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s yumuposanus

Jlanun B.B., Jle Tor Kyane Yyne. Pacuer ctpo-
UTENBHBIX KOHCTPYKIMH Ha HECKONBKO IH-
HAMUYECKUX BO3JEHCTBHII CO CTaTHYECKAM
y4deToM BeIcIIHX (opM Konebanuii // Ctpo-
UTENbHAs MEXaHHKA HHKESHEPHBIX KOHCTPYK-
it u coopyxenuit. 2020. T. 16. Ne 3.
C. 171-178. http://dx.doi.org/10.22363/1815-
5235-2020-16-3-171-178

AHnnomayus

Axmyansnocme. IIpn pacuere CTpOUTENHEHBIX KOHCTPYKIMI Ha AWHAMITIECKHE
BO3/ICCTBUS TPAJMIIMOHHO HCIIONB3YETCS METOJI Pa3iOEHUsI HCKOMOTO PEIICHUS B
psiz 1o opMaM cOOCTBEHHBIX KOJIeOaHMid. B 3aBHCUMOCTH OT CIIO)KHOCTH pelIaeMbIX
3a1a4 TpeOyeTcsl yUNTBIBAaTh Pa3sHOE YHCIO (OPM — OT HECKOJIBKUX HEPBBIX MOZ JIO
JecaTKoB Win coteH (opm. [Tomyyaemble pe3ynbTaThl TeM OoJiee TOUHBI, YeM Ooblie
(dopM yuuThIBaeT pacuer. BKiax B MCKOMBIE MapamMeTpbl HaNpsHKeHHO-Ie(GopMupo-
BaHHOTO COCTOSHUSI COOPY)KEHHS HEYYTEHHBIX BBICIINX (hOpM KOJIeOaHHH, KaK MPaBU-
JI0, HUKAK HE OLIEHUBAETCSI, XOTS B PsZie CIIydaeB 3TO Aenarh Heooxommmo. Kpome Toro,
TIOSIBILSIETCS] Ba>KHBIA BOTIPOC BBITOJHEHHS PAacyeTa Py yMEHBIIEHHOM YHCIIE YUNTBI-
BaeMbIX ()OPM, TaK YTOOBI MOJNYYaTh JOCTATOMHO TOYHBIN pe3ynbTar. Ilens. Hacros-
masi paboTa MOCBSAIIEHA CIOCO0Y CTATUYECKOro ydeTa BhICIIMX (opM KoiebaHui B
3a/]a4ax MHAMUKU CTPOHTEIBHBIX KOHCTPYKIMIL. [IprBeneHo oricanie OCHOBHBIX T10-
JIOXKEHMI METO/Ia, PACCMOTPEHO €0 HCIOJIB30BaHKe Ha MPOCTPAHCTBEHHOMN CTEpIKHE-
BOM CUCTEME, Harpyxceﬁﬁoﬁ HECKOJIbKUMU IrApMOHUYCCKUMU CUJIaMU C pa3HbIMU Ya-
crotamu. Memoowt. V3ydaemMblii B paboTe METOJ] CTaTHIECKOTO y4eTa BBICIIHX (hopM
KoJneOaHuid TpeOyeT pelieHus] OHOW JAMHAMHYECKOW 3a[a4i ¢ HEOOJIBIINM YHCIIOM
(hOpM 1 BCTIOMOTraTeIbHON CTaTUYECKOM 3a4a4i. BaykKHBIM 0OCTOSITENIECTBOM HOXO/1A
SIBIIETCSL TO, YTO CTaTHYECKasl 3a71a4a JIOJDKHA OBITh pelieHa IByMsl CIIOCOOAMH: TOY-
HBIM U METOJIOM PAa3JIOKEHHs M0 COOCTBEHHBIM (hopMaM KoJIeOaHHIA, TTOCIIe Yero Bbl-
YUCIIETCS CTATHYECKas TOTpaBKa K JMHAMUYECKOMy petieHuto. Pezynomameut. Tpen-
JIaraeMBIi B CTaThe TIOIXO0] TI03BOJISIET 3HAUUTENFHO CHA3HTH BHIYHCIUTENBHBIE 3aTpa-
THI Ha IMHAMUAYECKHH pacueT B CPaBHEHUH € KITACCHYECCKIM HOIXOIOM IIPH CPaBHUMOM
TOYHOCTU PE3YJILTATOB. BTOT MOXET UMETh 3HAYCHUC TIpU PEHICHUU 3a/1a4 Ha CJIOXK-
HbIe IMHAMAYECKUE BO3ECHCTBHS 1 11 HEOHOPOIHBIX IO )KECTKOCTH KOHCTPYKIIHH.

Kniouesvie cnosa: nuHaMUKa COOPY>KEHHUIL, CIIEKTPaIIbHBIA METOJ, (POPMBI KOJIe-
0aHMI, CTaTHYECKUH yUeT BBICIINX (hOpM KOJICOAHHH, TIOJMTapMOHAYECKast Harpy3Ka

BBenenue

CrpoutenbHble KOHCTPYKUUU MO BIUSHUEM IH-
HaMUYECKUX BO3ACUCTBUH, TAKMX KaK 3eMIIETPSICEHUE,

Janun Braoumup Bradumuposeuy, TOKTOp TEXHUYECKHUX HAyK, mpodec-

yZAap KOMPOBOH yCTaHOBKH, paboTa JBUraTess CTalu-
OHApHOro 000pPYyOBaHUs, IBM)KEHHE aBTOTPAHCIIOPTA
U [Ipoyee, COBEPIIAIOT KOJIeOATEIbHBIC IBIKCHUSL.
OCHOBHBIM NOAXOJOM K pEIIEHHIO 33Jay JWHa-
MUKH SIBISETCSI METOJI PA3JIOKEHUS B psiA Mo hopMaMm

cop, UmxenepHo-crpoutenbhblii uHcTUTYT; eLIBRARY SPIN-k01: 8220- coOCcTBeHHBIX KojeOanmii [1-5]. Bompocam ompene-

6921, ORCID iD: https://orcid.org/0000-0003-3850-424X.

