUINMHUCS OT JABYX JIPY-
rux B npenaenax 8§ % npu Harpyskax meapmux 0,1 kH. [Ipu Gomnpoiem 3Ha4eHNN HATPY3KH B CIIydae CKaJSPHOTO
BapuaHTa anmpoOKCUMAIINU MTEPEMEIICHHH TIPOUCXOANUT COOH BBIYMCIUTEIHLHOTO MpoIiecca.

Pesynbprarel mepemeneHuii, MojyueHHbIE HA OCHOBE alPOKCHMAIIUU MCKOMBIX BEJIHYMH B BEKTOPHOM
(hopMyITUPOBKE, HAXOAATCS B XOPOIIEM COOTBETCTBUH C pe3ylibTaTaMu [22], 4TO CBUAETEIBCTBYET O KOPPEKTHO-
CTH pa3paboTaHHOTO aJrOPUTMa BEKTOPHOW almpoOKCUMAaIIUH ITepeMEIeHHN.

p

\ r
m /R

Puc. 3. PacuerHast cxema HMJIMHIPUYECKON ITAHENH, 3al[eMJIEHHON Ha KOHIaxX
Figure 3. Design diagram of a cylindrical panel pinched at the ends
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Puc. 4. I'padux 3HaYeHUI IepeMenIeHni W TOUKH IPUII0KEHHS COCPEAOTOUEHHOM CHITbl P
Figure 4. Graph of displacement values w of the point of application of concentrated force P

3akiaouenue

BexropHas annpoxcumanusa uckombix BennuuH MKD mpu pacuerax B KpUBOJIMHEHHBIX CUCTEMAaX KOOP-
JIUHAT SIBJIsieTCS OoJiee KOPPEKTHOM, TaK KaK IO3BOJISIET YYUTHIBATH B alllIPOKCUMUPYIOIINUX BEIPAXCHHUAX Tapa-
METpbI MCIOJIb3YEMOM KPHUBOJMHEWMHOW cHCTeMbI KOOpJuHAT. IIpy MCIHOIb30BaHUU CKAJISIPHOTO BapuaHTa af-
MPOKCHMAIIMHN UCKOMBIX BernunH MKD Tun KpHBOJIMHEHHOM cucTeMBbl KOOPAMHAT BO BHUIMAHNUE HE IPUHUMAET-
Csl, YTO MIPUBOJUT K HEKOPPEKTHOCTH AIMPOKCHMHUPYIOIUX COOTHOIICHUH.
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Article history Abstract. The paper presents the results of a comparative study of several finite
Received: March 21, 2022 element models of ribbed reinforced concrete solid floors. Using the example of
Revised: May 14, 2022 a solid slab with infrequent ribs arranged along a grid of columns, three models
Accepted: May 17, 2022 frequently used in computational practice are analyzed. Those models include

both rods and thin-walled elements. In the first model, the plate and its ribs are
considered separately, within the framework of the decomposition scheme of
the structure. The second model contains plate finite elements and the rod finite
elements of the ribs connected to each other. The third model consists entirely
of thin-walled finite elements that model both the plate and the floor ribs.
The ribbed floor is also considered in the formulation of the problem within
the framework of the theory of elasticity. The floor is represented in the form
of rigidly connected solid bodies of ribs and plates. Reinforcement rods inside
the concrete massive are included in the model as separate solid bodies. This
model serves as a benchmark for assessing the accuracy of the obtained results.

Its calculation is performed in the FEM application Ansys. The paper compares
the results of calculations performed using various models. A conclusion is
made about the accuracy of the obtained results. A significant difference be-
tween the proposed work and similar studies devoted to the selection of
the best design schemes of ribbed slab of floor is the consideration of the in-
fluence of reinforcement on the behavior of the structure.

For citation

Nikitin K.E., Kirsanov O.A. Comparative
study of finite element methods of calcula-
tion of ribbed reinforced concrete floors.
Structural Mechanics of Engineering Con-
structions and Buildings. 2022;18(3):242-254.

(In Russ.) http://doi.org/10.22363/1815- Keywords: reinforced concrete structures, ribbed floor, ribbed slab, finite ele-
5235-2022-18-3-242-254 ment method, design models
BBenenne

PeGpuricTeie MOHONHMTHBIE XeNe300€TOHHBIE TEPEKPBITUS JOCTATOYHO IMUPOKO MPUMEHSIOTCS B CTPOHU-
TenbeTBe. OHAKO aKTyalbHBIM BOIIPOCOM OCTAETCSI BHIOOpP MOJXOJSIICH PacueTHON CXEMBI IUIS ONpeNeIeHUs
HanpsDKEHHO-1e(pOPMHUPOBAHHOTO COCTOSIHUSI TaKMX KOHCTpYKuuil [1-6]. [lo cux mop He MmpeasioKeHa OINTH-
MaJbHas pacueTHasl CXeMa, C OJHOW CTOPOHBI, OONIAfaromias JOCTATOYHON MPOCTOTON ISl TIPOBEACHUS WHIKE-
HEPHOTO aHAJIN3a, a C JIPYTrOil CTOPOHBI, IO3BOJISIONIAs ¢ OOJBIION TOYHOCTBIO OTPaKaTh 0COOCHHOCTH PabOTHI
3JIEMEHTOB MEPEKPHITHS.

Haubonee TouHO oTpaxaromieil paboTy pearbHON KOHCTPYKIIMH MOHOJHUTHOTO PeOpPHCTOTO MEPEKPHITHS,
Ha HaIll B3TJI, SIBISIETCS pacdeTHas CXeMa, B KOTOPOW OTAEIBbHBIE IEMEHTHI peOpHCTOro MepeKphIThs — pedpa
U TUTUTA, PacCMaTPUBAIOTCS Kak 0ObEMHBIE TelNa, JKECTKO COMpPsKEHHbIE APYT ¢ napyrom [7-9]. To ectsb 3T0 3a1a4a,
c(hopMyITUpOBaHHAS C MMO3UIHUN TEOPUH YIPYTOCTH. PeMTh ee MOYKHO YHCIIEHHO, HAlpUMep C MUCIOb30BaHHEM
MeTO/a KOHEUHBIX 31eMeHTOB. OTHAKO Takas TIOCTAHOBKA OKA3bIBAETCS CIHIIKOM CIIOXHOHN M HEyTOOHOH IS MH-
JKEHEepPOB-TIPOEKTUPOBIIUKOB. Pe3ynbTaThl, MONMyUYeHHbIE B pe3yJIbTaTe TaKOTO pacdyera, OKa3bIBAIOTCS CIOXKHBIMH
JUIsl aHann3a. B coBpeMeHHBIX HOpMax IO MPOSKTUPOBAHHIO JKeNe300€TOHHBIX KOHCTPYKIMI OTCYTCTBYIOT yKa3a-
HUS TI0 TIPOEKTHPOBAHHIO KOHCTPYKIIMH B TaKOH IMOCTAaHOBKE, YTO TaKXKe CACP)KUBAeT ee MpuMeHeHne. Kpome Toro,
CYIIECTBYET Macca TEXHUYECKUX BOTIPOCOB, CBSI3aHHBIX C IOCTPOEHUEM KOPPEKTHON TPEXMEPHOW CETKH KOHEUHBIX
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areMeHToB. Vcronb30BaHne 00bEMHBIX KOHEUHBIX AJIEMEHTOB TpeOyeT Ha MOpPAIOK 0osiee MOIIHOW KOMITBIOTEp-
HOH TCXHUKH, YEM ITPU UCIIOJIB30BAHNU KOHCUYHBIX 3JICMCHTOB CTCp)KHeﬁ, IUTACTHUH U 000JI0YEK.

BBumy 3TOTO CEroiHs mpu MPOEKTHPOBAHUH KEIE300€TOHHBIX PEOPUCTHIX MEPEKPBHITHI IHPOKO HCIIOINb-
3YIOTCS YIPOIIEHHBIE MOIEH, OoJiee MPOCTHIE I aHaTN3a U UMEIOIie HOPMAaTHBHOE ToKkperuieHre. OHako
peuIicHue 3aia4u B TaKoM ynpomeHHof/'I IMOCTAaHOBKC AACT PE3yJIbTaThl, UMCIOIHUE ONPECACIICHHYIO IMOIrPCIIHOCTD
B CpPaBHEHUH C MIOCTAHOBKOW B paMKaX TEOpPHH ynpyroctd. llenpro muccienoBanus cTaja MOMNbITKA OIECHUTH ATy
MOTPEITHOCTb.

PaccmoTpeHBI TpH TOCTaTOYHO pacIpOCTpaHEHHBIE YIIPOIIEHHBIE pacdeTHBIE CXeMBI (MOAENTN) MOHOIHT-
HOT'O JK€J1e300€TOHHOTO MEPEKPBITHSI, BKIIOUAIOIINE B ce0sI SIEMEHTHI CTepP)KHEH U 00010UeK (IUTaCTHH).

Haubonee npocTast pacueTHast MO/ieIh MOHOJHUTHBIX PEOPHUCTHIX MEPEKPHITHH MpearoiaraeT paseineHre
AJIEMEHTOB TEPEKPHITHS O «ITa)Kam» pacueTHOW CXeMbl. B pesynpTare minTa MepeKphITHS paccMaTpHUBaeTCs
B KauecTBE «BEPXHETO 3Taka» M PACCUUTHIBACTCS KaK OTHENbHas KOHCTpyKLus. Pebpa paccMaTpuBaloTCa Kak
CHIDKHUH 3Tax», IPEJCTABISIONINA co00i HA0Op CTEPIKHEBBIX 3JeMEHTOB. [Ipu paccMOTpeHHH «HUKHETO 3Ta-
’a» YaCTHYHO YUYHTHIBAETCS €r0 COBMECTHAs paboTa ¢ IuToi. [l 3Toro B momnepeyHoe cedenne pedpa BKITO-
yaeTcs yacTh IUIMTHI MEPEKPHITHA. B pesynpraTe momepeuHoe ceueHue pedpa mpuodperaer dpopmy Taspa' [9].
Taxkoii pacueT BIIOJIHE MOXKET OBbITH BHITIOIHEH Jaxke 0€3 MPHUBICYCHUS KOMIIBIOTEPHOM TEXHUKH.

JpyToii moaxon OCHOBEIBAETCS HAa PACCMOTPEHUHN KOHCTPYKIIMU PeOPHCTOTO MEPEKPHITUS KaK eINHON CH-
CTEMBI — B BHJEe HaOOpa CBSA3aHHBIX JAPYT C APYTOM CTEPKHEBBIX JJIEMEHTOB W 3JIEMEHTOB ILUHTH [9; 10—12].
UYarmie Bcero pacder 1Mo Takod pacueTHON CXEMeE BEHITIONHSACTCS METOJOM KOHEUHBIX 3JIEMEHTOB. [Ipu aToM pebpa
MEPEKPHITHS MOJICIUPYIOTCS CTPEKHEBBIMUA KOHEUYHBIMH 3JIEMEHTAMH, a TIUTA MEPEKPhITHI — HA0OPOM TIOCKHX
KOHEUYHBIX DJIEMEHTOB IIACTHH win o0osouek [4; 13—15]. [Ipu Takoit mocTaHOBKE 3aa9d HEMHHYEMO TIPHUXO-
JIATCSL CTAIKUBATHCS ¢ TIPOOIEMON CMEIIEHUS OCEBBIX JTUHUIN pebep OTHOCUTENHFHO CPEAMHHON TUIOCKOCTH TLITH-
THI [1-5]. YacTo B 3TOM CHUTyalu CMEUIAIOT OCEBBIE JIMHUU CTPEKHEBBIX AIEMEHTOB OT CPEIUHHOMN IJIOCKOCTH
TUTATHI C TIOMOIIBIO JKECTKUX BCTABOK HA KOHIIAX CTEPXKHEBBIX AIIEMEHTOB JIMOO UCTIONB3YIOT CHelHaIbHbIE KO-
HEYHBIC AJIEMECHTHI-COCTUHUTEIH, MOJACIUPYIONINE a0COMIOTHO JKEeCTKHE Tena. B HekoTopeix paborax [4] mpen-
JIaTraloT BOOOIIE HE YYUTHIBATh JJAHHOE CMEIICHHUE, CChUIAsACh HA TO, YTO B ATOM CIIydae Takas MOJIENb JacT Oojee
TOYHBIE PE3YIIbTATHI.

Jia mepexprITHii ¢ pedpaMu HeOONBIIONW MIMPUHBI HHOTJA MPUMEHSIETCS KOHEYHO-3JIEMEHTHAs MOEIb,
B KOTOpPOH pedpa MepeKphITHS BMECTO CTEP)KHEBBIX 3JEMEHTOB IPEJCTABIAIOTCSA B BHIE HabOpa IIOCKHX KO-
HEYHBIX 3JIEMEHTOB 000JIOUEK WM 3JIeMEeHTOB 0anok-cTeHOK [ 16—20]. [Ipu 3ToM 1uinTa mepeKphITHs TaKKe MO-
JETUPYETCS TIOCKUMHU KOHEYHBIMH JJIECMEHTAMU TUTACTHH WU 000jouek [21; 22]. IocCTOMHCTBOM TaKoOH pac-
YETHOI CXEMBI SABJISETCA BO3MOXHOCTh M30€XKaTh HEOOXOIMMOCTH COMPSKEHHs pedep C IUTMTON MepeKpBITUS
C IIOMOIIIBIO JKECTKUX BCTaBOK. KpoMe Toro, B Takoi MOJENIN MOSIBIAETCS BO3MOKHOCTD BKJIIOUEHHS B €€ COCTaB
CTEPXKHEBBIX AJIEMEHTOB, MOJEIMPYIOUINX TPOIOILHYIO apMaTypy pedep, 4To Mo3BoAT Oojiee TOYHO paccMar-
puBaTh paboTy pedpa Kak jkele300e TOHHON KOHCTPYKIIHH.

B omucaHHBIX BBINIE MOJAEISAX, MPU HEOOJBIIOM MPOIEHTE apMUPOBAaHHs pedep W IUIMT NEPEeKPHITHS,
ompeseNeHre YCWIHN, JedopMamnii B JJIEMEHTaX OCYIIECTBISETCS B MPENIOJIOKEHUH CIUIOIIHOTO OETOHHOTO
ceveHns, 0e3 yueTa apMaTypbl, YTO OOBIYHO HE3HAYUTEIHHO BIHSIET HA MOy9aeMble pe3ynbTaThl. [ moBbIie-
HUA TOYHOCTHU paCyYE€TOB BJIHUAHUC ApMHUPOBAHUA YYUTBIBACTCA HCIIOJIB30BAHUEM IPHUBCACHHLIX KECTKOCTHBIX
XapaKTEPUCTUK DIIEMEHTOB MEPEKPBITHUS.

PaccmoTpeHs! Bce BBIIIEONCAHHBIE MO Ha TIPUMEPE OJHOW M3 KOHCTPYKIHUH MOHOJIUTHOTO JKEIe30-
O6eToHHOTO pedbpUcTOro MEpeKkphITUsA. OnpenencHo HanpsHKEHHO-TehOopMUpyEeMOe COCTOSTHIE Hambosee Hampsi-
JKEHHBIX 3JIEMEHTOB TepekphiTus — pedep. CuenaHa olleHKa pe3yJabTaTOB pacueTa MyTEeM HUX CPaBHEHUS C pe-
3yJbTaTaM¥, TONyYeHHBIMH ISl MOJENN C OObeMHBIMU KOHEUYHBIMH AJIEMEHTaMH, KOTOPHIE PacCMaTPHUBAIIUCh
B Ka4eCTBe CBOEOOPA3HOTO 3TAJIOHA.