Jle Toi Kyane Yyne, actiupant, VIH)XE€HEpHO-CTPOUTENBHBIN WHCTUTYT;

JICHHsSI 4acTOT U (JOPM COOCTBEHHBIX KOJICOAHHI CII0XK-

eLIBRARY SPIN-kox: 3059-2207, ORCID iD: https://orcid.org/0000-0002- HBIX CTPOMTENBHBIX KOHCTPYKIMI 10 CHX MOP YACIS-

6547-4632.
© Jlanuu B.B., Jle Tt Kyanr Yysr, 2020

eTCs 3HAYNTEIhbHOE BHUMaHuE [6—8].
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BHYTPEHHUE YCUJIHSI CUCTEMBI SIBJISIETCSI OCHOBHBIM, B TO
BpeMs KaK BKJIAJl BBICIIUX (OpM, KaK TMpPaBIIIO, HE3HA-
ynrtened. Kpome Toro, y4uTeIBaTh OOJBIIOE YHCIO MO
B pacyere JOCTATOYHO CIOXHO, MOCKOJBKY PECypChI
BEIYMCITUTEIHHON TEXHUKH OIPAaHUYCHBI.

OpHako CyIecTByeT psiji CIy4aeB, KOrja BOSHUKA-
€T HeOOXOJUMOCTh B YUETE BBICIIUX (POPM, HAIIPUMEP
MpH U3YYCHUU PabOTHI KOHCTPYKIIMU TIPpU CelcMuue-
ckol Harpy3ske [9-14], rae camo JUHAMUYECKOE BO3-
JIECTBUE HOCUT CJIOKHBIN XapakTep.

Bonee toro, B ycinoBusx pa3paboTKH MPOSKTHOU
JIOKYMEHTAIINH Ha 3[]aHKe WK COOPYXKEHHE TpU BHE-
CEeHNH U3MEHEHHI B PACUETHYIO CXeMy U €€ Iepecue-
T€ MOXKET MOTPeOOBaThCS 3HAYUTEIHHOE KOJIUYECTBO
BPEMEHH U 3aTPaT PECYPCOB BHIYMCIUTEINHFHON TEXHUKH.
[TosTOMY Ba’KHO MMETh BO3MO>KHOCTH BBITIONHSTH Pac-
YeT MpH HeOOIBIIOM YHCIIEe YIUTBIBAEMbIX (HOpM cO0-
CTBEHHBIX KOJIeOaHHI, TaK YTOOBI MIOIYYUTh JTOCTATOY-
HO TOYHBIN pe3ynbTaT. ITO BO3MOXKHO B TOM CITydae,
€CJIH TIOJTyYaeTCsl OTPEAEIIEHHBIM 00pa30oM y4ecTh BKIIa
oTOpoIIeHHBIX Mojl. BompocaM ydera BkJaja BBICIIIUX
(dopM KoneOaHUH MOCBAIICHO 3HAUYNUTEIFHOE KOJINYe-
CTBO padoT.

B pabote [15] paccMOTpeHBI pa3IUYHBIE CIIOCOOBI
ydera BKJIaJia BRICIIHX (OpM KojieOaHUi B 33/1auax cei-
CMOCTOMKOCTH TIPH MCIOJIb30BAHUM JIMHEUHO-CIIEKTPAIIh-
HOrO MeTona. B pabote [16] mpuMeHHUTENHHO K 3a7a-
4aM CeCMOCTOMKOCTH COOPY>KEHUHN aBTOp Mpeisiara-
€T MPUOIMKEHHBI METOJ] OIEHKH PEaKIUH CHUCTEMBI
IO BCEM BBICOKOYACTOTHBIM (popMaM, OOBEITUHSAST X B
onHy rinobansHyto ¢popmy. B cratesx [17; 18] moka-
3aHO, YTO BBIJICIICHNE KBAa3UCTATUIECKUX COCTABIISIOIINX
TMO3BOJIIET 3HAYNUTENHFHO YCKOPHTH CXOAUMOCTE psiia TI0
coOCTBEeHHBIM (hOpMaM KOJIEOaHUH, YTO UMEET BaKHOE
3Ha4YeHHE MPH JIEHCTBUM Ha COOPYKEHHE COCPENOTO-
YeHHBIX JUHAMUYECKUX Bo3zeiicTBuid. B pabote [19]
MpeIOKEH CIoco0 yueTa BKIaAa BRICHINX (HOpM Mpu
aHaJIM3e YyBCTBHUTEILHOCTH (JOpM KoJieOaHUI K Bapua-
IIUSIM TTAPaMETPOB CHCTEMBI.

IToxxon x yueTy BeIcIuX (opM KoJieOaHUH, U3y-
YaeMBbIi B JAHHOHW pabOTe, OCHOBAaH Ha TaK Ha3bIBae-
MOM METOZIE CTATUYECKOTO y4eTa BBICIINX MOJ Kolle-
Oanmii. [lepBoHaYaTbHO PTOT METOJ OBII Ha3BaH Me-
TOJAOM TOCTPOEHHUS MATPUIBI OCTATOYHBIX IMOIATIIN-
BocTe [20; 21]. Meton He peanu30BaH B CYLIECTBY-
IONUX TPOTPAMMHBIX KOMIUIEKCaX, YTO JeNlaeT He-
BO3MOKHBIM €TI0 HCIIOJIF30BAHME B TIEPBOHAYAIBHOM
(dopMme Oe3 HaNMKMCaHUs AOMOJHUTEIHLHOIO TIPOTPaMM-
HOTO Ko/a. B manmpHeimemM 3TOT MeTOx 1o Ha3BaHU-
€M «METOJ] CTaTUYECKOTO y4deTa BhICHIHX (popm Koire-
Oanuii» OBLT HE3aBUCHMO TpEAIOKEH B paboTax [22;
23] mis pemieHus 3a1ad OompeacieHUs COOCTBEHHBIX
gacToT 1 popm kosebanuii. B padore [24] meTo ObLT
pacripocTpaHeH Ha 3a/la4dl O BBIHY)KJEHHBIX KoJjieba-
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HUSX TPHU JCUCTBUU TaPMOHUYECKOW HArpy3KH, HpH-
4yeM ObLT pa3pa0oTaH BapHaHT METOa, OPHEHTHPOBAH-
HBII Ha UCIIOJIE30BAaHUE CYIIECTBYIONTUX TIPOTPAMMHBIX
KOMILICKCOB.