MeTtoabl

PaccmarpuBanach KOHCTPYKIUS PEOPUCTOTO Kene300€TOHHOTO IMEepPEeKPBITHS, UMeEIoas radapuTHbBIE
pasmepbl 6x12 M, tmrty ToimmmHOH 200 MM M pebOpa MPSAMOYTOJBHOTO TOMEPEYHOr0 CEUCHUS pa3MepaMu
300x600 mm (puc. 1). [TockonbKy Hccaen0BaIaCh MPEUMYIIIECTBEHHO paboTa 3JIEMEHTOB MEPEKPHITHS, IS Ud-

! CIT 63.13330.2018. Beronuble M xene300eToRHbIe KoHCTpyKimu. M.: Crannaprungopm, 2018. 118 c.; MoHomTHOE pebpo IUIMTHL —
BapHUaHT MOJCIMPOBAHMUS CTepKHEM TaBpoBoro cedeHus // baza mannbix «JIupa-Cepsucy. URL: https:/rflira.ru/kb/108/990/?sphrase_id=3891458
(mata obpamenus: 03.02.2022).
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CTOTBl YHMCIICHHOT'O 3KCIIEPHMEHTa BCE IPUMBIKAIOIINE K HNEPEKPHITUIO 3JIEMEHTHI COOPYKEHHs (BKIIOYast KO-
JIOHHBI) OBUTM UCKIIFOUEHBI U3 PacueTHOH cxeMbl. [IepekphiTHe CUNTAIOCh HIAPHUPHO ONEPTHIM B MECTax Iepe-
ceueHusx oceil (puc. 1). g obecnieueHns reoMeTpuyecKoil HEM3MEHIEMOCTH B TOPU30HTAIBHOM HAIPaBICHUH
ObuIN 100aBJICHBI YETHIPE CBSI3U B TOPU30HTAIBHON INIOCKOCTH.

XKenezobeTonHas mIUTa Mpearoarajach BHIOJTHEHHON U3 6eToHa kiacca B20, ¢ apmupoBanuem (puc. 2)
apMatypHbeIMU cTepxHiIME D12 kinacca A500C ¢ marom 200 MM B BepxHeH U HUKHEN 30HaX, OMUHAKOBO B JABYX
HanpaBJICHUSX. APMUPOBaHHUE IUTUTHI MEPEKPBITHS MPHUHATO PaBHOMEPHBIM, 0€3 JOTMONHUTEIBHBIX CTEP)KHEH
BOM3M pedep. Pedpa mepekpriTus 3 6erona B20 Taxke MpUHAMAINCH PAaBHOMEPHO apMHUPOBAaHHBIMH TI0 BCEH
JUIMHE. B mpoonbHOM HampaBieHHHM apMHUpPOBAHME BBIMOJHEHO YEeTHIpbMs cTepkHsAMH D20 AS00C B BepxHei
U yeTblpbMs cTepkHIMu P20 A5S00C B HIKHEN 30HaX.

Harpy3ka Ha mepekpbITHe CUMTajgach PaBHOMEPHO DPACIpPEAEICHHON IO BEPXHEH MOBEPXHOCTH IIJIMTHI
TepeKphITHS U paBHOH 654 kr/m>. K 5Toif Harpyske MpHOaBiscs cOOCTBEHHBIH BEC 3IIEMEHTOB TEPEKPHITHS,
KOTOpPBIN I BCEX MOJIENEN, KpOMe NMEepPBOM, BEIUUCIISIICS U PACIIPENEISUICSA M0 KOHEUHBIM JIEMEHTaM KOHEYHO-
3JIEMEHTHOU MPOrpaMMOil aBTOMaTUYECKH.
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Puc. 1. 'eomeTprueckre mapaMeTpsl UCCIEAYEMON KOHCTPYKITHH
Figure. 1. Geometric parameters of the structure under consideration
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JItst TaHHOM KOHCTPYKIIMH TIEPEKPBITHS OB BBITIOJNIHEH PacyeT ¢ UCIOJIB30BAHUEM CIICIYIONTNX YETHIPEX
MOJICIIEH.

$12 wae 200
®12 step 200
Xomym #8 waz 200
Loop #8 step 200
o 1220 nx200 +0.000
(Vo] (=
b ; i ——
9 hd [=) (=4
DD a1
ol o - ' -
3| &n 2012
h : 10% Xomym #8 waz 200

3 &

Loop #8 step 200
4920 300

Puc. 2. Cxema apMupoBaHus pedpa NepeKpbITHS
Figure 2. The rib reinforcement schematic diagram of the floor

[lepBas paccMoTpenHas Moaenb (puc. 3) — 3To Haubojee mpocTasi MOAETb MEPEKPHITHA, C pa3AeiICHUEM
3JIEMEHTOB NEPEKPBITHS 10 «ITAXKaM» PacueTHOM cxeMbl. PaccMarpuBaics TOIBKO «HMKHHUH 3Tax», B COCTaB
KOTOPOTO BXOIAT TOJNBKO pedpa. [Ipu 3ToM yuuThIBamach coBMecTHas paboTa miMThl ¢ pedpoM. [lomepeunoe
CeueHHe CTeP KHS NPUHUMANOCh B hopme TaBpa (puc. 4). Pasmeps! monku TaBpa onpeaessuiuch coriacHo Tpedo-
BaHMSM HOpM®. PaBHOMEPHO pacrpejieieHHast Harpy3Ka, AefcTByIomas 1o TI0Ma| TTHThI, TPUBONIACK K
pacrpeieNieHHOH Mo JUIMHE CTep KHS Harpy3Koi, COOpaHHOM COTJIACHO TPy30BOH momanu pedpa. ['paduk us-
MEHEHUS] MHTEHCUBHOCTH HArpy3KH 10 JJHHE pedpa UMeeT TparequeBUAHYI0 (OopMy WIH TPEyTrodbHYI0 Gopmy
C MakCUMyMOM B cepequse nposera. Ilo kpasim crepkeHb pedpa cuuTaics 3aKpereHHbIM yIPYronoaTiuBo B
OTHOLICHUH ITOBOPOTA.

BBenenue ynpyronogaTiuBoro 3akperuieHHs B OTHOLIEHHM MOBOPOTA MO3BOJIMIIO YUYECTh BIMSHHUE XKECT-
KOCTU MPHUMBIKAIOIINX B MEPICHIUKYISIPHOM HalpaBjieHuH pedep Ha paboTy paccmarpuBaeMoro pebdpa. JKect-
KOCTh yNPYIONOJATIMBOTO 3aKPEIUIEHUs kK B OTHOLIEHMM IIOBOPOTA Ul NEPBOM MOJENU ONpeNelsiIach Kak
YABOCHHAA )KECTKOCTh HAa KPYUYCHUC IMMPUMBIKAIOINX B IEPIICHAUKYIAPHOM HaIllpaBJICHHUU pe6ep.
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Puc 3. Mogens cpeanero pedpa nepekpbITH Puc 4. [lonepeunoe ceueHne pedpa B epBoi MOAEIH
Figure 3. The model of the middle rib of the floor Figure 4. The cross section of the rib in the first model

Bropas paccMoTpeHHass MOAEIb NEPEKPHITUS (pUC. 5) — 3TO MOZETb, B KOTOPOil pedpa SBISIOTCA CTEpK-
HEBBIMH DJIEMCHTaMHM, a IUIMTA MPEICTaBiIseT co0oll HabOp IJIOCKUX TOHKOCTCHHBIX KOHEYHBIX ASJIEMEHTOB.
DJeMEeHTHI CBA3aHBI APYT C APYTOM KECTKO, MOCPEACTBOM CIEIHATBHBIX JIEMEHTOB a0CONIOTHO YKECTKUX Tedl.
ITpu 3TOM rpaHMLA 3JIEMEHTOB IUTUTHI IEPEKPHITUS B MECTaX UX CONPSDKEHUs ¢ peOpamu Obula orpaHuueHa 0o-

2 CII 63.13330.2018. BeroHHbIe U *ke1e300eToHHbBIE KOHCTpyKuU. M.: Ctannaptuadopm, 2018. 118 c.
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KOBOH MOBEPXHOCTBIO pedep, YTO MCKII0YAI0 NepecedeHust UX 00beMOB IPU pacyeTe COOCTBEHHOIO BECA 3TUX
3JIEMEHTOB ITPOTrPAMMOM.
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J / Ay 7 e o, KOHEeYHbIN 3neMeHT 060J104KN
Y vy y - Shell finite element
o / : y /:"" ~
» [ 4 e 8 o
r, o ) 4 o~
( | & 4 -~
,," > b - » &
T ! y -~
:’ rf * o X
J P 3
> # @
» £
» rf *
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CTep>XXHEBOW KOHEYHBbI 9N1EMEHT
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Puc 5. Koneuno-anemMeHTHas MoAesb nepekpbITus Ne 2
Figure 5. The second finite element model of the floor

YKecTKkOoCTHBIE XapaKTEPUCTHKH MOTEPEUHBIX CEYCHNUN ISl CTEPIKHEBBIX 3JIEMEHTOB BBIUMCISLTUCH TTPHUBE-
JIEHHBIMHU, C y4ETOM >KECTKOCTH MPOAOIBHBIX apMaTypHBIX CTEp)KHEH, Momajalonmx B cedeHwe. s ToHKo-
CTCHHBIX 3JICMCHTOB IUIMTHI NEPEKPLITUA BBIYUCIIAIACH €€ MMPUBCACHHAA TOJIIHWHA. B obounx ClIydadax IpuBeac-
HHUE OCYIIECTBIIIOCH K 9KBUBAJICHTHOMY OETOHHOMY CEYEHHUIO.

Tpetbs MoAeNb epeKpPHITHS (PHC. 6) — MOJIEh, B KOTOPOH Kak pedpa, Tak U INTUTa MPEACTaBICHB Ha0o-
POM IIJIOCKUX TOHKOCTECHHBIX 3JICMCHTOB, )KECTKO COCAUMHCHHELIX APYT C APYTrOM. HHH MOACIIUPOBAHUA IIINUTHI U
pebep HCMoNIb30BATHCH MIIOCKUE AJIEMEHTHI 000104KkH. CONpsHKEHUE BIIEMEHTOB pedep ¢ dJIEMEHTaMHU IJIUTHI
OCYIIECTBIISIOCH MIOCPEICTBOM IIIEMEHTOB a0COFOTHO JKECTKUX TEJ JUIsl HCKITFOUSHHS TIePeCceUeHHsI UX 00hEeMOB
IpHu pacuere cOOCTBEHHOTO Beca mporpaMmoii. PaboTa apmaTypsl B pebpax yduThIBaIach BBEACHHEM CTPEKHE-
BBIX KOHEUHBIX 3JICMCHTOB, HIIYIIUX BJIOJb peOep B TeX YPOBHSIX IO BHICOTE, B KOTOPBIX MPOXOTUT BEPXHSS U
HWKHAS TIPOAOibHAs apMarypa. CompsbkeHHe STHX 3JIEMEHTOB C TOHKOCTEHHBIMHU 3JIEMEHTaMu pebep ocy-
MIECTBIUIACH B OOIUX y371aX IO BCEH JUTMHE CcTepkHEH. Ilnomanp monepedHoro cedeHus cTep)KHeld IpUHIMa-
JIaCh PABHOW CyMMAapHOM IUIOLIaAX apMaTypPHBIX CTEPKHENW BEpXHEUN MM HUXKHEN apMaTyphbl.

KOHEeYHbIN 3neMeHT 060J104KN
Shell finite element

3nemMeHTbl aBCONIOTHO XECTKOro Tena
Rigid body elements

KoHeuHbIn 9n1eMeHT 0605104KN
Shell finite element

Puc 6. TpeTbs KOHEUHO-3JIEMEHTHASI MOAAENb NEPEKPHITUS
Figure 6. The third finite element model of the floor
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[Mocnenuss momens (puc. 7, 8) — MoIeTh IEPEKPHITHS B BUIE MACCUBHOTO Teja, PEICTABICHHOTO B BHIIC
HaOopa 00BEMHBIX KOHEUHBIX 3JICMECHTOB. 3/1€Ch apMaTyPHBIC CTEP)KHH, TaK K€ Kak U OCTOH, MOACIUPOBAINCH
00BEMHBIMU KOHEYHBIMH 3JIeMeHTaMu. Harpyska mpukiaasiBanach K BepXHel HapyKHOW MMOBEPXHOCTH O00BEM-
HBIX KOHEYHBIX 3JIEMEHTOB IIUTHI TIEPEKPHITHA.

Puc. 7. UeTBepTas KOHEUHO-3JICMEHTHAS MOJICITb TIEPEKPBITHS: OOIIUIT BU
Figure 7. The fourth finite element model of the floor: general view
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Puc. 8. CeTka KOHEUHBIX 2JIEMEHTOB Puc. 9. Uccnenyemblie Touky pedpa HepeKphITHsL
B IIONIEPEYHOM CEYCHUH apMUPOBAHHOTO pedpa MepeKphITUS Figure 9. The studied points of the rib of the floor

Figure 8. Mesh of finite elements
in the cross section of the reinforced rib

[lepBbie Tpu MOAENM MEPEKPHITHs OBLIM PEaln30BaHbl B KOHEUHO-dJeMeHTHOM Kommiekce SCAD, mo-
cnenHsas — B ANSYS. Pacuer Bo Bcex citydasx NpOU3BOAWICA B IMHEHHONW OCTAHOBKE.

JlJ11 BO3MOKHOCTH CPaBHEHMS PE3yJIbTaTOB PAcUeTOB, BHIIIOJHEHHBIX Ul Pa3IM4YHbIX MOAEJIEH, onpene-
JSUTUCH 3HAYEHHS TPOJOIBHBIX OTHOCHUTENBHBIX NeQOpMaIiii B HECKOIBKHX TOYKaX IO BBICOTE IMOMEPEYHOTO
CEUEHMsI, PACIIOI0KEHHOT'O POBHO MOCEPEAMHE MPOJIeTa CpeIHero pedpa mepekprITus (puc. 9).

Ornpeaenenre TpoAOILHEIX nedopmartuii st Mmogeneit Ne 1 u 2 TpOU3BOAMUIIOCH B CIICAYIOIICH MOCIICTO0-
BarenbHOCTH. CHadaja Mo 3HaYeHUSIM BHYTPEHHHUX YCHIIMH B CTEP)KHE, MOJEIHMPYIONEM pedpo, 0 U3BECTHBIM
U3 Kypca CONPOTHUBIICHHS MaTepHalioB (hopMysiaM BEIYUCISUIMCH 3HAYSHUST HANPSDKEHUH B BBIICYKa3aHHBIX TOY-
Kax. 3aTeM ¢ IIOMOIIBIO 3aKOHa ['yKa B HUX ONpEeAeIsUTUCH 3HAYEHUS TPOAOIBHBIX Ae(QOpMALH.