Mertox npenmnosnaraer penieHre 3a1a4u THHAMAKA
CITOCOOOM Pa3IOXKEHUS B PiAA MO GopMaM COOCTBEH-
HBIX KOJICOaHMI C HEOOIBIIUM YHUCIOM YIUTHIBAEMBIX
MOJI C MOCJEAYIOMUM 00aBICHHEM K 3TOMY pellle-
HUIO CTaTUYECKOH MOMPaBKH, KOTOPYIO MOXHO ITOJY-
YUTH NPU PENICHUH BCIIOMOTATEIHLHON CTATHYECKOM
3aJ]a4¥ B TOYHOW M MPHUOIMKEHHOW OCTaHOBKAX.

B mHacrosmieii paboTte ucciemyercs MpuMeHEeHHe
METO/[a CTAaTHYECKOTO yUeTa BRICIIHX (HOpM KOJIeOaHwmi
MIpH JICHCTBUM HA CICTEMY OJHOBPEMEHHO HECKOJIBKUX
TapPMOHUYECKHX HArpy30K ¢ pa3HbIMH 4acTtoTtamiu. [lo-
JoOHas 3aada MOXKET TIPEACTaBIATh, HHTEPEC TP MO-
JIETIMPOBAaHUU CEUCMUYECKOTO BO3JIEHCTBUS B BUIE He-
CKOJIbKUX CHHYCOMAAIBHBIX COCTABISIOIIUX C AKCIIO-
HEHIMAJFHO yObIBaromen aMruTy o [12; 25; 26].

1. Meron pemienust

ypaBHeHI/Ie ABUKCHHA CUCTEMBI ITPU BBIHYXKJICH-
HBIX KOJIEOAHHUSIX MOXKHO 3aIIUCaTh B BUIC

pii = L(u) + p(t), (1)
rac M(x, t) — HUCKOMO€ IEPEMENICHUE; P — IJIOTHOCTh
OJICMCHTOB CUCTCMBI, p(t) — BHCIIHAA JTUHAMHWYCCKas

narpyska; L(#) — onepatop cratuueckoit 3a1aun, 3a-

BUCSILHUI OT Xapakrepa paboThl KOHCTPYKIIHH.
MOXHO HpPUBECTH CIEOYIOUIME IMPUMEpPhl BHIA

omepaTopa cratuueckoit 3agaun L(u):

a) L(u)=EAu"— nns 3amau pacTskeHus — Cxka-
THS CTEP>KHEH;

6) L(u) =—FEIu" — s 3anau n3ru6a crepuei;

¢) L(u)=—D(0"u/ox* +20"u/ ox’oy’ +o'u/ oy*) —
TS 33129 U3ruba IUTacTHH.

IycTh Ha cucTeMy JNEHCTBYET BHEIIHSS TAPMOHH-

geckas Harpyska p(t) = P, sin(0¢), roraa ms ycraHo-

BUBIIEr0OCs PEXKUMA KOJIEOAHUH pelIeHHE MOKHO UC-
kath B Buge u(x,t)=u(x)sin(0¢), u ypaBHenue mus

onpeseNeHus aMIITy a6l U(X) GyneT UMeTh BUJ
L(u)+p®*u+P,=0. )

Pemienue ypaBHeHus (2) umiercs B BUIE paslio-
JKEHUS 110 COOCTBEHHBIM (hopMaM KOJIleOaHUH:

u,(x)=Y aU,(x), 3)

A€ n — 4YUCJIO0 YUYUTBIBAEMBIX MOJ KOHC6aHHﬁ; ak -

AMIUIUTY IHOE 3Ha4YeHue k-Toi Mopl konebanuii U, fi (x).
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Pemenne muuamuueckoii 3apaun o Gopmyie (3)
MOJIpa3yMeBaeT BHIOOP TAKOTO YKCiIa /1 YIUTHIBAEMBIX
B pacueTe MOl COOCTBEHHBIX KOJIECOAHUH CHCTEMBI, KO-
TOopoe OyJeT MOCTATOYHO JJISl HAXOXKACHHUS UCKOMOTO
peIIeHNs ¢ HEOOXOANMOH TOYHOCTBIO. DTO YHCIIO MOYKET
OBITh 3HAYUTEIIHHBIM, YTO TIPUBEICT K CYIIECTBEHHBIM
3aTparaM BPEeMEHH U PECYPCOB.

MoOKHO MOAONTH K PELISHUIO TJaHHOW 3a/1a4yu Jpy-
UM CITOCcO00OM: IPUHATEH B hopmyie (3) HeOObIIOE
gucno craraeMbix N(N << 1), a OCTaJbHYyIO 4acTh (BbIC-

TIIFe MOJTBI KOJISOaHMi) YIECTh B pacdeTe CTATHICCKH.
Juis 3TOr0 HEe0OXOIMMO PacCMOTPETH PELICHHE
BCIIOMOTAaTEIbHON CTATUYECKOM 3a/jauu OT NEHCTBUS

cratndeckoii cunbl [}, ToyHoe craTHYecKoe Iepe-

MEeIIeHne U . (x) OTIpeeTISIeTCSI TIPH PeIIeHn And-

(hepeHIIMaILHOTO YPABHEHUS PABHOBECHSL:
L(u)+P, =0. 4)

CreytoIuM IIaroM peraercs Ta e CTaTHIecKast
3a7aya, HO C MMOMOILBIO0 METO/Ia PA3JIOKEHHUS B PSI IO
(opMam COOCTBEHHBIX KOJEeOaHUI. AHAIOTHYHO pellle-
HUIO JMHAMHYECKOH 3a/[a4l MOKHO 3aIHCaTh PelicHIe
3agaun (4) B BUIE