B monensx Ne 3 u 4 mpoponbHble HANpsOKEHUS W AeGOopMaliil PacCUUTHIBAIHCH HEMOCPEACTBEHHO
KOHEYHO-3JIEMEHTHBIM KOMIUIEKCOM. BinsiHueM HanpspKeHui, NeHCTBYIOIUX B APYTHX HANpaBlIEHUAX, MIPEeHe-
Operanu BBUAY HX MAJIOCTH.
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Pe3yabTathl U 00cyx1€eHNE

Pe3ynbTaThl BBIYMCIICHWH MPOAOJIBLHBIX OTHOCHTENBHBIX Aedopmannii ans moxenn Ne 1 mokazaHbl Ha
puc. 10. Pe3ynpTaTsl NOTy4eHHI [UIsl pACUETHON CXEMBI € YIIPYTONOAATIMBBIM 3aKPETNIEHUEM OIIOP B OTHOLIEHHH
noBopota. Mx xecTkocTh OblIa MpUHATA PaBHON KECTKOCTH Ha KpydeHHe pedep, IPUMBIKAIOUINX K paccMaTpH-
BaeMOMY peOpy B NMEPIEHIUKYISIPHOM K HEMY HalpaBJICHUU.

Taxske ObIT pacCMOTPEH BapUaHT PACUETHOM CXEMBI, B KOTOPOi )KECTKOCTh YIIPYTONOAaTIMBBIX OMOp MpHU-
HUMAaJIaCh HECKOJIBKO OONBIIEH 3a CYET TOro, YTO MPH pacyeTe KPYTHIBHON KECTKOCTH pedep, NPUMBIKAIOMIHNX K
paccMaTpuBaeMoMy pedpy, B COCTaB MX IOIEPEYHOrO CEUYeHMs BKIIIOYAIACh YacTh IUTMTHI — HAIIOJOOME TOTo, KaKk
9TO OBUIO CHAENaHO AJsl paccMaTpuBaeMoro pedpa (puc. 4). @opma MONEPEeYHOro ceYeHHs NaHHBIX pedep NpUHU-
Mainack ['-00pa3HoOl, MOCKOJIBKY 3TH pedpa MPOXOAWIN MO Kparo HepekpbIThs. Paznuune B 3HaueHUsIX aedopma-
IIUH JUTS 3TOTO CITydast MPaKTHIEeCKH HEe OTIIMYAJIOCh OT MoKa3aHHBIX Ha puc. 10. PasHura cocrasumna He 6omee 3 %.

Eme ogun paccmoTpenHsIil BapuanT Moaenu Ne 1 — ¢ HyJIeBOH KEeCTKOCTBIO YIPYTONoaTIMBbIX 3aKper-
JICHWH, YTO COOTBETCTBYET OOBIYHOMY IIAPHUPHOMY 3aKpeIUIeHHI0. B 3ToM ciydae pasHuUIla B 3HaYCHHAX Je-
(opmarmii B CpaBHEHHH C pe3ylbTaTamMu Ha puc. 10 Taxxe okazamack HeOObIIOM — He Gomee 2 Y.

OT0 MO3BOJAET CAeNaTh BBIBOJ O TOM, YTO B CIIy4ae pacCMaTpUBAaeMOll KOHCTPYKIHUHU MEPEKPHITHS MOKHO
npeHeOpeyb BIMSHUEM KPYTHIBHOM JKECTKOCTH NMPHMBIKAIOIIUX B MEPHECHIUKYISIPHOM HampaBlieHHH pebep u
C IOCTATOYHOM TOUYHOCTBIO ONPEACIATH HANPsDKEHHO-1e(OPMHUPOBAHHOE COCTOSIHHE pedep 0 pacueTHOH cxeme
IPOCTOH OaJKH Ha MIAPHUPHBIX ONOpax.

Pe3ynbrarel onpenenenus 3Ha4eHUN MPOJOIBHBIX OTHOCUTENBHBIX JeOopMaruii 10 BEICOTE NMONEPEIHOTO
ceveHus pedpa st moaenu Ne 2 mokaszansl Ha puc. 11.

Puc. 10. Pacpenenenue npononbHbIX Aedopmanuii €, 1076 110 BeIcoTe nonepeyHoro ceuenus pedpa s momenu Ne 1
Figure 10. Longitudinal strain ¢, 107° distribution along the height of the rib cross section for the first model

7

351,77

Puc. 11. Pacnpenenenue npoaonbHeIx Aedopmanuii €, 1076 110 BeICOTE MoNepeyHOro ceueHus pedpa s moaenu Ne 2
Figure 11. Longitudinal strain ¢, 107° distribution along the height of the cross-section for the second model
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Pe3ynmbpTaTh! onpeaeneHns HanpsoKeHUH 110 THHE paccMaTpruBaeMoro pedpa mo moaenu Ne 3 moka3aHbl B
BUzie u3omoieii Ha puc. 12. Pacnipenenenue mpoaoibHBIX OTHOCUTENBHBIX Ae(opMaliuii 0 BBICOTE CEUCHHS B
cepeauHe MpoJjieTa MpeCcTaBleHb! Ha puc. 13.

Pacnipenenenne medopmaruit s MoAend M3 O0OBEMHBIX KOHEUHBIX 3JIeMEHTOB (Momenb Ne 4) moka-
3aHO Ha puc. 14 u 15. Kak BUAHO MO rpaduKy paclpeneieHUs 3HAUCHUH 10 BBICOTE MOMEPEYHOr0 CEUCHUS
pebpa (puc. 15), nedopmarun Mo BEICOTE MEHSIOTCS 110 3aKOHY OYEHb OJM3KOMY K JTHHEHHOMY.
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Puc. 12. 3naueHns HOpMaJILHBIX HAIIPSDKEHUH B IIEHTpanbHOI 6anke o, MIla (Bux cOoky)

Figure. 12. Values of normal stresses in the central beam ¢, MPa (side view)

295,41

Puc. 13. Pacnpenenenue npoaonbHbix aedopmaiuii €, 1070 mo Beicote nonepeunoro ceuenus pebpa mis moaeu Ne 3
Figure 13. Longitudinal strain g, 107 distribution along the height of the cross-section for the third model

Puc. 14. OTHOCHTENBHAS TPOJONIBHAS AeopMalys € IO pe3ysbTaTaM pacuera moaenn Ne 4
Figure 14. Relative longitudinal strain € according to the results of the calculation of the fourth model
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295,41

Puc. 15. Pacnpenenenue npononbubix aedopmarmii €, 107 mo Beicote nonepeunoro ceyenus pebpa s mozen Ne 4
Figure 15. Longitudinal strain ¢, 107° distribution along the height of the cross-section for the fourth model

Jns ynoOGCcTBa CpaBHEHHUS pe3yNbTaTOB pacueTa AeQOopMannii, MOIyIeHHBIX 10 Pa3IHYHBIM MOEISAM TIe-
PEKPBITHS, BCE OHH CBE/ICHBI B TAOIUILY.

3HavyeHus neopManmii, MOJyIeHHBIX M0 PA3TUIHBIM MOEISM IEePeKPLITHS

OTHocUTEILHAS NPOJOIbHAN edopmanusn g, 107

Homep Touknu

Mogaean Ne 1 Moaean Ne 2 Mopaean Ne 3 Mopeanb Ne 4
1 212,44 351,77 295,47 204,45
2 163,93 272,11 227,61 156,27
3 115,43 192,45 159,38 111,10
4 66,91 112,80 94,01 66,20
5 18,40 33,14 29,06 20,86
6 -30,11 -46,52 -33,32 -24.81
7 -78,62 -126,17 -102,70 -71,97

Values of strains obtained for different floor models

Relative longitudinal strain €, 10~

Point number

First model Second model Third model Fourth model
1 212.44 351.77 29547 204.45
2 163.93 272.11 227.61 156.27
3 115.43 192.45 159.38 111.10
4 66.91 112.80 94.01 66.20
5 18.40 33.14 29.06 20.86
6 -30.11 -46.52 -33.32 -24.81
7 -78.62 -126.17 -102.70 -71.97

W3 tabmumpsl crienyer, 4TO HAUMEHbINE 3HaUYeHUs nedopMaliuii HaOIrIAl0TCS TIPU UCIIONB30BaHUU MO-
nmemn Ne 4, co3maHHOM B KOHEUHO-3JeMeHTHOU mporpamme ANSYS. 3nauenune medopmaruii B 3TOM ciaydae B
pacTsnyToif 30He coctansger 204,45 107, a nauGonsmue 3HauenHus aedopmanuii — B Mogeau Ne 2, rae aedop-
MAIIUH B 9TOH e TOuKe cocTapisuoT 351,77 107, Pashuma B 3HaueHusx mocturaet 42 %. AHANOTMYHAS CHTYa-
1yt HaOJIroTaeTCs B COKaTOW 30HE pedpa.

3HaveHus nedopmaruii, moaydeHHbIE 10 APYTHM YIIPOIIEHHBIM pacdeTHBIM MoersiM (Ne 1 u 3), Taxke
MOKA3bIBAIOT OTIUYHS OT PE3yJIbTaTOB dTalOHHON Mozenu Ne 4. Ho 31ech pa3HHIlA B 3HAUYCHUSAX MeHbIEe. Tak,
B Mozenu Ne 3 pasznuua cocrasiser 31 %. B mogenu Ne 1 — Bcero 4 %.
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Cremyer OTMETHTh, YTO BO BCEX YIPOMIEHHBIX cxemax (Moaenu Ne 1-3) monydeHHBIC 3HaUYCHUS nedop-
MaHI/Iﬁ OoJbIIe 3Ha‘IeHHﬁ, TMMOJTYYCHHBIX IJIA 3TAJIOHHOM MOJCIIH. y‘-II/ITBIBaH, 4YTO B pacCMaTpuBacMbIX MOJCIIAX
HAMpPSHKCHUSI CBA3aHBI ¢ Me(OPMAIMSIMU JIMHEHHBIM 32KOHOM, MOXHO YTBEP)KIAaTh, YTO BO BCEX ITUX MOJCIAX
OTKJIOHCHHE PE3yJIbTaTOB pacyera WJACT B 3amac npoyHocTd. ClesoBaTeIbHO, BCe MOJICNIM B UTOTE JIAIOT BO3-
MOXHOCTb CIIPOCKTHPOBATh KOHCTPYKIIMHU MEPEKPHITHS, 00Jadal0IIue JOCTaTOYHON MpoYHOoCcTh0. Ho Hanboee
SKOHOMUYHEIN Pe3yibTaT naeT Moaeib Ne 1, MOCKONbKY Juis Hee HaOMogacTCss HAMMEHBIIIHIA 3a1ac PHU OTKJIO-
HCHHHU 3HAYCHHHN OT ITAIOHHBIX.

3akaouenue

Pesynbratel, momyueHHbIE I Pa3IMYHBIX MOJCIEH peOpUCTOTrO KeJIe3006TOHHOTO NEPEKPBITHS, TTOKa3bI-
BalOT XOpOIllee KaueCTBEHHOE COBIIAJICHHE B paclpeneieHud AeopMmanuid U HampspkeHnd. OmHAKO KOInde-
CTBEHHOE pa3iiMire B Pe3yIbTaTaX MOXKET COCTaBIATh Oosee 40 %.

Ecnu npeanonoxurk, 4To HanboJiee TOUHbIC 3HAUCHUS IehopMalliil aeT MOEIb, OCHOBaHHAS Ha MPeJl-
CTaBJICHUU TIEPEKPHITUS B BUAEC MACCUBHOTO Tella (3TaJOHHAS MOJIENb), BCe OCTAlIbHBIC, 00JIee MPOCThIC MOJICIIN
naroT OonpIve 3HAYCHHS AchopMannii (a 3HAUNT, U HAMPSDKEHUH ), 9TO UAEST B 3aIac MPOYHOCTH. DTO TOIATBEP-
KIaCeT HAAC)KHOCTh OJAaHHBIX MOIIeHeﬁ, XOTd UX NMPUMCHCHUC HA MPAKTHUKE U 1a€T MCHCC OKOHOMUYHBIC ITPOCKT-
HBIC PEIICHYsI, YeM OoJiee TOUHAsT MOJICITb.

Haubonee 6:m3kme K 3TaJOHHBIM Pe3yJIbTAaTHI 1a€T MOJIENb, B KOTOPOU pedpa MepeKphITHS MPEICTaBICHBI
B BHJIE OTJEJIEHHBIX OT MEPEKPBITHS CTEPXKHEH TaBPOBOTO MOMEPEYHOro ceueHus. [lanaas Moaens, HeCMOTpS Ha
CBOIO MTPOCTOTY, BBI3bIBAECT HEKOTOPHIC CIIOKHOCTH C PeaIn3allieii COBPEMEHHOMN KOHIICIIIMU PAaCUeTOB B KOHEUHO-
AJIEMEHTHBIX KOMIUIEKCaX, MOApa3yMeBaroliell Co3laHue eIMHOW MOJIENH, BKIFOYaroIel B ce0s BCe OCHOBHBIE
HECYIIHe dJIEMEHTHI COOpyKeHus. J[e70 B TOM, 4TO 3Ta MOJIETh IePEKPHITHS MOIpasyMeBaeT pa3/ieieHne ero Ha
<QTaXN» paC‘-IeTHOﬁ CXEMBbI, OTACICHUC pe6ep OT INIMTBI NEPCKPBITHA U PACCMOTPEHUC HX MO-OTACIBHOCTH.
Jpyrue ke MOJIeNy, BKIFOYAIONIUE B Ce0sl BCE DJICMEHTHI MEPEKPHITHS, TTOKAa3bIBAIOT 3aMETHOE OTKIOHEHHE pe-
3yJIBTAaTOB pacdera OT 3TAJIOHHOU.