N
U cm (x)= Zkak (x). (%)
k=1

[omy4us perenust U ., (x) Uy, (x) , MOXXHO
HaTH UCKOMOE pellieHne 3a1a4u (2) mpu ydere HeOOob-
mroro yucaa N MoJ cOOCTBEHHBIX KOJieOaHHid B cie-
JyIOIEM BUJIE:

)+ 1ty g (%) =11y (x) ], (©)

u(x) =u, (x

— 54
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Puc. 1. Cxema npocTpaHCTBEHHOH paMbl
[Figure 1. Spatial frame scheme]

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLW

rae Uy (x) — pellieHre TUHAMUYECKOH 3a1auun 1o (hop-
myne (3) mpun = N; U, . (x) — TOYHOE pEIIIeHHE CTa-

TUYECKOM 3anaun (4); Uy . (x) — OpHOIHKEHHOE pe-
IMeHNe cTaTmdecKoi 3amaqn o hopmyie (5). PasHoctsh
[uT,cm (x) —Uy (x)] ABJIETCS CTATUYECKUM BKJIa-

JIOM BBICIIUX MOJ KOJI€OaHUMH.

Kak ormeuanoce BbllIE, BCIIOMOraTellbHas CTAaTH-
YecKas 3a7iada J0JDKHA PelaThCs METOJOM pasiloxke-
HUS B psi 110 popMam cOOCTBEHHBIX Konebanuit. [Tpu
BBITOJIHEHUN PAacyeTOB HAa CTaHJAPTHBIX MPOIPAMMHBIX
KOMIUIEKCAX I 3TOTO BBINONHAECTCS PELICHNE AUHAMH-
YECKOM 3aJlauM ¢ BHEIIHEH Harpy3koil B BHIE p(f) =

= P, sin(¢t) , rae 3a1aeTcs O4eHb MaJIEHbKOE 3HAUEHHE
yraoBoit yactoTel ¢@. [Ipu ¢ — 0 pemenue quHAMHU-
YeCKOM 3a/laur CTPEMUTCS K PEIICHUIO0 CTATUYECKOM.

2. Pe3yabTaThl U 00CYKAeHHE
2.1. Onucanue 3a0auu

PaccmarpuBaeTcst IpocTpaHCTBEHHAS pama, KoTopast
COCTOHT U3 CTEP)KHEBBIX KOHEYHBIX 3JIEMEHTOB (pHcC. 1).
I'aGapuTHbIe pa3Mepsl pacueTHON CXEMBbl COCTAaBIISIOT
12x10x14 M, HIKHHUE Y3716l — )KECTKO 3alleMJIeHbL. B ka-
YecTBe MaTepuaia npHuHAT 0eToH B25, pasmeps! mnore-
PeuHBIX cedeHuit amemenToB: 20%20, 35x40, 50x50 cm?
(puc. 2). Jlnst )xene300eTOHHBIX KOHCTPYKIIHHA TPUHSIT
Ko3(h(pUIEEHT HEYIIPYToro CONMPOTHUBIICHUS MaTepHa-
na Y=0,1. IlepBbie cOOCTBEHHBIE YACTOTHI CUCTEMBI

MpHUBEJICHBI B Ta0M. 1.
Ha cuctemy aeicTByeT Tpu BHEIIHHE TapMOHUYE-
CKHE Harpy3KH, U3MEHSIOIINECS BO BPEMEHH I10 3aKOHY

p,(¢) = Psin(0,¢) . VIx napameTps! IpuBeieHbI B Ta0L. 2.

ﬁr.}_;t

J

Puc. 2. XKecTKoCTH JIEMEHTOB CXEMBbI
[Figure 2. Stiffness of scheme elements]
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Tabnuya 1

Co0CcTBeHHBIE YACTOTHI KOJIeOaAHMIt
[Table 1. Natural frequencies of the structure]

Co0cTBEHHBIE YACTOThI

Homep [Natural frequencies]

coGcTBeHHOI hopMbI Texnuueckas Venoeas wacmoma,

[Number of yacmoma, I'y pad/c
the natural mode] [Technical [Angular frequency,

frequency, Hz) rad/sec])

1 1,71 10,73

2 1,81 11,40

3 2,31 14,52

4 3,80 23,82

8 5,98 37,58

15 10,41 65,43

25 15,24 95,81

Tabnuya 2

IapaMeTpsl BHIHYKIAOIUX THHAMHUYECKHX HATPY30K
[Table 2. External harmonic loads]

i Homep Hampas- Ammniauryna Beiny:knaromas
y3i1a JleHue cuiisl (Poi), yacToTa (0:)
[Num- pgeficTBus kH [Driving frequency (6:)]
ber CHJIBI [Amplitude
of the [Direction of force (Poi), I'n pan/c
node]  of force] KN] [Hz| [rad/sec]
1 15 o ocu X 1000 2,1 13,19
2 24 1o ocu X 500 3,0 18,84
3 33 1o ocu Z 1500 5,0 31,40

Hanee B paboTe NpUBOASATCS MEPEMELICHUsS Y3I0B
2 u 25 no HampaBieHuro X, nepemenieHue ysna 33 mno
HaTPaBJICHUIO Z, a TAKXKe M3THOAIONTUI MOMEHT OTHO-
CUTENBHO ocH Y B anemente N57 (Ha puc. 1 BbaeneH
TOJICTOH JINHHUEH).

2.2. PeuwieHnue 3a0auu Memooom
CIAMUYECKO20 yuema GblCUIUX MO0 KOeOaH Ul

3anaya pemianach ¢ noMoubko nporpaMmel SCAD
Office 21.1.9.3. Pe3ynbTaT pacuera pambl Ha JUHAMH-
YEeCKYI0 Harpy3Ky OT KaXZ0i CHJIBI 110 OTAENbHOCTH
npuBeaeH B Tabm. 3.