Ha ocHOBaHMU CKa3aHHOTO MOXKHO CZI€NIaTh BBIBOJI, YTO BOIIPOC IMOCTPOEHUS MPOCTHIX, YAOOHBIX U OJHO-
BPEMEHHO 00JIee TOYHBIX MOJIeNIel PeOPHUCTHIX KeNe300€TOHHBIX MEPEKPHITUH, OPUCHTUPOBAHHBIX HAa HCIIOJb-
30BaHHE KOHEYHO-3JIEMEHTHBIX KOMIUIEKCOB, MO-TIPEKHEMY OCTAETCSl OTKPBITHIM M TPeOyeT MPOBEACHHS J1aJb-
HEUIINX UCCIIEA0BAHNUM.
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of their founders are given. Now, the interest for the design, analysis, and building
of thin-walled shells and shell structures is rising. There are no countries without
erected shell structures. Hence, it is necessary to make more exact the classifica-
tion of these erections and the distribution of them into groups. An aim of this
work is collection of information about all known architectural styles as applied
to shells and shell structures, and grouping of them due to characteristic traits
and indications. All architectural styles were divided into five groups, i.e. avant-
gardism, art deco style, modernism, ecotech style, and the newest styles. A spe-

For citation cial scheme? where distribut.ionl of architectu.ral styles on these groups is applied
Krivoshapko S.N. On the basic architec- to the examined structures, is given. Mutual influence of styles was revealed and

presence of architectural directions and style flows in several styles was shown.
shells and shell structures. Structural Me- The conclusions presented in this paper can demand the future accurate deﬁl}i-
chanics of Engineering Constructions and tions and developments because specialists do not have common views to the list

Buildings. 2022;18(3):255-268. (In Russ.) of architectural styles and to their classifications.

tural styles, directions, and style flows for

http://doi.org/10.22363/1815-5235-2022- Keywords: architectural style, shell, art deco, modernism, ecotech style, shell
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BBenenmne

Pa3HooOpasue apXuTeKTYpHBIX CTHJIEH CTONb BEIHKO, YTO YacTO CIEHUANNCTaM CJIOKHO YEeTKO MX Kiac-
cuuIpoBaTh, TeM OOJICe YTO B Cpe/ie UCKYCCTBOBEIOB 3anajia u Poccuu HET eIMHOTO B3TJIsIa HA MHOTUE BEIIH.
CBoro NIeNTY B IyTaHUILy apXUTEKTYPHBIX CTHJICH BHOCUT IEPEBO]] TEPMHHOB. JTO jK€ MOXKHO CKa3aTh 1 00 orpeje-
JICHUU TIOHSITUSL «apXUTEKTYPHBIN CTUiIbY. B «Bukunenun» naercs cieayroliee onpeaeineHue: «ApxumexmypHolil
Ccmub — TIEIOCTHAST COBOKYITHOCTh XapaKTEPHBIX YEPT U MPU3HAKOB MPOU3BEACHUS apXUTEKTYPHI OMpeIeICHHO-
ro BpeMeHH u MecTa. CTHIIb KOHTAMHHHPYET XapaKTepHbIE YepThl, MPOSBIIONIUECS B OCOOCHHOCTAX TBOpYE-
CKOT'O0 METOJa apXWUTeKTopa, crmocobax (HopmMooOpa3oBaHMsI, MpHEMaX KOMITO3UINA, (YHKITHOHAIBHOH, KOH-
CTPYKTHUBHOM M XyJOXECTBEHHOW CTOPOH. <...> B HCTOpHH HCKyCCTBA apXUTEKTYPHBIEC CTHJIH 3apPOXIAINCH U
Pa3BUBAIKCH HE TOJILKO MOCIEAOBATEIBHO, OMH 32 IPYTUM, HO U TIOYTH MapaUIeIbHO, B3aUMOACHUCTBYSI MEKTY
co6oii. M3BeCTHO OJTHOBPEMEHHOE COCYIIECTBOBAHHE CTHIIEH B KauecTBe adbTepPHATHBEI APYT Apyry»'. U3secT-
HO U JIpyTroe OMpeaeNIeHue: «ApxumexmypHuli cmuib — 3TO COBOKYITHOCTD JIeTaneld M 0COOEHHOCTEH coopyke-
HUSl, KOTOPHIC YKA3bIBAIOT HA BPEMs €ro MOCTPOIKHU, Ha3HAYCHHE, UICTOPHYECKYIO IIEHHOCTh, PETHOH, a UHOT/Ia
JaXe ¥ Ha aBTOpay”.

Kaxmp1it nccnemoBaTenh apXUTEKTYPHBIX CTHIIEH COCTaBIISIET COOCTBEHHBIN MEPEeUEHDb CTUJICH: KTO-TO TIe-
peurcIisieT CTUIH o andaBUTy, KTO-TO paclpeiessieT UX Mo CTpaHaM, 0 XPOHOJIOTHYECKOH Mocie10BaTeIbHO-
CTH, IpYTHE TPYNIIUPYIOT UX IO MPU3HAKAM U T. JI. Y MHOTHX HCCJIEIOBATENICH apXUTEKTYpbl 000JI0UEK HE COB-
MaJaroT JaTel (GOPMUPOBAHUS apXUTEKTYPHBIX CTHIIEH. MIHOTIa pa3HHIIa COCTaBIsAeT qecsaTKH JieT. Yacto momyc-
KaeTcsl IMyTaHUIa B TIPUYUCIICHUH COOPYKEHHSI K TOMY WJIM HHOMY CTHIIIO. Hampumep, mapaMeTpudecKyro apxu-
TEKTYpy IyTalOT C OPTaHUYECKOH, a 3BOIOIIMOHHYIO0 CMEIIMBAIOT ¢ TeHepaTUBHOM. HeT uccnenoBanmii mo kiac-
cu(UKaUU apXUTEKTYPHBIX CTHJIEH st 000JI09eK 1 000JI0UeHHBIX CTPYKTYp. MeeTcst Tonbpko padora [1], Te
MIEPEUNCIISIOTCS. OCHOBHBIE apXUTEKTYpPHBIE CTHIIN U 000JI0UEK C YKa3aHWeM JaT BOSHUKHOBEHUS W 3aTyXaHUS
WX UCIOJIb30BaHUI U UMCH OCHOBATEIICH.

Hean padoTsl

U. Teuenkud u B. JIaBBIIOB IpeUIaraloT pasieinTh apXUTEKTypHbIE cTUaX Ha 19 rpymr. Bocmoms3o-
BaBIINCH npeanomeHHoﬁ MGTOI[I/IKOﬁ 1 HECKOJIBKO M3MCHUB NEPCUCHDb I'PYIIT U UX COACPIKAHUC, OCTAaBUM B IIC-
pEeYHEe TOJBKO ISATh IPYIIL: «ABaHTapay, «Ap-neko», «MoaepHusm», « Ikoapxutekrypa» u «Hoseimme ctumm.
OTH TPYMITBI COAEPKAT TIOYTH BCE€ M3BECTHBIC apXUTEKTYPHBIE CTWIM W HApPaBJICHHS, UCTIOIB30BABIIAECS TPU
MPOCKTUPOBAHUU TOHKHX 000JI0YeK U 000JI0YEUHBIX CTPYKTYp. Bce cTuim, pacnpeneneHHble o rpymmaM, cxe-
MaTHYECKHU MMOKa3aHbl Ha puc. 1. Llenn paborel — cOop mHOpMaIuu 000 BCeX U3BECTHBIX apXUTEKTYPHBIX CTH-
JISIX TPUMEHUTETHHO K 000JI09KaM M 000JI0UYE€YHBIM CTPYKTYypaM U TPYNIHPOBKA UX IO XapaKTePHBIM YepTaM H
MpU3HAKAM.

! ApxurextypHblii crunb // Buxuneaus. URL: https://ru.wikipedia.org/wiki/ApxutekTypHbiii_cTuib (n1ata obpamenus: 22.09.2022).

2 @acmosckasn J]. OT aHTHYHOCTU 10 MOJEPHM3Ma: 8 OCHOBHBIX cTuiedl B apxurekrype // PBK. 2021, 31 wmroms. URL:
https://realty.rbc.ru/news/60faf77¢9a7947e3aa2fdc39 (nara obpauenus: 17.02.2022).

3 Mevenxun M., Jaeéviooe B. OmnpenenuTenb apXUTEKTypHbIX cruned // Arzamas. 2017, 14 asrycra. URL:
https://arzamas.academy/mag/446-arch (mara oopamenus: 13.03.2022).
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ApXMTEKTypHAas rpynna «ABaHrapm»

OCHOBOI UICONIOTHH DYHKYUOHATUZMA B aPXUTEKTYpE CTAIO CO3JTaHUE CaMBIMU COBPEMEHHBIMHU CIIOCO-
0aMu M KOHCTPYKUMSIMH Takux (opMm, KOTOphle obecneuuBany Obl Hammydinee (JyHKIHOHHPOBaHHE OOBEKTa,
BCE MBJIMIITHEE OTOPACHIBAJIOCh (PHC. 2). ApXUTEKTypa MPHUPaBHUBAIACH K MPOMBINUIEHHOMY nu3aifHy. CTHIb
noJy4ui Haubosblnee pacrpoctpanenue Bo Opanmmu, ['epmannu, CeBepHoit 1 Boctounoit Espore.

I'maBHOE OTNMUUE 9KCHpeccuoHusMa OT APYTHX aBaHTApIHBIX YUYECHHH — OTKa3 OT TPaAMLHUI U YCIOBHO-
CTEH C LeNbI0 JOCTUYb MAaKCUMAaJIbHON SYMOLMOHAIBHOCTH, CHJIBI BO3AEHCTBUS Ha yesoBeka. @opMooOpasoBaHme
3aKJII0YaJach B HAMEPEHHOM HCKa)K€HHM TPaJULMOHHBIX (OPM C II€JIbI0 BBI3BaTh CHJIBHBIN SMOLMOHAJIBHBIHI
OoTKIMK. OCOOEHHOCTHU: CHITY3ThI, BHI3BIBAIONINE B BOOOPAKEHUH OYEPTaHHs YTECOB, CTAIAKTUTOB, TPOTOB, 3a-
OCTPEHHOCTb, CKYJIBITYPHOCTh, TPOTECKHOCT, AehOopMalys IPUBBIYHBIX TreoMeTprdeckux (opm (puc. 3). Apearn
pacrpocTpaHeHus cTuiisd — ['epMaHus U coceTHHE C HEW CTpaHBbl.

Heosxcenpeccuonusm nipencraBisier co0oii HapaBlieHHE B COBPEMEHHON apXUTEKType, KOTOPOE BO3HUKIIO
B Hadane 1950-x IT. B MPOTHBOBEC INIABEHCTBYIOIIUM aPXUTEKTYPHBIM CTWISIM — QYHKIHOHATU3MY U OpraHuye-
cKolt apxuTekType. 3aMbicibl JIe KopOro3be H3MEHIITH SKCIIPECCHOHN3M | TPUAAIN €My HOBOE NbIXaHHUE (PHC. 4).
CTuip pacipocTpaHeH Mo BCEMY MHUPY.

Puc. 2. 3nanue Lenrpocoroza, 1928-1936, Mocksa, Poccus, Puc. 3. Crexnannslii naBuiboH, 1914, Kensn, ['epmanus,
apx. JIe Kop6ro3be (ghynkyuonanuszm) apx. Bruno Taut (sxcnpeccuonuzm) (URL:
(URL: http://corbusier.totalarch.com/files/1c20/084 _02.jpg https://aperturesinthewall.org/destruction-of-windows/

(mata ob6pamenus: 30.01.2021)) (mata obpamenus: 30.02.2022))

Figure 2. Tzentrosoyuz Building, 1928-1936, Moscow, Russia, Figure 3. The Glass Pavilion, 1914, Cologne, Germany,
arch. Le Corbusier (functionalism) arch. Bruno Taut (expressionism)

(Available from: http://corbusier.totalarch.com/files/1c20/084 02.jpg (Available from: https://aperturesinthewall.org/destruction-
(accessed: 30.01.2021)) of-windows/ (accessed: 30.02.2022))

Puc. 4. Hotp-/lam mro O, 1953, Ponman, ®panuus, Puc. 5. XKunoii nom K.C. MenbuukoBa, 1927-1929,
apx. Jle KopOrozbe (Heoaxcnpeccuonuszm) Mocksa, Poccust (koncmpyxmugusm)
(URL: https://i.pinimg.com/originals/c6/e1/97/c6e197529¢ce39b1d13t5edbfte23d132.jpg (doto .A. MamueBoii)
(mata oopamenus: 30.01.2022)) Figure S. Melnikov’s Dwelling House, 1927-1929,
Figure 5. Notre Dame du Haut, 1953, Ronchamp, France, Moscow, Russia (constructivism)
arch. Le Corbusier (neo-expressionism) (Available from: (photo by Iraida A. Mamieva)

https://i.pinimg.com/originals/c6/e1/97/c6e197529ce39b1d13f5edbffe23d132.jpg
(accessed: 30.01.2022))
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Koucmpyxkmusucmcekasa apxumexmypa (KOHCMpyKmueu3m) — 3T0 aBaHTapJHBINA CTHIIb COBPEMEHHOHN apXH-
TEeKTypHI, mporBeTaBmuii B CoBeTckoM Coro3ze B 1920-x — Hagane 1930-x rr. KOHCTpYKTHBH3M — 3TO HaIpasJe-
HHUE HUCKIIOYUTEIBHO COBETCKOM apXHUTEKTYpPHI (pHC. 5). AOCTpaKTHOE M CTPOroe ABMKEHHE CTPEMUIIOCH OTpa-
3UTh COBPEMEHHOE MHIYCTPHAIBHOE OOIIECTBO, OTKA3bIBASICh IIPU 3TOM OT ACKOPATHUBHOM CTHIIM3ALMU B MOJIb3Y
npoMbIIUIeHHOH cOopku MarepuanoB. Konctpykrususm B CCCP mpencramisin co6oil pyHKIMOHATIM3M C aKLEH-
TOM Ha BbIpa)KEHHE HOBBIX KaYECTB HOBBIX KOHCTPYKLHH, IIPH 3TOM COAEP KaHNE TAKOW apXUTEKTYPHI BBIpaXKajo
HOBAaTOPCKHE, MOJYac PEBOJIOIMOHHO-(paHTacTH4YeCKHe HIen HOBoro Obita. COOpyKEeHHs MOXOKH Ha MHIYCTPH-
aNbHBIE 37aHUSL.

Opeanuueckas apxumexmypa B 1920—1950 rr. 65112 Hanbonee pacrnpocrpaneHa B CIIA n Ourmstaanm [1].

Dymypucmuyeckasa apxumexmypa nosisuiaachk B Utamuu B 1920-x IT. Kak aBaHrapAUCTCKUM BapuaHT apXu-
TeKTypbl. IHTEpec B Mupe K 3ToMy HarpasiieHHIo cran yracath B 1950-¢ rr., Ho B CCCP oH Obl1 mormyisipeH 10
1990-x rr. (puc. 6) [13]. K ocoOeHHOCTSIM 3TOTO HAIpPaBIeHUsT OTHOCST JJIMHHBIC WV JIOMAaHbIC IMHUH, HEOOBIY-
HbIe (POPMBI M TEXHOTEHHBIE MOTHBBI. VICTIONIB30BaMCh HOBEHIIIME HA TOT MOMEHT KOHCTPYKIIIOHHBIE MaTepPHAIbL.
Ceiluac HHTEpeC K HaIPaBJICHUIO IOCTETIEHHO BO3BPAILAETCS B BUIE HEODYMYPU3MA.

[lepBble MOCTPONKHN B apXUTEKTYPHOM CTHIIE HEOKOHCMPYKMUSU3M TIOSIBUINCE B KoHIE 1960-X IT.; B oC-
HOBHOM 3TO OBUIM MHMBHIyalbHbIE kuible foMa’. KpymHble 060104euHbIE CTPYKTYpPBI U GOJIBIIENPOJIETHbIE
000JIOYKH B 3TOM CTHJIC HE OOHAPY KEHBI.

Tocmkoucmpyxkmuguszm ObUT TIEPEXOAHBIM apXUTEKTYPHBIM CTHIIEM, cyliecTBoBaBIIUM B CoBeTckoM Co-
t03e B 1930-x rr. TepmuH ObLT BBeJeH UCTOPUKOM apxuTeKTypsl C. XaH-MaroMe0BbIM, KOTOPBIA OTIPEEIIIT
MOCTKOHCTPYKTHUBU3M KaK «HeoKJaccuueckue GpopMel 6e3 HEOKIacCHUeCKon AeTanu3anum» (puc. 7).

Llexoncmpykmueuzm — caMblii arpeCCUBHBIN CTHIIb C JIOMAaHBIMU ()OPMAMU ¥ KOHCTPYKIMSAMH, CIOKHBIMU
JUISL BU3YaJIbHOTO BOCHPUATHUS. Y NE€KOHCTPYKTHBHCTOB €CTh TOYKa OMOPHI — KOHCTPYKTUBU3M M MOCTMOJEp-
HU3M (pHC. 8). AKTHBHBIM NOOOPHHUKOM HJEOJIOTHH apXUTEKTYPHOTO JEKOHCTPYKTHBHU3MA sBisgeTcss D. ['epu
(puc. 9)°. CTunb pacnpocTpaHWICS MO BCEMY MHpY. APXHTEKTypa JCKOHCTPYKTHBHM3MA MPETyCMAaTPHBAET HC-
MOJIb30BaHUE JTIOOBIX cTpoiiMaTepuainos [1].

Puc. 6. Kunoreatp «Poccusi», 1974, EpeBan, Apmenus, Puc. 7. HepeannzoBauublii npoekt Kypckoro Bok3ana, 1933, Mockaa,
apx. A. Tapxaunsn, C. Xauuksh, I'. [Torocsia Poccus, apx. Y. ®omun u I'. Bonommuos (nocmkoncmpykmuseusm)
(pymypucmuueckasn apxumexmypa) (URL: https://commons.wikimedia.org/wiki/File:Yaweyn kursky fomin.jpg
(URL: http://fototelegraf.ru/wp-content/uploads/2018/10/1331- (mara obparenus: 30.01.2022))
990x819.jpg (mata obpamenus: 30.01.2022)) Figure 7. Nonrealized project of Kursk Railway Station, 1933,
Figure 6. The film theatre “Russia,” 1974, Yerevan, Armenia, Moscow, Russia, arch. I. Fomin and G. Voloshinov
arch. A. Tarkhanyan, S. Khachikyan, G. Pogosyan (post-constructivism) (Available from:
(futuristic architecture) (Available from: https://commons.wikimedia.org/wiki/File:Yaweyn kursky fomin.jpg
http://fototelegraf.ru/wp-content/uploads/2018/10/1331- (accessed: 30.01.2022))

990x819.jpg (accessed: 30.01.2022))

4 Bonxoe A.M. Heokonctpykrususm // Kopryc. Beim. 2. URL: https://cih.ru/k2/neocon2.html (nara o6pamenus: 16.02.2022).
5 CTunb IEKOHCTPYKTHBHU3M B aPXUTEKTYPE LeHTpa UCcKyccTB Jlyn BeroTon ot ®ponka lepu // Jlnszaiin Dcrer. 2018, 19 dpespans.
URL: http://design-estet.com/stil-dekonstruktivizm-v-arhitekture-frenka-geri/ (nara oopamenus: 17.02.2022).
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Puc. 8. Konueprusiii 3an Yonta ducues, 2003, Jloc-Anmxernec, Puc. 9. Llentp uckyccrsa Jlyn Burton, 2018, ITapmwxk, @panuus,

CIIA, apx. ®. T'epu (dexorncmpyrxmuzm) (URL: https:/ka-ap.ru/wp- apx. ®. I'epu (dexoncmpyxmuszm)

content/uploads/4/d/e/4deefaataf7fe65a26f58d70db1d5783.jpeg (URL: https://ru.pinterest.com/pin/296393219232110298/
(mata ob6pamenus: 30.01.2022)) (mata ob6pammenus: 30.01.2022))

Figure 8. Walt Disney Concert Hall, 2003, Los Angeles, USA, Figure 9. Louis Vuitton’s Centre of Arts, 2018, Paris, France,
arch. F. Gehry (de-constructivism) (Available from: https:/ka-ap.ru/wp- arch. F. Gehry (de-constructivism)
content/uploads/4/d/e/4dectaataf7fe65a26f58d70db1d5783.jpeg (Available from: https://ru.pinterest.com/pin/296393219232110298/

(accessed: 30.01.2022)) (accessed: 30.01.2022))

Puc. 10. Ckynpnrypa Haz OJMUMIHHACKAM TTABIILOHOM, 1992, Puc. 11. bubmoreka dunonorun cBoboaHOr0 beparHckoro yHuBepcHreTa,
Bapcenona, Mcnanus, apx. ®. ['epu 2005, I'epmanmus, apx. H. ®ocrep (BLOB apxumexmypa)
(oueumanvrasn apxumexmypa) (URL: https://losko.ru/wp- (URL: novate.ru (gara oopamenus: 30.02.2022))
content/uploads/2017/07/FullSizeRender-5-5.jpg Figure 11. Philological library of Free Berlin University, 2005,
(nata obpamienus: 30.01.2022)) Germany, arch. N. Foster (BLOB architecture)
Figure 10. The sculpture over Olympic Pavilion, 1992, (Available from: novate.ru (accessed: 30.02.2022))

Barcelona, Spain, arch. Fr. Gehry (digital architecture)
(Available from: https://losko.ru/wp-
content/uploads/2017/07/FullSizeRender-5-5.jpg
(accessed: 30.01.2022))

OCHOBHBIE HCTOPHUYECKHE CBEACHUS O BOSHUKHOBEHUHN OUSUTNATbHOU apXumeKmypsl IPUBEICHBI B padoTe
C.Mollie®, rze, B yacTHOCTH, TOBOPUTCS, UTO amepukaHckuii apxutektop I1. Eitsenman’ 6bu1 BaxkHO (Gurypoit
Ha paHHHX dTarax MOosBICHUS MU(POBBIX TEXHOJOTHI B apXUTEKTypHOM NpoekTupoBanud. OH ¢ 1987 T. Hauan
HCITOJIB30BaTh KOMITBIOTED B MpoekTupoBanud. B 1993 r. I'. JIuHH mpuMeHWT KOMIIBIoTEp I (hopMooOpazoBa-
HUsSL 00BEKTOB. AMepukaHckuid apxutekrop @. I'epu okazan orpoMHOe BIMSHHE Ha Pa3BUTHE HUPPOBOI apxu-
TEKTYPbl, KOTOPYIO OH aKTUBHO BHexpsu1 (puc. 10).

Tepmun «apxumexmypa blob» Obu1 n3BecTeH yxe B cepenune 1990-x rr., cioBo blobitecture Biepssie mo-
suiochk B niedatu B 2002 r. [14]. Tepmun «apxutekrypa blob» Obin npumyman apxutekropom . JluanHOM B

% Mollie C. The digital in architecture: then, now and in future // Spacel0. URL: https://space10.com/project/digital-in-architecture/
(accessed: 21.02.2022).

7 The foundations of digital architecture: Peter Eisenman // CCAchannel. YouTube. 2013, 21 May. URL: s10.io/eisenmanfndtns
(accessed: 03.03.2022).
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1995 r. B ero skcrepuMeHTax mo uuppoBomy Ausaiiny. Ha3BaHue cTHIIsA, C OAHON CTOPOHBI, MEPEBOIUTCS Kak
binary large object, a ¢ apyroii — B nepeBoje 0003HaUaeT KAILTIO MM KISKCY. KOHCTpyKIMM 3/aHUN B CTHIIE
67106 IMEIOT 0COOBIC TeKyUHe, IbIBYymHUe Gopmbl (puc. 11).

ApXUTeKTypHas Ipynmna «Ap-aexko»

Ha py6exe XIX—XX BB. cTiIb Modepr OYKBaIBHO 3aXBaTWII BECh €BPOTCHCKII KOHTUHEHT, B | epMaHuu
1 ABCTpUHM OH M3BECTEH KaK IOTCHICTWIb, B benbruu u ®@panunu — ap-HyBo, B Utanuu — cTuiIb TOSpTH WK
stile floreale (BeTounsIii cTunb). [Ipupoaa cTaHOBUTCS OCHOBHBIM MCTOYHHKOM BIOXHOBEHUS IUIS JBIKCHHS,
KOTOPOE CTPEMMIIOCH K ITOJIHOMY €AWHCTBY CTPYKTYPHI M AeKopa. MoJepH XapaKTepu3yeTcsl H3BHIMCTBIMU JIH-
HUSIMU M OPraHMYECKMMHU 00BEMaMH, 4acTO BCTpedaroTcs (propanbHbIe M aHUMANIUCTHYECKHe MOTHBbL. OHaKO
B TIEPHO/] paciiBeTa MOJICpHA KeIe300€TOH eIlle He MOIYUIII IUPOKOTO pacipocTpaHeHus [15], mosTomy Toraa
BpeMsi JJIsl CTPOUTENBCTBA OOJBIIEIPOJIETHRIX 000JI0UEK ellle He MPHUIUIO. BeTpedaloTesl TOMbKO HMIMHAPHYE-
CKue 000JI0YKU C BEPTUKAIBHON OCBIO.

ApPXUTEKTYPHBIN CTUIb ap-0eKko (IeKOpaTUBHOE MCKYCCTBO) BO3HUK Ha MEPECeYeHNH HEOKJIACCULIM3Ma U
MOJepHa C €ro J00BbI0 K OPHAMEHTY M 3aMHTEPECOBAHHOCTHIO B TEXHUKE M €€ BO3MOXKHOCTsX. Ilo cyTw,
ap-Ae€KO — 3TO BapHaHT MOAEPHMU3MA, Uy KIBIH HIECIM 3KOHOMHHM M OTKa3a OT ACKOPAaTHBHOCTU. Ap-AEKO Kak
HaIpaBjIcHHE He OBIT aOCOJIOTHO HOBBIM, OH IEPEHSI MHOTOE OT TOITYJIIPHOTO paHee CTHIIS ap-HyBO (MOIEpH),
CTaB €ro MpOJODKCHHEM M Pa3BUTHUEM. Takke 3aMETHO BIMSHHUE Ha ap-IeKo KyOu3Ma M KOHCTPYKTHUBHU3MA.
O06o0s10ueK ¥ 000JIOUEUHBIX CTPYKTYP, BHIIIOJHEHHBIX B 3TOM CTHJIE, HE OOHapy>keHO. TOJIBKO OTHENbHBIC 3Je-
MEHTHI 3JaHHA MOJKHO OTHECTH K JaHHOMY CTHJIIO, HaIpUMep MUpaMUAaIbHYI0 Kpeinry Marine Building (Ban-
KkyBep) 1929-1930 rr. HexoTopsle apXUTEKTOpPHI Ha3bIBAIOT ap-AEKO CTUJIEBBIM T€UEHHEM, IPYTHe — MOJHOICH-
HBIM apXUTEKTYPHBIM CTUJIEM.

ApxurekTypHas rpynna «MoaepHuzm»

Ora rpynmna BKIOYACT B ce0s MHOTO apXUTEKTYPHBIX HANPABJICHUH, CTHIICBBIX TCYCHUN U HECKOJIBKO ap-
XUTEKTYpPHBIX cTHIIeH (pHc. 1).

MooOepnuszm — apXWTEKTypHBIE CTWJIM, OCHOBAHHBIE Ha MHHOBAI[MOHHBIX TEXHOJIOTHUSAX CTPOHTEIHCTBA,
B YaCTHOCTH HCITOJIb30BAaHUM CTEKIIA, CTalI M kene300eToHa. OCHOBHBIMH KPUTEPUSMHU B apXHUTEKType CTalll
(YHKIIMOHAJILHOCTh, MUHUMAJIN3M, OTKa3 OT opHaMeHTa. CTU/Ib BO3HHK B MEPBOM mooBuHE XX B. M CTall J0-
MUHHpYIOIUM nociie Benukoit OTeuecTBeHHONW BOMHBI, BINIOTH 40 KOHIA 1980-X rr. DTa apXUTEKTypHas TPyII-
T1a BKIJIFOYAeT B ¢e0s1 OOJIBIIOE YHCIIO apXUTEKTYPHBIX CTHIICH, HAIIpaBICHUH M CTUJICBBIX TeUeHUH [16].

«Pasryn TBOpueckoit (haHTa3uu B nocmmoOdepruzme TIPEB3OIIEN BCE MPEIbIIYIIHE dTAlbl 30,[4eCTBa BMe-
CTE B3ATHIC, MMOPOIO JIOXOAMUIO IO TOTO, YTO KKIBIH apXUTEKTOP MPEACTABIIUT KaK MUHHMYM OJIHY, a MHOTIa
JTake HECKOJIbKO KOHIETUH. Bce 3To ¢ HayyHOW TOUYKM 3peHHs 3aTPyTHSIET KIACCU(PUKAIUIO apXUTEKTYPHBIX
KOHIIETIHIA 10 KaKUM-THO0 KpuTepusaM»®. TIpUMEHHTENTHHO K 000I049€UHBIM CTPYKTYPaM BBIBUIAIIHCE CIIEY-
IOIINE CTUJICBBIC TEUCHUS: COBEMCKULL OeKOHCTMPYKmMueusm, non-apxumexmypa (puc. 12), Hogviid mooepnusm,
Hoswlll asaneapousm (mupamuaa Jlyspa, Ilapmwk, apx. Mo M. Ilei, 1989 r.), mexnoskcnpeccuonusm, asmopckas
apxumexkmypa («JIBopert my3sipeit», Kannsl, apx. A. Jloear, 1989 1.), momanvusiti dusatin (My3eil ByJIKaHOJO-
run, Oype-Hec-Poxec, @pannust, apx. X. XowisiH, 1999 r.), napoyumuwiti cumsoausm (puc. 13), zepranvras ap-
xumexkmypa (puc. 14). [Toutn Bce yka3aHHbIC CTUIICBBIC TCUCHHUS HE UMEIU IIUPOKOTO PACIIPOCTPAHCHHS, CKOpEe
OHM OBUTH €AMHUYHBIMH, W TIOYTH HU OJHO M3 ATHX TEUEHHUH He MOJYYHIO B AaJbHEHIIIeM OJTHOIEHHOTO BhIpa-
KEHUS .

Cmpyxkmypanusm, WA CMPYKMYPHbIU 9KCNPECCUOHUM, BO3HUK Cpa3y IOCJe Hadaja 3M0XU MOCTMOJEp-
HU3Ma. DTO OJIHO W3 HAIMpPaBJICHWH B MOJIEPHUCTCKON apXUTEKType. Ero OCHOBHbBIE XapaKTepPUCTUKH: BO3BPAT K
POMaHTH3MYy, SKCIIPECCHH M HAIIMOHAIBHOW crienn(uKe, YUCTOTa JIMHUH, OTCHUTKA K (hopMam, CBOMCTBEHHBIM
JKUBOW MPUPOJIE, BHICOKAS (YHKIIMOHAIBHOCTD (pHUC. 15). CTpyKTypaiu3M CTPEMHIICS K 3CTETHKE KOHCTPYKTHB-
HOW (hOPMBI, K TAPMOHUY BHEITHETO O0JHKa ¢ ero (yHKIIMOHAIBHOW CTPYKTypoi. MaTtepuanbsl — OeTOHHBIE Ta-
HEJH, METAJUTHIECKHE CeKI[NH, CTaIbHBIE TPOChl. Ero momokeHne OBIIO MOAOPBAHO PACTYIIEH MOIYISPHOCTHIO
MOCTMOJICPHUCTCKOM apXUTEKTYPhI

Tapamempusm, UAN anzopummuieckas apxumexmypd, SIBISAETCS HOBBIM apXUTEKTYPHBIM CTHJIEM IIOCT-
WHAYCTPUAIBHOTO OOIIeCTBa, CTHIIEM IU(PPoBoi 3moxu. OCOOEHHOCTH TOr0 apXUTEKTYPHOT'O HANPaBICHUS —

8 Boauuenxo O.B. KoHUENTYanbHO-OPOTOTHIIHOE MOJEIMPOBAHUE APXMTEKTYPHBIX OOBEKTOB: y4E€OHO-METOIMYECKOE MOCOOHE.
Bumkex: KPCVY, 2017. 142 c.
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HEOOBIYHBIC (POPMBI, MPOTHBOCTOSIINE TEOMETPHICCKUM (PHUTypaM, TUTaBHBIC, TIEPETEKAOIIIE APYT B JIPyTa IM0-
BEPXHOCTH U OTKa3 OT JIeJICHHs Ha YHKIMOHAJIbHEBIE 30HbL. B [8] aHaNM3UpyIOTCsI OCHOBHBIE 3aKOHOMEPHOCTH,
XapaKTepHU3yIue 3TO aBaHrapAHoe Hanpasienrne. OcHoBatens ctuis [1. Illymaxep nmpeacTtaBui ero Kak HOBBIH
TI00aNBHBINA CTHIIB apXUTEKTYpHI [17]. 3mech apxuTekTypHast opMa MOAEITHPYETCsS Ha OCHOBE €€ MaTeMaTHde-
CKOT'0 TIpe/icTaBlieHus ¢ mpuBiedeHneM DBM. M3MeHeHne MTOCTOSHHBIX MTapaMeTpOB B MaTEeMaTHUYECKUX BEIpa-
JKEHUSX BIMSIET HA TEOMETPHIO (POPMEL.