Tabnuya 3

PeneHue nTMHAMMYECKOMH 3aaUH 0T KaXKIA0# CHJIbI
[Table 3. Dynamic frame calculation]

Cuasl  Yucio Uz-x, UBs-x, U3z, Ms,
[Force] yuMThI- MM MM MM kH-M [KN-m]

BaeMbIX  [mm] [mm] [mm] Max  Min

¢opm

KOJIeOaHU

[Number

of modes]
pi(?) 8 -56,184 146,524 0,810 -1331,74 —403,13
pAt) 15 -21,821 182,744 5,435 -520,42 —156,35
p3(0) 25 4,492 -26,728 250,019 —636,13 428,88
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OtMmeTuM, 4TO paccMaTpuBacMasl pacueTHas cxema
nMmeeT 243 JUHaAMUYECKUX CTENeHeH ¢BOOOIbI, TAKHM
00pazoM YHCIIO YUYTESHHBIX B pacueTax (Gopm koseda-
HUN MaJo MO0 CPABHEHHUIO C UX MOJHBIM KOJUYECTBOM.

Jlanee ObLTa TOYHO pellieHa BCIIOMOTAaTENbHAs CTa-
THYECKas 3a/1a4a OT CTATUICCKUX CHJI, PaBHBIX aMIIIH-

TyZJaM BbIHYKIaroLwmx Harpy3ok . . TouHsle craTuye-

CKHE TIepeMeIeHusI y3IoB 2, 25 u 33, a Taxke u3ruda-
IOIMH MOMEHT B 3yieMeHTe N57 npuBeeHbI B Ta0I. 4.

Tabruya 4

TouHoe pelieHne cTaATHYECKOI 3a7a4H
OT KaK10# U3 BHEUIHUX CHJI
[Table 4. Exact solution of the static problem for each loads]

Cnibl Uz —x, U25—x, U3z -z, Ms7,
[Force] wmm [mm] mv [mm] mm [mm] kH-m [kKN-m]
Max Min
Po -39,220 44,965 -1,588 921,62 -291,56
Po > -11,058 -320,103 -6,504 254,17 —85,52
Po 3 -1,843 44,540 -156,728 237,57 -162,53

Ha cnenyromem mrare BcroMorareibHasi CTaTHYe-
CKast 3a/1a4a OblIa perreHa TMHaAMHIECKIM METOJIOM TIpH
3aJlaHUU B TPOrpaMMe OUYEHb MaJIOM 4acTOThI Kax oM
BRIHYKHaromei cuisl, papaoit 0 = 0,0001, npuuem

aMIUTATY1a CHIT He MeHsIack. [Ipu Takol yactoTe pe-
IIeHNEe JUHAMUYECKON 3a/1a4M IMPAKTHYECKH COBIIa/Ia-
€T C pellIeHUEM 3a]a4i CTATHKH C YCIOBUEM YUeTa BCeX
¢dopm xonebanuii. Mcmonb30BaHue HEOOIBIIOTO YUC-
J1a cOOCTBEHHBIX (POPM ITO3BOJUT MOTYUUTH MIPUOIIH-
JKEHHOE pEIlIEHUE CTaTUIECKOM 3a1a4un. Pe3ysbTaTsl pac-
YeTa [PU pa3HOM YHCIIEe YUUTBIBAEMBIX MOJ IIPHUBEIC-
HBI B Ta0I. 5.

Tabnuya 5

Pemenne BcrioMoraTeIbHOI cTaTHYECKOii 3a1a4n
OT Ka’K/10i M3 BHEIIHUX CHJI
[Table 5. The solution of the auxiliary static problem
by the dynamic method for each loads]

Cunbl UuMeno  uwy_y, wrs-x, u3-g, Ms3,
[Force] yunthl- mm MM MM kH'm [KN-m]
BaeMbIX [mm] [mm] [mm] Max  Min
hopm
Koseda-
HH
[Num-
ber of
modes]

pi(t) N=8 -42,704 43,682 2,117 —-1010,52 -307,65
pAty N=15 -9,872 320322 —6,559 -227,73 -76,71
p3() N=25 -1,886 —44,474 —138,673 227,93 -158,15

B Tabun. 6 npuBOIATCS pellIeHNs] THHAMUYECKUX 3a-
Jlad OT KaKIOW CHUJIBI IO IpeularaeMoMy METOIy CO-
rnacHo dhopmyie (6).
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Tabnuya 6

Pe3yabTaThl penieHns 3a1a4i MeTOA0OM CTATHYECKOTO
yuyeTa BbICIIMX MO/ KOJIeOaHMil 1JIs1 KaMKI0H CUJIbI
[Table 6. The results of solving the problem by the method of
static accounting of higher vibration forms for each load]

Cuabl Yueno wuz-x, Uus-x, U3d-g, Ms7,
[Force] y4utbhl- MM MM MM kH'M [KN‘m]

BaeMbIx [mm] [mm] [mm] oy Min

¢opm

KoJ1e0a-

HHI

[Num-

ber of

modes]
pi(®) N=8 52,700 145,241 1,339 124284 387,04
p2ty N=15 23,007 182963 5,490 546,86 165,16
pi(t) N=25 4535 26,794 231964 626,49 424,50

B ciyuae ogHOBpeMEHHOTO JEHCTBUS TpEX CHUII Iie-
pEMEINIeHUs U MOMEHThI PaCCUMTHIBAIOTCA KaK CymMMa
pELIEHU OT KaXXJI0M U3 CUJI B OTAEIbHOCTHU. Pe3yib-
TaThI IPUBEJICHBI B Ta0I. 7.

Tabnuya 7
Pe3ynbTaThl penieHus 3agaun
MeTO/IOM CTATHYeCKOro y4yeTa BbICHIMX MO/ KoJleDaHuii
OT 0JTHOBPEMEHHOr0 JeiicTBUS BCeX BHEIIHUX CHJI
[Table 7. The results of solving the problem
by the method of static accounting of higher vibration forms
from the simultaneous action of all external loads]

Cuibl ur-x, U5-x, U337z, M7,
[Force] MM MM MM kH-m [kNm]
[mm] [mm] [mm] Max  Min

i) + pa(t) + p3(t) 80,242 354,998 238,793 2416,19 976,70

Pewenue sadauu npsamvim unmezpupoeanuem ypas-
HeHutl dgudicenus. JI1sl OLIEHKN TOYHOCTH IpeslaraeMo-
TO TOIXO0Ja UCXOMHAs 3a/iaya O IEUCTBUM OJHOBPEMEH-
HO TpeX CWJI ObUIa pelieHa B IPOrpaMMHOM KOMILICK-
ce SCAD c nomomipto MpsMOTrO UHTETPUPOBAHUS ypaB-
HEHMH ABMXeHUs. TakuM e MeToIoM OBLIH pelieHBI
3a7ia4u O JICWCTBUM KaXJOM CUIIBI IO OTAEIBHOCTH. 3a-
Jlaul pelanuck Ha uHTepBane BpemeHu oT 0 mo 10 ¢
npu mware no Bpemenu 0,005 c.