Puc. 12. Bap Asahi, 1989, Tokno, SInonus, apx. @. Crapk Puc. 13. lom-pakymka, noc. TaBatyii, CBepiutoBcKast 00J1acTh,
(nocmmooepruszm, CTUIEBOE TCUCHUE «(NON-APXUMEKMYPAY) Poccust (Hapouumpiii cumeonusm, WM apxumexkmypHas memagpopa)
(URL: inside-lighting.ru (nata oopamenus: 30.01.2022)) (¢poto u3 nmocobus O.B. Bonudernko®)
Figure 12. Asahi Beer Hall, 1989, Tokyo, Japan, arch. F. Stark Figure 13. A Shell Dwelling House in Tavatuy,
(post-modernism, style flow “pop-architecture”) Sverdlovskaya Oblast, Russia (architectural metaphor)
(Available from: inside-lighting.ru (accessed: 30.01.2022)) (photo from O.V. Volichenko’s manual'®)

Puc. 14. Xaac-Xayc, 1991, Bena, Asctpus, apx. X. Xomistitx Puc. 15. YauBepcanpHblii CIOPTUBHBIN 3a1 «/Ipyx6a»
(nocmmooeprusm, 3epkanvHas apxumexmypa) B Jlyxnukax, 1980, MockBa, Poccus, apx. 1O. Bonbuiakos,
(poro U.A. MamueBoit) J1. TapaceBuuy, B. [Tontpsarun, 1. Cononos, B. MakcumeHko,
Figure 14. Haas House, 1991, Vienna, Austria, arch. H. Hollein . Poxun (cmpykmypanuszm)
(post-modernism) (photo by Iraida A. Mamieva) (URL: https://pastvu.com/p/37390 (zata obpamenus: 30.01.2022))

Figure 15. Universal Sport Hall “Druzhba,” Luzhniki, 1980,
Moscow, Russia, arch. Y. Bolshakov, D. Tarasevich, V. Pontryagin,
D. Solopov, V. Maksimenko, I. Rozhin (structuralism)
(Available from: https://pastvu.com/p/37390 (accessed: 30.01.2022))

ApXHUTEKTYpHasl Ipynna «JK0apXuTeKTypa»

Apxurextopsl H. ®ocrep, T. Uto, P. IIbsHo, XK. HyBens, K. Eanr u apyrue co3ganu apXUTEKTypHbIE CO-
OpYXXEHHS, B OCHOBY KOTOPBIX OBLIH IOJIOKEHBI IPUHIIMITBI «HYJIEBOTO YHEProNOTPeOICHHs», IepepaboTKu OT-
X0JI0B, cOOpa I0KAEBOI BOMBI, UCIIOIB30BAHUS COTHEYHOH, BETPOBOI M Ipyrux BUAOB SHEPIuH, Haubojee pa-

® Boauuenxo O.B. KOHUENTYalbHO-NPOTOTHIIHOE MOJETMPOBAHUE aPXMTEKTYPHBIX OOBEKTOB: y4EOHO-METOIMYECKOE MOCOOHE.
Bumikek: KPCVY, 2017. 142 c.
19 Volichenko O.V. Concept-and-prototype modelling of architectural objects. Bishkek: KRSU Publ.; 2017. (In Russ.)
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[UOHAJIBHOTO MCIIOJIB30BAHUS MAaTEpHANIOB M MPOCTPAHCTBA, & TAK)KE IMPHUMEHEHHs] €CTECTBEHHON HWHCOJISLUU
Y BEHTWIAIIMA BHYTPEHHETO TPOCTPAHCTBA. DTU COOPYKEHUS BOIUIH B apXUTEKTYPHYIO TPYIITY «IDKoapxumex-
mypa», Wik «Apxumexmypa ycmouyugo2o pazeumusy. IKOAPXUTEKTypa CO3JaeT TEPPUTOPHU C 0€30MacHOi u
cOanaHcupoBaHHON cpenoil. OHa HampaBieHa Ha MHUHHMH3AIMIO HETaTHBHOTO SKOJIOTHYECKOTO BO3ACHCTBUS
3aHu. SIBISSICH Ha CETOAHSIIHMN JIEHh CAMOW MOJIHOW TEHIICHIIUEH B apXUTEKTYPE, IKOCTPOUTENHLCTBO OCOOCHHO
MOMYJISIPHO B Pa3BUTHIX cTpaHax. B BemukoOputanuu m CLLA Bo3BoAsTCS Lenble Topoja ¢ BHEIPEHHUEM HO-
BeHmux pazpaborok (puc. 16).

Puc. 16. lIseiinapckue nomMuku (sxoapxumexmypa)'!

Figure 16. Swiss small dwelling house (ecotech architecture)'?

ApPXHUTEKTYpHBII CTUIIB 9KomeK (ecotech) UMEET OrPOMHOE KOJIMYECTBO MOABUIOB U mojcTuiei [9]. OcHo-
BOIIOJIATAIOUINM MPUHLHUIIOM 3KOTEKa SIBJISETCS HCIOJIb30BAaHUE TOJIBKO HATYPANBHBIX MaTEPUAIOB. DKCHEPTHI
HA3bIBAIOT 3€/eHYI0 apXumekmypy OTHAM M3 CaMbIX MOAHBIX TEUCHHH COBPEMEHHOrO rpajgoctpoeHns. OHa sBIs-
eTcsl OIBUIOM 3KoTeKa. OTHAKO aTpuOyThI 3eIEHOM apXUTEKTYphl MPAKTHUECKU BCET/IA SIBIISIOTCS AEKOPATUBHBIM
0(hOpMIICHUEM COOPY’KEHHUS U HE BIIUSIOT HA €ro KOHCTPYKIIMIO, IO3TOMY OHA HE 0TOOpakeHa Ha puc. 1.

ApxurtekTypHas rpynna «Hoseifmue cTuiam»

[Mapamerpusm I1. [llymaxepa [17] ocHOBaH Ha ONMUCAHWU CIIOCOOa PabOTHI apXUTEKTOpa, a napamempuye-
cKkas apxumexkmypa OONblIe BHUMaHHA YAesIeT 0(pOPMICHHIO POSKTHON JEITENbHOCTH apXUTEKTOPa U HHKe-
HEPOB MPHU aKTUBHOM HCIOJIb30BAHUH KOMIIBIOTEPHBIX TEXHOJOTUH. MHOIHME CUATAIOT, YTO MapaMeTpHU3M U Ma-
paMeTpudecKas apXUTEKTypa — 9TO OAWH APXUTEKTYpPHBIH CTHIb. MHOTO IIPHMEPOB COOPYKEHHH, BBIITOIHECH-
HBIX B CTUJIE TAPAMETPUUECKON apXUTEKTYpHI, MpuBeaeHo B [11].

Omuoapxumexmypa — CTUIb C SIPKO BBIPA)KEHHBIM HAIlMOHAIBHBIM MOTHUBOM. CKOJNBKO KYJBTYp CyIle-
CTBYET Ha IIaHETE, CTOJIBKO BapHaIliii M UMeeT CTHIh 3THO (puc. 17, 18). B HaydHO-ITO3HABATEHLHOMN JTUTEpaA-
Type, IPUMEHHUTETHHO K 000JIOUEYHBIM COOPYKEHHUSIM, ONMHUCAHBI STOHCKUH, BOCTOYHBIN, BRETHAMCKHUN, KUTAil-

' Casuyras A. Dxonoruyeckas apXuTEKTYpa: 5 MOPa3UTENBHBIX SKOIIPOEKTOB, KOTOPBIE MOAPYKUINCH ¢ camoii mpuponoii / Happy
Modern. 2018, 18 uronsi. URL: https://happymodern.ru/ekologichesayaj-arxitektura-foto/ (nara obpamenus: 17.02.2022).

12 Savitskaya Ya. Ecological architecture: 5 amazing eco-projects that have made friends with nature itself. Happy Modern. 18 June
2018. Available from: https://happymodern.ru/ekologichesayaj-arxitektura-foto/ (accessed: 17.02.2022).
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CKuil, appUKAHCKUM, Ka3aXCTAHCKUH ¥ MHOTHE APYTUe 3THOApXUTEKTYpHble cTHIN. COOpy)KEeHHs, BBIIIOJHEHHbIE
B 9TOM CTHJIE, pa3In4aloTCs Kak 1Mo GopmMe, Tak U M0 MaTepuanaM. B CBS3M ¢ STHM MOSIBUIOCH MHOXKECTBO CTH-
JIEBBIX TCUCHUH, HAIPUMED 2AUHOOUMHASA apXUMeKmypa, 6amoOyKosas apxumexmypa, SMHUUECKUll IKOCMUlbL —
aKCcmepbep U Ip.

Kuraiickne
MOTHBBI

Puc. 17. Kuraiickuii naBuiboH, [Torcaam, ['epmanmus, Puc. 18. OtHOCTHIIB B 3aMOuu (smHo)
apx. W.T". bropunr (3mno) [18] (URL: idel.club (nara obpamenus: 12.03.2022))
Figure 17. Chinese pavilion, Potsdam, Germany, Figure 18. Ethno-style in Zambia (ethno-architecture)
arch. J.G. Biiring (ethno-architecture) [18] (Available from: idel.club (accessed: 12.03.2022))

Puc. 19. Boxkzan, 1998, Jluccabon, [lopryranms, Puc. 20. Myszeii C. lanu, 2010, ®nopuna, CLLIA,
apx. C. Kanarpasa (¢ppaxmanvrasn apxumexmypa) oropo HOK (nenunetinas apxumexmypa)
(¢poto H.C. KpuBomramko) (URL: http://www.arhinovosti .ru/2010/07/24/treti jj-domsalvadora-dali-
Figure 19. The railway station, 1998, Lisbon, Portugal, gotovitsya-k-otkryti yu-sankt-peterburg-florida-amerika/414-2-2/
arch. S. Calatrava (fractal architecture) (mara obpamenus: 30.01.2022))
(photo by Nataliya S. Krivoshapko) Figure 20. The Salvador Dali Museum, 2010, Florida, USA,

HOK bureau (non-linear architecture)
(Available from: http://www.arhinovosti .ru/2010/07/24/treti jj-
domsalvadora-dali-gotovitsya-k-otkryti yu-sankt-peterburg-florida-
amerika/414-2-2/ (accessed: 30.01.2022))

ABaHTap]l HOBEHIIIEH apXUTEKTYPhl HE €IMH, OH BKJIOYACT B ce0sl TpH MEHHCTpUMA: HEIMHEHHYIO, JIUTH-
TAJIBHYIO M (paKTanbHyI0 apxuTektypy (puc. 19). Heaunetinas apxumexmypa COCTOUT U3 TPEX OTHOCHTEIBHO Ca-
MOCTOATENFHBIX TBOPYECKUX KOHIICTIIIUH (TEUSHHH): TUIIEPCYPEMATH3M, HEOCYTIPEMaTH3M, CIOppeaTuCTHIecKas
apxuTeKkTypa-ckynbnrypa (puc. 20) [19]. K HacrosmemMy BpeMeHH 3aMETHBIX yCIIEXOB B HETMHEHHON apXHUTEK-
Type — CIOppEaTCTHYECKON apXUTEKType-CKyIbIType NOOMINCH TaKue apxXuTeKTopsl, kak @. ['epu, k. Maiiep,
X. Pamma, X. CeHochstiiH, P. bpyroc 1 1p. OcoOeHHO TOMyIIsipeH 3TOT CTHIIb Y MOJIOABIX apXUTeKTOpoB [20].

T'enepamuenas apxumexmypa — 3TO PE3yJIbTAT ONPEAEICHHBIX aJTOPUTMOB, OCHOBaHHBIX Ha paHee MONy-
YEHHBIX JaHHBIX, U CUCTEMBI NIPUHSTHS PEIICHNH, CO3AaHHON apXUTeKTopoM. B 3T0il cucteme cymectByer Tpu
KaTerOpHH JAaHHBIX: UCXOAHBIC TaHHbIE (MAes); aNrOPUTM MPOEKTUPOBAHUS (IPUBUIIA, aITOPUTMBI U HCXOIHBIH
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KOJ); pe3yibTupytomue ganase [21]. Ipumepsr 06010UeKk B CTHIIC TCHEPAaTUBHON apXUTEKTYPHI IPUBEACHBI B [22].
[Toaxompl K MPOEKTUPOBAHUIO B TIAPAMETPUUICCKON M TeHEPATHBHON apXUTEKType ONM3KU, HO BTOpas OJIMKE K
HCKYCCTBEHHOMY MHTEIUICKTY.

Deonroyuonnas apxumexmypa IBJISETCS CTHIICBBIM TCUCHHEM HEITHHEHHON apXuTEeKTyphI [23]. B kadecTBe
MHCTPYMEHTOB CO3/IaHMsI apXUTEKTYPHOTO JM3aiiHa NCIIOIb3YOTCS 3aKOHBI BOJIIOIIMY U MOP(OreHe3a.

PesyabTatsl

Cornacumcs ¢ O.B. Bomuuenko [19], koTopast oTMeUaeT, 4TO «CEroAHs Mbl HE MOKEM YETKO 0003HAYUTH
HOBH3HY BCEX apXHMTEKTYypHBIX HAIpPaBIIEHUH aBaHTap/a, CIUIIKOM TUHAMHYHA W pa3HooOpa3zHa apXHUTEKTypa
,,IOBEPXHOCTH“, KOTOpas CTajia BEAyIIUM (GOPMOOOPA3yIOIIUM KOMIIOHEHTOM HOBOM apXUTEKTYphI, HO TOBOPUTH O
TOM, YTO OHA CTaja KJIIACCUIECKUM IIPUHITUTIOM, €IIle PaHOY.

[IpencraBieHnast CTaThs JOIOJHIET PaHEe OMyOIMKOBAHHYIO padoTy [1], HO HE SBISIETCS €€ TIOBTOPCHHU-
eM ¢ 00aBJIICHHEM HOBBIX CBEICHHUH IO KIacCU(UKAINHA aAPXUTEKTYPHBIX CTHJICH W HaIlpaBiICHUH i1 000J10-
YEUHBIX COOPYKEeHUU. B Hell comepxkaTcs TONBKO HOBBIE pe3yNbTatThl. [Ipn HEOOXOAMMOCTH AAIOTCS CCHUIKU HA
JaHHBIE, coaep xkaruecs B [1], ¥ Ha pabOTHI APYTHX aBTOPOB.

N3yuuB Bce NOCTYIHBIE MaTepUabl, 3aKI04YUM, 4TO B XXI B. BO3pOC 3HAUUTEIBHBIN MHTEPEC K CTPOHU-
TEIBCTBY M MPOCKTUPOBAHUIO TOHKHX OOJBIICTIPOJIETHBIX O0OJOYEK M O00JIOUEUYHBIX CTPYKTYp. B mupe Her
CTpaHBbI, TJe ObI He OBLIIO BO3BEICHO XOTS ObI HECKONBKO 00omouek mocie 2000 T., KOTOpBIe CTal CUMBOJIAMHU
ropoja Wiy CTpaHsl [24].

YcTaHOBIICHO, UTO HET MCCIeOBaHUI MO KIacCH(PUKAUN apXUTEKTYPHBIX CTHIICH, HalpaBlIeHUH U CTHU-
JIEBBIX TEUEHUH NI 000J04YeK U 000JI0OUEHHBIX CTPYKTyp. PaHee moa pyKoBOACTBOM aBTOpa OBLIO MPOBENEHO
HCCIIeI0OBaHNE, PE3YIbTaThl KOTOPOTO OmyOamKoBaHkl B )KypHane PAACH, rne mepeducisroTcss apXuTeKTypHBIC
CTHJIM C YKa3aHUEM JIaT UX BOSHUKHOBEHUS W 3aTyXaHUS UCIIONH30BAHUS, a TAK)KE UMEH OCHOBaTeel [1].

3akaouenue

[IpoBenenHble Nccaen0BaHNUS TIOKA3alId, YTO HHTEPEC K MPOEKTHPOBAHUIO, PACUETY U CTPOUTEIBCTBY TOH-
KOCTEHHBIX 000JI0UEK U 000JIOUEUHBIX CTPYKTYp yBenuuuBaercs. B mupe Het ctpas, rae Obl B XXI B. He ObLIO
MOCTPOCHO HHU OAHOW 000JI0YeUHON CTPYKTYphl. HO apXuTeKTOpaM M MH)KEHepaMm-CTPOUTENSIM 4acTo Mellana
MyTaHUIa B MPUYUCIEHUU COOPYKEHUS K TOMY WM WHOMY CTHIIO, B ONPEACICHUN MOHATHI apXUTEKTYpPHBIX
CTHJICH, HAIIPABJIEHUH U CTHJICBBIX TEUEHUH 111 000JI0UEK U 000JIOUCUHBIX CTPYKTYp. YUUTHIBAsI OTPEOHOCTH
HAaYKH{, apXUTEKTYPbl ¥ HAPOJHOTO XO3SHCTBA, HEOOXOJMMBI NANbHEHIINE UCCIIeI0OBaHNs B 00IaCTH TEOPUH H
NPAaKTUKU apXUTEKTYphl, popMooOpa3oBaHus M pacyeTa Ha MPOYHOCTH 000JIOYEK U OOOJOYEUHBIX CTPYKTYP.
Pemenuro yactu 3TUX 3aAad ClOCOOCTBYIOT NpHBENCHHBbIE MaTepuanbl. OCHOBHBIE Pe3yJbTaThl OTOOPAKEHBI
Ha puc. 1, KOTOpHI mpeacTaBieH BHepBble. PaboTa BHOCHT MO3WTUBHBINA BKJIAJ B pPEIIEHHE yKa3aHHBIX 3a7ay
Mo Kiaccu(UKalMK CTHIEH W MOXET OBITh MoJie3Ha B YYEOHBIX LENsAX. Pa3bsCHEHHIO HEKOTOPBIX MOJI0KEHHUH
CTaTbH MOMOTYT TPY/bl U3 CHUCKA JINTEPATYPBI U MOCTPAHUYHBIX CHOCOK.
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HccaenoBanue BOJH B MOJAKPEIVICHHON CeTH

JI.I'. Aranapos'”, I'.A. Mamenosa'2®, ML.A. PycramoBa

Hucmumym mamemamuxu u mexanuxu Hayuonanvnoui akaoemuu nayx Asepbaiioscana, baxy, Asepoaiiosxcanckas Pecnybauxa
B3 gular-gulshan@rambler.ru

Hcropus cratbu AnHoTauusi. PaccmMatpuBatoTcst 1BrkeHus] OAKpeIuieHHo# cetn. CeTyaTble cu-
Ioctynuna B pegakuuto: 20 anpens 2022 1. CTeMbI UCTOJIB3YIOTCA B Pa3/INUHBIX 00IACTAX COBPEMEHHON TEXHHUKH, aBHAIUY,
Jopaborana: 10 urons 2022 r. PBIOOJIOBCTBE, CTPOUTENLCTBE. 3a MOCIEIHIE rO/Ibl OOJIBIIOE BHUMAHKE ITPHUBIIE-
IMpunsra k myonukamuu: 12 uions 2022 r. KaJIU TIOJIHbIE YPAaBHEHUS, KOTOPBIC OINUCHIBAIOT ABIKEHUE NehOPMUPYEMOM HUTH.

B cooTBeTcTBUU € MOCTaBICHHOH 3a/1a4eil OJKPEIUIEHHE CETH OCYIECTBISIETCS
no0aBlIeHHEM YJICHOB B ypaBHEHUSX JBIKEHHA. B miockoM ciydae m3yyaercs
CTaTUYECKOE MOBEJICHUE KOHCTPYKLMHU U BBIBOJSATCS ypaBHEHUS, ITO3BOJISIOIIUE
HCCIIeZIOBaHUE JIBIDKEHUS. 3aada pacrpOCTpaHEHHs! BOJH B J1ehOPMHUPYEMBIX HHU-
TEBBIX CHCTEMax C YYETOM 3HAYMTENHLHOTO OTKJIOHEHUS (OpMBI HHTEW OT mep-
BOHAYAILHOTO MPSMOJIMHEHHOTO B MAaTEMAaTHYECKOM OTHOLICHUH BEChMa CIIOX-
Ha, TaK KaK YPaBHEHUS IBIDKEHUS MPEACTABIAIOT cOOOH CHCTEMY HENMHEHHBIX
muddepeHInanbHbIX YPaBHEHUH B YaCTHBIX NMPOM3BOAHBIX. s ee pemieHus
HCTIONB3YETCsl METO XapakTepUCTHK. VM ke perraercs 3aada o pacrpocTpaHe-

HUHU BOJIH Pa3rpy3KH (B ciIydae Harpy3Kd BO3HHKAIOT yIapHbIe BOJHBI). B 3aBu-
CHMOCTH OT PAacCIIPEACNICHUs] CKOPOCTH Ha TPAHHULE OIPEICNeTCs pacipenese-
HUe 7ehOopMaIMi OCTOSIHHOM Ha XapaKTepUCTHKAX. Pe3ybTaThl CTPOSTCS YHC-
JICHHBIM MHTETPHUPOBAHUEM HHTETPaJOB, HAHICHHBIX METOIOM XapaKTePHCTHK.
Pelienre ¢ MOMOLIBIO YPaBHEHHH XapaKTEPHCTHK MOKA3bIBACT BO3HHUKHOBEHHE
Oerymmx BOJIH.
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Investigation of waves in the strengthened net
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Article history Abstract. The movements of a reinforced net are considered. Mesh systems are
Received: April 20, 2022 used in various areas of modern technology, aviation, fishing, and construction.
Revised: June 10, 2022 In recent years, much attention has been drawn to the complete equations that
Accepted: June 12, 2022 describe the motion of a deformable thread. In accordance with the studied task,

the reinforcement of the net is carried out by adding terms in the equations of
motion. In the planar case, the static behavior of the structure is investigated, and
equations of motion are derived that allow the study of motion. The problem of
wave propagation in deformable filament systems, taking into account a signifi-
cant deviation of the filament shape from the original rectilinear one, is mathe-
matically very difficult, since the equations of motion are a system of nonlinear
differential equations in partial derivatives. To solve the problem, the method of

For citation characteristics is used. As well the method of characteristics solves the problem
Agalarov J.H., Mammadova G.A., Rus- of the propagation of unloading waves (in the case of a load, shock waves arise).
Depending on the velocity distribution at the boundary, the distribution of
the strain constant on the characteristics is determined. The results are construc-
ted by numerical integration of the integrals of the characteristics found by

tamova M.A. Investigation of waves in
the strengthened net. Structural Mecha-
nics of Engineering Constructions and

Buildings. 2022;18(3):269-279. (In Russ.) the meth.od. The solution using the characteristic equations shows the occurrence

http://doi.org/10.22363/1815-5235-2022- of traveling waves.
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BBenenne

B [1] Ha ocHOBe ypaBHEHMI ABHKCHHUS CETH B OOIIEM Cllydae CTPOSITCA yPaBHEHUS ABWKCHUS LIMIMHIPU-
yeckoi ceTH. OmnpenessioTcsl BapuaHThl paclpoCTPAHEHUS BOJIH B CIy4dae OCHOBHI CETH M3 YIPYTHX BOJIOKOH.
MeTonoM XapaKTEepUCTHK PelieHa 1 MIPOMJUTIOCTPUPOBAaHA pacyeTaMu 3a/1a4a O paclipOCTPaHEHUH BOJIH Pa3rpy3KH
B IIPE/IBAPUTEIILHO HATAHYTOW CETH.

Ha ocnoBe mexanuku cereii [2—10] paccMaTpuBaroTcs ypaBHEHUS ABMKEHHUS CETH C JONOJHUTEIHHBIMHU
YJICHAMH, KOTOPbIe COOTBETCTBYIOT CONMPOTHUBIICHUIO OTHOCHTEJILHON MOBOPOTa BETBEH ceTH. 3ajaya o pacipo-
CTPaHEHUH BOJIH B Cllyyae IUIOCKOH CETH TaKKe pelIeHa METOIOM XapaKTEePUCTHUK U MPOMUIIOCTPUPOBAHA pac-
YyeTaMHU.

B mocnennue roapl 0onbIIoe BHUMaHWE MPHUBIICKANN MOJIHBIE YPAaBHEHHUS, KOTOPBIE OMHCHIBAIOT JBIKE-
HHUE neopMHUpPYEeMON HUTH NpH OonbnX nporudax. YacTHYHO 3TOT HHTEpeC 00yCIOBIEH TEXHUYECKUMHU MPH-
JIO)KCHUSIMH (DU3HUECKUX SBIICHUH, OMUCHIBACMBIX 3TUMH ypaBHeHHsMH. Hanpumep, B [11] paccmoTpena 3amada
O IIOMEPEYHOM yaape, UMEroniass TOYHbIC PCIICHUA THIIA IMPOCTHIX BOJH, U IIOKAa3aHO, YTO JAaHHBIC YpaBHCHUA
o0ecneunBaroT GyHAAMEHTAIbHYI0 TEOPETHYECKYIO OCHOBY ISl IPOBEACHHS SKCIIEPUMEHTABHBIX UCCIICAOBAHUM
MOBEJICHUS MAaTEPUAIIOB IIPU OOJIBIINX JTUHAMHUYECKUX Ae(OpMaLUsIX U BHICOKUX CKOPOCTSIX Ae(OPMHUPOBAHMUSL.

B [12] paccmoTpena 3afada 0 MOMEPEYHOM yAape Mo TMOKOH HUTH CTOJb TYNBIM KIMHOM, YTO €ro IIeKH
OKa3bIBAIOT BIHMSAHUE HA XapakTep IBMKEHHS HUTH. OCOOSHHOCTh MPEIIOKEHHON CXeMBI PEIICHHs MOCTaBIICH-
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HOH 3aJ1a4yM 3aKJIF0YAETCS B TOM, UTO BBOJSTCSI COCPEIOTOYEHHBIE CHIIBI B TOUKAX U3JI0Ma; IPEANONaraeTcs, 4To
B 00J1aCTH TOMEPEYHBIX IBUKEHUN HUTH MIPHJIETAET K IIeKe KIIHHA.

B [13; 14] uccnenoBanack TMHaAMUKa MPOCTPAHCTBEHHBIX (OPM THOKUX cBsizeid. [lepBbIME OBLIM paccMOT-
peHBI 3a1a4uu 00 yaape TIaaKuM KOHYCOM Io HUTH [14] 1 peneHsl aBToMOoAeIbHBIE 3amaun. B [13] Haiimen kimacc
YaCTHBIX PEIICHUI YPaBHCHUI ABMKCHHUS HUTH Ha TIOBEPXHOCTH a0COJIFOTHO TJIAJIKOT0 KOHYCA.

Teopus cetu moctpoeHa Ha ocHoBe HUTH X.A. Paxmarynuna [15]. Ha ocHoBe mpeioxeHHOU Teopuu
CETU PacCMOTPEH PsA 3a7ay, B TOM YUCIE AJIS IJIOCKUX U MPOCTPAHCTBEHHBIX KOHCTpYKLMM. Taxke paccMoTpe-
HBI 33J1a9X IS [MIAHAPUIECKIX KOHCTPYKIHA. I nOkue OypuinbHBIE TPYyOBI MOTYT paccCMaTpHUBATHCSA KakK IMOJ-
KpEIUIEHHas! CETh.

B [16] paccmarpuBaeTcss HeKOTOpasi KOHTUHYyallbHas cUcTeMa (HamlpshKeHsI, TehopMaIiiuy, epeMenieHus
OTIHCHIBAIOTCS (DYHKIMSIMHA HETIPEPHIBHO MEHSIOMINXCS apryMeHTOB). Takoil OaX0/ K NCCIIEOBAHUIO CETYAThIX
CHCTEM TIO3BOJIMII dPPEKTUBHO MCIONB30BaTh METObBI MEXaHUKH Je()OpMUpyeMOro TBEpJOro Teja W ammapar
ypaBHEHUH MaTeMaTuueckon ¢pusuxu [17-19].

B HacTtosmee BpeMsi U3BECTHBI CETEBBIE U BAHTOBBIE CTPYKTYPhI. B yacTHOCTH, B KaueCTBE IPUMEPA MOXK-
HO mpuBecTH priOonoBHEIE cetn [20]. B paccmaTpuBaeMbIX 3ajadax CETh pPacCMAaTPUBACTCS KaK M30TPOIHAS
cpena. B ciyudae Gompimx aedopmanmii uiaM TeYeHUS BOABI OYAYyT MMETh MECTO 3HAUMTENBbHBIE OTKIOHEHHS
PacyeToB OT peaabHbIX COCTOSHUH.

Jnst cratnyeckux 3ajad 3TO MPUMEHUMO. B ciaydyae ABWXKEHHS Pe3ynbTaTbl MOTYT 3HAUUTEIBHO OTJIH-
YaThCs OT PeabHBIX, 0COOCHHO MPH BOJIHOBOM JIBHIKEHHH.