Tabnuya 8
Pemienue nmHaMu4eckoi 3agaun
MEeTO0M NPSIMOro0 HHTErPUPOBAHUS YPABHEHUIH IBMKEHUS
[Table 8. Solution of a dynamic problem
by direct integration of the equations of motion]|

Cuubl ur-x, Ws-x, UB-g M7,
[Force] MM MM MM kH'm [KN-m]
[mm]  [mm]  [mm]  Max  Min
pi(d) 52,579 146,646 1,335 123987 386,35
p2(t) 22,839 183,977 5,506 538,6 162,9
p3(t) 4,591 25,775 227,884 602,45 406,71

78,635 350,509 232,171 2366,08 932,89

3
D (0
i=1

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLW

B Tabn. 8 npuBeAcHBI pe3ynbTaThl PEIICHUS JIH-
HAMHYECKOH 33724kl OT K&XKIOM CHIIBI B OTACTHHOCTU
U TP UX OTHOBPEMEHHOM JICHCTBHH.

Cpasnenue pe3yiomamog peuietus npeoiazaemMvim
MEMOOOM U MEMOOOM NPAMO20 UHMEZPUPOBAHUS YPAB-
Henuti 0gudicenus. B Tabi. 9 mpoBoaHTCS CpaBHEHHUE
pe3yIbTaTOB PacUETOB.

Tabnuya 9

CpaBHeHHe pe3y/IbTATOB NpPe1JIaraeMoro MeToaa
H MeTo/1a MPSIMOT0 MHTerPUPOBAHNS YPABHEHUI TBHIKEHUST
[Table 9. Comparison of the results of the proposed method
and the method of direct integration of the equations of motion]

Cuinbl Bug u2-x, UB-x, U33-z, Ms,
[Force] pacuera wm MM mm  KH-m [KN-m]
[Calcu- [mm] [mm] [mm] Max Min
lation
methods]
(€9)] 52,700 145,241 1,339 124284 387,04
i) (2) 52,579 146,646 1,335 123987 386,35
€ (%) 0,23 0,96 0,30 024 0,18
1) 23,007 182,525 5,380 546,86 165,16
pa(t) () 22,839 183,977 5,506 538,60 162,90

€ (%) 0,74 0,55 0,29 1,54 1,40

(1) 4,449 26,794 268,074 645,77 433,26

p3() 2) 4,591 25,775 227,884 602,45 406,71

€ (%) 1,22 3,95 1,79 399 437

3 (1) 80,242 354,998 238,793 2416,19 976,70
Zpi (1) 2) 78,635 350,509 232,171 236608 932,89
=l € (%) 2,04 1,28 2,85 2,12 4,70

Ipumeuanue: (1) — npemnaraeMelit MeTox; (2) — MeTOX Hpsi-
MOTO MHTETPHUPOBAHUS YPABHEHUN JABVDKCHUS; € — OTHOCHTEIIBHAS
HOTPEIIHOCTS.

AHanmm3 pe3ysbTaToB, MPUBEACHHBIX B Ta0I. 9, 110-
3BOJISIET C/AENATH CJICTYIOINE BEIBOJIBL:

1) morpenrHocTs NpeyiaraeMoro MeToa MpH y4uere
HeOONBIIOro KoMnuecTBa (JopM KojeOaHWi HUTIE HE
npeBocXoauT 5 %, TO eCTb METOJ UMEET JOCTATOUHYIO
JUTS. MHOKEHEPHBIX PacueTOB TOYHOCTH;

2) IOCTAaTOYHO BBICOKAsi TOUHOCTH PE3yJIbTATOB JI0-
CTUTaeTcst KakK 1o NepeMeIeHUSIM, TaK U [0 YCHIIHSM;

3) UCTOIB30BaHHBIN B pabOTE MPOCTOM CIOCOO CyM-
MHPOBaHUS PE3YJIBTATOB OT JCHCTBHS TPEX CHII C pa3-
HBIMH YaCTOTaMH BO3MOXKEH, TaK KaK CYILECTBYIOT MO-
MEHTBI BpEMEHH, B KOTOPBIE BKJIA/IBI OT Ka)XKJOI CHIIBI
OJTHOBPEMEHHO JIOCTUTAIOT MaKCUMAaJIbHBIX 3HAUCHHH.

3akiouenune

B nacrosmielt paboTe METO CTaTUYECKOTO ydeTa
BBICIIHX (hOpM KOJIeOaHUi paclpocTpaHeH HA 3aTadu
JIMHAMUKH TIPU JICHCTBUM HA COOPYKEHHE OJJTHOBPEMECH-
HO HECKOJIbKMX TapMOHHYECKUX HArpy30K C Pa3HBIMHU
yactoTaMu. [Ipu 3TOM HCHOJIB3YyeTCS TakOW BapUaHT
METO/1a, KOTOPBIM MO3BOJISIET MOJIy4aTh PE3YJIbTATHI C
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HCMOJIb30BAaHUEM CYIIECTBYIOIIUX MPOIPAMMHBIX KOM-
ITEKCOB.

IIpenyaraemplii BapuaHT METO/Ia C UCIIOJIb30BAHMU-
€M CTaHJQPTHBIX MIPOrPAMMHBIX KOMILJICKCOB TpeOyeT
pelIeHus ABYX AMHAMUYECKUX 3a/1a4 C MaJIbIM YUCIIOM
MOJI U OJTHOM CTaTU4YeCKOW 3ajiauu, MpuyYeM BCIIOMO-
raTellbHas TMHAMHYECKas 3ajjada JIOJDKHA PEIIaThes C
MaJIO BEJIMYMHOM YaCTOTHI BBIHYKJAIOILEH HAarPy3KH.

Ha uncnenHom nprumepe nokazaHo, 4To NPeJI0KEH-
HBIA METOJ JaeT TOCTATOYHO BBHICOKYIO TOYHOCTH pelie-
HUSI TIPH y4eTe HEOOBIIOTO KOJIMYECTBA COOCTBEHHBIX
(hopM KomebaHwiA TI0 CPABHEHHIO C TOIHBIM KOJIMYECTBOM
JMHAMHYECKHX CTelleHel cBoOOoabl. Bricokas TOUHOCTH
pEIICHHS TIOTy9aeTCs HE TOJIBKO IO MEePEMEIICHUSM,
HO U 110 YCHUJTUSIM.

YcTaHOBIIEHO, YTO MIPU OJTHOBPEMEHHOM JEUCTBUU
TpeX TAPMOHUYECKUX JUHAMUYECKUX BO3JEHCTBHU C
Pa3HBIMHM YaCTOTaMH, PE3yJIbTUPYIOIINE UCKOMBIC Be-
JIMYUHBI MOTYT OBITH TIOJTYYEHBI KaK CyMMa pelIeHuil
3aJ1a9M OT KaXKJI0# U3 BHEIITHUX CHJI B OTACIHLHOCTH.
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Abstract

Relevance. When calculating building structures for dynamic effects, the method
of expanding the desired solution in a series according to the forms of natural
oscillation is traditionally used. Depending on the complexity of the tasks to be
solved, it is required to take into account a different number of forms — from
the first few forms to tens or hundreds of forms. The results obtained are all
the more accurate the more forms the calculation takes into account. As a rule,
the contribution to the required parameters of the stress-strain state of the structure
of unaccounted for higher oscillation forms is not evaluated in any way, although
in some cases this must be done. In addition, the important question arises of
performing the calculation with a reduced number of considered forms so as to
obtain a sufficiently accurate result. The aim of the work. This work is devoted
to the method of static accounting of higher forms of oscillation in the problems
of the dynamics of building structures. The basic principles of the method are
described, its use on a spatial rod system loaded with several harmonic forces
with different frequencies is considered. Methods. The method of static accoun-
ting of higher forms of oscillations studied in this work requires the solution of
one dynamic problem with a small number of forms and an auxiliary static prob-
lem. An important circumstance of the approach is that the static problem must
be solved in two ways: the exact one and the decomposition method according to
its own forms of oscillation, after which the static correction to the dynamic so-
lution is calculated. Results. The approach proposed in the article can signifi-
cantly reduce the computational cost of dynamic calculation in comparison with
the classical approach with comparable accuracy of the results. This may be of
value in solving problems of complex dynamic effects and for structures with
inhomogeneous rigidity.

Keywords: structure dynamics, spectral method, forms of oscillation, static
accounting of higher forms of oscillation, polyharmonic load
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HOMEPHOM Harpy3KH M0 HIDKHEMY HOSICY OT €€ Pa3MepOB M UMCIIA TTAHeNeH BBIION-
HEH B CUCTEME KOMIIBIOTEpHON MareMaTuku Maple. Ycunus B CTep)KHSIX Haxo-
JSITCSL U3 pelIeHust o0uel CUCTEeMbl YPaBHEHUI PaBHOBECHS BCEX y3IIOB B CHUM-
BoJbHOM (opme. IIporud Beruucisercs no Gopmyie Makcsemna — Mopa. XKect-
KOCTh BCEX CTEPIXKHEH, UCKIII0Yasi OMOpHbIC, MPENoaracTcss oMuHaKoBoit. 0000-
mieHue pana GopmMyst Juis nporuda, MOMyYEHHBIX IPU MOCIIEI0BATENBHOM YBEINYe-
HHUM 4YUCTIa TTaHeJIel Ha MPOM3BOJIHOE MX YHCIIO, IIPOM3BOAUTCS METOIOM ABOM-
HOW MHAYKIMH I10 JBYM HE3aBUCHUMBIM napamerpaM. OnuH mapamerp — 4HCIIo
MaHesel B puresne, Apyroi — 4MCiIo naHeneld B O0KOBBIX YacTsaX apku. [Ipu sTom
3a/IeHCTBYIOTCS CIELUANbHBIE OIEPaTOphl cucTeMbl Maple, no3BotoNnIue L Mo-
CIIE/IOBATENIFHOCTH KOA(PGHUIIMCHTOB B UCKOMOHN (OpMYyJIe COCTABUTh U PELIUTh
PEKYppEHTHBIE YPAaBHEHUsI, KOTOPBIM Y/IOBJIETBOPSIIOT 3JIEMEHTHI NIOCIIE0BATENbHO-
creil. Pezynbmamol. TlonyueHHbIC PELICHUS MMEIOT MOJUHOMHAIBHYIO QOpMY
10 YMCITy MaHeJIel He BbIlIe MAToN creneHu. [locTpoeHbl 1 MpoaHanu3upOBaHbI
KpHUBBIC 3aBHCHMOCTH MpOruda ot umcia maneneil. HaiineHsl acumnrornyeckue
CBOIiCTBa pelleHul B ciydae (pUKCUPOBAHHON JUIMHBI NMPOJIETa KOHCTPYKIUU U

3aJaHHOIM CyMMapHOW Harpy3ku. [Ipe/yioKeHHas CXeMa CTAaTHYCCKH OIPe/IeiIr-
MO KOHCTPYKIHUH C JBYMsI HE3aBMCHMBIMU IIapaMETPaMU PEryJIIpHOCTU JOIycC-
KaeT HaXOXKICHHE JOCTATOYHO MPOCTOTO AHAIMTHYECKOro pemreHus. [lomydeH-
Hast (opmyrna Haubosee 3pdekTuBHA B pacdyeTax CUCTEM C OOJNBIIMM YHCIOM
3JIEMEHTOB, T/I€ YUCIICHHBIC METOBI MMCIOT TEHICHINIO K HAKOIUICHHIO OMINOOK