MoXHO cKa3aTh TO K€ CaMO€ NP0 BAHTOBBIE COOPYKEHHUS C MOANCPKUBACMBIMH 3JIEMEHTAMU U3 CeTel
WJIM TKaHEH, MOJBEPraroIINUXCsl BETPOBBIM Harpy3Kam.

[TocTpoennas Ha ocHoBe Teopuu HUTH X.A. Paxmarynuna [1] Teopus cetu [2] pacmmpsieTcs B ciydae
Cpelbl, COMPOTUBIAIONIEHCA CIBUTY, MyTeM INPHUCOSAMHEHUS K NPEeAbLAYIIMM YPAaBHEHUSM OMOJIHUTENIBHBIX
uiieHoB. JlaHHas Teopusl MOKET OBITh MPUMEHEHA K TKAHSIM Pa3IHYHON KOHCTPYKITHH.

K cereBpIM cucTeMaM MOKHO TaKXKe€ OTHECTH BaHTOBBIE CHCTEMBI. BeTpoBbIe HArpYy3KH JaAyT OTKIOHEHUS
IIpU pacyeTax A TKaHOM CETH.

Llenp paboThI COCTOUT B MICCIIEIOBAHUH BOJH B TIOJIKPETUIEHHOW TUIOCKOM CETH.

ITocTtanoBka u pelIeHue 3ajavuu

YpaBHEeHUsI ceTH BIIEpBBIC ObLTH MPUBEACHHI B [1]. YpaBHeHHE IBUKEHUS CETH, IOCTPOSHHON HA OCHOBE TEO-
pun X.A. PaxMarysiiHa, ¢ y9eTOM CONPOTHBIEHNS! OTHOCUTEIBEHO [TOBOPOTA DJIEMEHTOB CETH OyIyT UMETh BUA

9 (675)+2 (0,7, + 0 (0,% )+ a=2(0,7) = (py +ps ) 2.
0s, H 0s, 2 0s, 2 0s, H b o

(M

T7e ¢ — BpeMs; p; — IUIOTHOCTH CETH; P2 — IJIOTHOCTH MOAKPEIUIEHUS; 0 — KOI(PPHUIIMEHT yCHUIIHS COMPOTHBICHHUS
OTHOCHUTEIHHOTO MIOBOPOTA DJIEMEHTOB B Pa3JIUNYHBIX HAMPABICHUSX.
[Tonyunm 3aMKHYTYIO CUCTEMY YPABHEHUI NBIKCHUS, JOTIOTHSS KHHEMAaTUYECKUE COOTHOIICHHUS

o

1 T = 2
(1+¢)T7, " 2)
(1+e,)7, :%—2, 3)

rA€ 61 U 62 — HAIPAXKCHUA BOJIOKOH B HAIIPABJICHUAX %1 n ?2 N ?1, ?2 — CAUHUYHBIC BCKTOPbLI KaCaTCJIIbHBIC K

HHUTSM; €] ¥ € — OTHOCUTEJbHBIC Y/UTMHEHHs COOTBETCTBYIOIINX HUTEH; 7 — paalyC-BEKTOpP YaCTHIbI CETH;
Y1, Y2 — YIJIBI HUTEH, 00pa30BaHHbIC OCBIO CETH; S| U S2 — JIarpaHKeBbl KOOPAMHATHI YAaCTUL] HUTEH.
YpaBHEHUS TUIOCKOM CETH OyIyT UMETH BH]L

o0u

0 0 ) 0 ) 0
a—Sl(cslcosy1 )+ g(czsmy2 )+ ()La—SI(cszsmy2 )+ aa—sz(clcosyl) =(p,+p, )y, 4)
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i(cs siny )+i(c cosy )+ai(c cosy )+ai(o siny, ) =(p, +p )az—y, )
aSI 1 1 8S2 2 2 aS’l 2 2 asz 1 1 1 2 atz
(Hel)cosyl =l+a—u, (6)
Sl

. ou
l+e,)siny, =—, (7

( 2) 2 0s,

. oy
l+e )siny, =—, (®)

( 1) : 0s,
(1+e,)cosy, =aa—y+1. ©)

2
JIJis BBISIBJICHUS PENM MOJIKPEIUICHUS Ha Ae()OpPMUPOBAHUE CETH PACCMOTPHUM CITy4ail CTaTUYECKOrO pac-
TsDKeHUsI 1TOJIOCH! (puc. 1). CeTh paBHOTO HAKIIOHA BETBEH K KOOPIWHATAM TOJT IEWCTBUEM HeTH P.

Puc. 1. [ToakpernseHHsle ceTu
Figure 1. Fortified net

Jlanee paccMaTpuBaeTCs CHMMETPUYHOE PACIONIOKEHHUE TPABBIX M JIEBBIX BOJOKOH. Torma ypaBHEHHS
(4)—(9), yunteiBas

6,=0,=6, ),/ ="2=7, §1=5,=5,

MIPUMYT BHJT

o(cosy+siny) = , (10)

1+a

(I+e)(cosy—siny)=1. (11)

N3 (10) BumHO, 9TO YacTh HArpy3Ku OepeT Ha ceOsl MOIKPEIUICHIE N .
+a

Ecnu Bo3BecTH B kBazapat BoipaxkeHus (10) u (11) u clOXUTE UX PAIOM, TOTYYUM

P + ! =2 (12)
(1+(l)202 (1+€)2 .

OTKyZa MOXHO OTpeaenuTh aedopmartito u u3 (11) yrox moBopoTa.
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YpaBHeHUE JBUKECHUE

2 O’u _p+p, Ou
os>  l+a o

Paccmotpum mmockoe nBmkeHue cetu. Ock ¢ pacroniaraeTcsi B JUaroHalbHOM HalpaBieHuH. YpaBHeHue (4)
IPUMET BUJ

2
66 (o(cosy+siny))= ptp Ou
s

. 13
l+a of (1)
Ypasuenus (6) u (7) OyayT UMETh BUL
I+ ou
cosy=—05 (14)
I+e
8714
siny =95, (15)
I+e

[Toncrasus B (13), monyuum

_(1 8u) PHp: Gu

l+e Os l+a of
NN
2 2
1+2240 0 | 20 Ou_ptp Ou (16)
Os Osl+e 1+eOs 1+oa ot
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( Gqu (Gujz
e=,/|1+—| +|—| -1 (17)
Os Os
OTKyza

2
14 0u |0
%: Os ) Os?

. (18)
Os \/( 8u) (814)
I+— | +| —
Os Os

IIpenmnonaras, 4To MaTepual CETH JUHEUHO YIIPYTUH, TO €cTh ¢ = Ee, nMeeM

0 e E Oe

5 19
Osl+e (1+e)2 Os (19)
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[Tockompky ¢ pocTom 6_ a pacTeT, CKOpPOCTh BOJIH YBEIMYMBACTCA, M B 33/1a4e O JABIDKEHUH MOIyOecKo-
s

HEYHOI ceTH NP Harpy»KeHUH HEeTOABI)KHOM CETH ¢ OTHOTO Kpas OyZeT BO3HUKATh yAapHas BOJHA.

[Tpu pasrpyske npeaBapUTeIbHO PacTAHYTON ceTH OyayT BOSHUKATh HENPEPHIBHBIC BOTHEI.

Hccnenyem 3toii ciyuail. BBenem meron xapakrepuctuk. IlycTs ceThb HaxoOuTcs B pacTIHYTOM COCTOSI-
HUH €.

Ha rpanuiie cethb pasrpyxaercs co ckopocTbio () . XapakrepucTHKU ypaBHeHUs (22) UMEIOT BUI

ds = adt, (23)
ds = —adt. (24)
VYcnoBus Ha XapaKTCpUCTHUKAX
du, = adu, (25)
n
du, =—adu,, (26)
(au ou J
= us s T = ut )
os ot

u —§, = jadus, (27
u, —Oz—jadus. (28)

e

@DpOHT BOJIHBI pa3rpy3KHu JABIKETCS CO CKOPOCTHIO d(ep). B wacti DOA (puc. 2.) cocTosIHUE TTOKOS.

&

t

t

€

v O

€

Puc. 2. Onucanue ckopocTd BOJIHBI
Figure 2. Description of wave speed
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uS
W3 ycnosus Ha oTpuuarensHoi xapakrepuctuke BC cnenyer u, = — _[ adu; nuddepennupys B Hanpas-
0

uJ

JICHUH TTOJI0KUTEIIFHON XapaKTCpUCTUKHU, UMCCM du[ = —adus .

CpaBHuBas c (25), morydum ut = const, us =const, TO €CTh Ha TOJOXHUTEIBHBIX XapPaKTEPUCTHKAX

U; V1 Us TIOCTOSTHHBI.
N3 (23) umeem

W =E1-2) wou =n(-=)+e (29)
a a

npnt:i, E=0, n=e
ay

Ha u = 0 Be1OupaeM # u orpeesnsieM &.

13 (26)
, ds s
du, =&'(dt ——+— a'du,), (30)
a a
du, = n'(dt—§+iza'dus). 31)
a a
N3 (30) u (31)
1+ 4 =0, (32)
g
dt _ds +iza'dus =0, (33)
a a
T T
PaccMOTpHUM IpEMeEpsL: Y, :Z u vy, =g, e, =0,1, a, =5000 m/c.

I'paduk a(us) = a(e) (us = €), f(¢) nokaszan Ha puc. 3.

8% 10%

Ix 105‘

a(e)
§iO)

<
6x 107

52109

e —

4% 10> } + : |
1055 0.7 0.8 0.0 1

Puc. 3. Ha rpanune pacnpeznenenue aedhopManui MOCTOSHHON HA XapaKTepUCTHKAX
Figure 3. At the boundary, the distribution of deformation constant on the characteristics
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[TycTs Ha rpanuIe s = 0 ceTh pasrpyxkaeTcs CO CKOPOCTHIO &(7).
U3 (26)

u

&) =—| a(w,)du,,

Uy

rae &(¢) — byHKIHsS BEpXHETO Ipe/ieia HHTerpaa.
[TpubnmxeHHO npencTaBuM HHTErpai (34) B BUIE CyMMBI

nim

&m) = [ a(nydn,
E.)O = a(SO )AS,

& =(a(e,) +a(g))Ae,

&, =(a(e,) +a(e) +a(e,))Ae,

&, =(ale,)+a(e)+-+a(e,))Ae,

& =Ae),

(34

(35)

TO €CTh OOpaTHYIO 3aBHCUMOCTh € — ( Ha Tpanuiie. [1ockompKy MOI0XHUTENbHBIE XapaKTEPUCTUKA TPSMOIHHEH-
HBI, MOXKHO OTIPEJICTUTh € BO BCeH obmacTu nBmkeHus. OyHKIMOHATHHAS 3aBUCUMOCTh «CKOPOCTh JIBIXKEHUS —
CKOPOCTh BOJIHBI» I PACCMOTPEHHOTO IIpUMepa ImpecTaBieHa B Ta0i. 1 u 2.

(I)ymcunona.m,naﬁ 3aBUCHMOCTDb «CKOPOCTH ABUIKEHUSA — CKOPOCTH BOJIHbI»,

pacuyeTHbIe 3HAYEHHUSI IPYTHX HCNOJIb3yeMbIX NapamMeTpos, p1 = 1000, p2 = 5000

Functional dependence of the speed of movement — the speed of the wave,
the calculated values of other parameters used p1 = 1000, p2 = 5000

Tabnuya 1/ Table 1

€0

€1

&2 &3 &4 &5 €6 &7 €8

€9 £10
0,925 0,900 0,875 0,85 0,825 0,800 0,775 0,750 0,725 0,700 0,675
e(€0) e(e1) e(2) e(e3) e(e4) e(&s) e(g6) e(€7) e(gs) e(g9) e(€10)
1,136 1,102 1,069 1,036 1,003 0,97 0,937 0,904 0,871 0,838 0,806
a(go) a(€1) a(e2) a(e3) a(es) a(es) a(ge) a(er) a(es) a(e9) a(€10)
417-10° 4165105 4,159-10° 4,153-105 4,146:10° 4,139-10° 4,132-10° 4,124:10° 4,115-10°5 4,106-105 4,096-10°
& &1 & & &4 & &6 & &s & 1o
4,17-10%  8,335-10° 12,49-10° 16,64-10° 20,79-10° 24,93-10° 29,06-10° 33,18:10° 37,29-10° 41,40-10° 45,50-10°
Tabnuya 2 / Table 2
DYHKIMOHAIbLHAN 32aBUCUMOCTH «CKOPOCTH IBUKEHHUS — CKOPOCTH BOJHBI»,
pacyeTHbIe 3HAYEHHsI IPYTHX MCII0JIb3yeMbIX apaMeTpoB, p1 = p2 = 1000
Functional dependence of the speed of movement — the speed of the wave,
the calculated values of other parameters used, p1 = p2 =1000
€0 €1 ) €3 €4 €5 €6 €7 €8 €9 £10
0,925 0,900 0,875 0,85 0,825 0,800 0,775 0,750 0,725 0,700 0,675
e(€0) e(e1) e(€2) e(e3) e(e4) e(gs) e(€6) e(e7) e(es) e(€9) e(£10)
1,136 1,102 1,069 1,036 1,003 0,97 0,937 0,904 0,871 0,838 0,806
f(z0) fler) fle2) f(€3) fled) fles) f(€6) fler) fles) f(&9) fe10)
7,223-10°  7,214-10° 7,204-10° 7,193-10° 7,182-10° 7,17-10° 7,156-10° 7,143-10° 7,128-10° 7,112:10° 7,094-10°
S & & S G4 & S6 & Ss S C1o
7,223-10°  14,44-10° 21,64-10° 28,83-10° 36,01-10° 43,18-10° 50,34-10° 57,48-10° 64,62:10° 71,75-10° 78,86-10°
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3amaBast Ha rpaHUIIE CKOPOCTh JABMKEHUSI KOHLA CETH KaK (DyHKIMIO BpeMEHH, MOXKHO OIPEACIUTh AedopMa-
M0 Kak (DYHKIIMIO BPEMEHH Ha KOHIIE CETH M BBINICYyKa3aHHBIM oOpa3amM Bcrony B obnactu DOt. [l npumepa
Bo3bMeM & = kt, Torna ¢ = f{e)/k.

B 3aBucuMocTH OT pacupeneneHus: CKOPOCTH Ha TPaHUIIE ONpeesisieTcs pacipeencHue aedhopmannu mo-
CTOSTHHOM Ha XapakTepucTukax (puc. 3).

3akaouenue

PernieHrie ¢ mMOMOIIIBIO YpaBHEHHH XapaKTePUCTUK MOKA3bIBACT BOSHUKHOBEHUE OETYIIUX BOJIH. MeTomoM
XapaKTePUCTUK TOCTPOCHO pElleHHUEe MPAKTHUECKUX 3a/a4 paclpoCTpaHEHUs BOJH B HOBOHM cpejie, MOJICIHPY-
folIell apMUPOBAHHBIC MATEPUAIIBI M MATEPUH OTPECIICHHON KOHCTPYKITHU. [T0ydeHHBIe pe3yIbTaThl MOTYT OBITh
HCTIOJIb30BAHBI B PA3ITHYHBIX 00TACTIX aBHAIIUH, PHIOOJIOBCTBA U CTPOUTEIHCTBA.
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