Lna yumupoeanus

Kupcanose M.H. PacueT 3aBHCHMOCTH TIPO-
ruba apouHoil (epMbl C MOABECHBIMHU dJIe-
MEHTaMH OT 4Hciia naseneit // CTpourens-
Hasi MEXaHNKA MH)KCHEPHBIX KOHCTPYKUUH U

coopysxenuii. 2020. T. 16. Ne 3. C. 179-184. OKpPYTJICHUA.
http://dx.doi.org/10.22363/1815-5235-2020- Kuoueswie cnosa: depma, pemerka Gpepmbl, Maple, nporud, uHIyKIus, ap-
16-3-179-184 Ka, aCHMIITOTHKA

BBeueHne METOAAaX, B HaCTHOCTH HAa METOAC KOHCYHBIX JJICMCH-

ToB [1-3]. C pa3BuTHEM CHCTEM KOMIIBIOTEPHOHN Mare-
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M, UMEIOIINX PETYNAPHYIO CTPYKTYpY, HalpuMep
MIEPUOMYECKYI0, PEIICHUS METOJIOM HHIYKIIUH MOTYT
OBITH 0000IIIEHBI HA TIPOU3BOILHOE YHCIIO PJIEMEHTOB
NEepUOaNYHOCTH. B perymsapHeix depmax 3neMeHTOM
TIEPUOIMYHOCTH SIBJISIETCS TTAaHENb cTepkHei. Ecim ke
KOHCTPYKITUS IMeeT (hopMy paMbl WM apKH, TO B HEH
MOXeT OBITh JIBa U OoJiee TIapaMeTpa peryIsipHOCTH.
B stom ciydae mist 00001IeHus penieHrs Ha IPOU3BOIb-
HOE YHCIIO TTaHeNeil He0OXOAUMO TPOBOIUTH IBOMHYO
WHIYKIHIO, HAIPUMEDP, CHAYaia 10 YUCIy MaHejeld B
pureine, IoToM B ornopax. Panee 3TuM meToaoM Obutn
TOJTyYEHBI PEIIeHHs IS POruda TUIOCKUX peleTda-
TeIX [4—10], apounsix [11-14] 1 mpoCTpaHCTBEHHBIX
[15-17] depm. Boree 70 dopmya amst mporuda paznmy-
HBIX TUIOCKUX (hepM TpHUBEEHBI B cripaBoyHUKe [18].
[Ipemnaraemas koHcTpykmms (puc. 1, 2) apounoit dep-
MbI PACCUUTBIBACTCA OTUM METOIOM.

1. MaTepuaJjbl 4 METObI

Purens ¢epmbl nmeeT NpsIMOTIMHEHHOE OYepTaHNe

TOSICOB U HUCXOJSIIME PACKOCHI JUIMHON C =~h’ +a’ .
CHMMETpUYHBIE YaCTU apKU COCIUHSIOTCS B MApHU-
pe C. Bricota koHCTpyKIuu paBHa (k + 3)h, nouHa
nponera L =2(n+k+1)a. Kaxxmas BeTBb apKu co-

CTOWT W3 TpeX YacTel: BEPTHKAJbLHON BBEICOTOU 24,
HAKJIOHHOW W3 k maHenel M rOpu30HTAIBHON (pUrens)
U3 1 TaHelled. YToJl HakiIOHa OOKOBBIX YacTel ormpe-
JIEJISIETCsl COOTHOIIEHHUEM pa3MepoB 4 u a. Hwkauit
TOPU3OHTAIBHBIN TOSIC JepMBI (CTSKKA) U3 IAPHUPHO
COCIMHEHHBIX CTEpXHEH UIMHOW a KPEemuTcs ymIpy-
TUMHU BEPTUKAJIbHBIMU MOJBECKAMHU K HIKHEMY MOS-
Cy puresns.

Puc. 1. 3D-monens depmbl: n =4, k=2
[Figure 1. 3D model of the truss: n = 4, k = 2]

Puc. 2. depma nox aeiictBueM paBHOMEPHON HArpy3Ku
npun=06,k=3
[Figure 2. Truss under uniform load: n = 6, k = 3]

180

Pacuer ycunuii B CTEpKHSX BBIIIOJIHUM B CHCTE-
M€ KOMIBIOTEPHON Marematuku Maple mo mporpam-
Me [18] Ha ocHOBe ombITa ee mpuMmeHeHus [4—14] mist
pelreHust NoJoOHBIX 3aaa4 A wiockux depm. CHa-
yayia B IPOrpamMMe 3aJIaF0TCsl KOOPIMHATHI y3JI0B H TI0-
PANOK coeMHeHus cTepxkHeil. [lo 3TuM JaHHBIM pac-
CUHUTBIBAIOTCA HAIIPABJIAIOMINE KOCUHYChI yCHHHﬁ, SABJISA-
FOIIHMECS DIIEMEHTAMU MaTPHIIBI CUCTEMbI YPABHEHUI PaB-
HoBecust y3710B. Ha si3p1ke crictempl Maple ato nMeeT BUzT

> mO0:=8m+12n+12k+4

> Lxy[1]:=x[NI[i] [2]]-x[N[i] [1]]:

> Lxy[2]:=y[NIi][2]]-y[N[i][1]]:

> L[i]:=sqrt(Lxy[1]*2+Lxy[2]*2);
> for j to 2 do

> w:=2N][i]|2]-2+j:

> if u<=m0 then G|u,i]:
> w:=2N[i][1]-2+j:

> if u<=m0 then G|u,i]:= Lxy|[j]/L]i]:fi;
> od;

=-Lxy[jl/L{i]:fi;

rze x[],y[] — xoopaunate! wapuupos; Lxy[1], Lxy[1] —
MPOEKIIMH YCIOBHO HANPABIICHHBIX CTEPKHEH Ha OCH KO-
opmunat; L[i] — mmHa crepxas; m0 — 9uCiio cTepx-
Hel, BKiIroyas Tpu onopHsle; G[,] — MaTpuia cuctemsl
yYpaBHEHUH paBHOBECHS.

Pemenue cucreMsl TMHEWHBIX YPABHEHUN BBIIIOJI-
HSIeTCsl CpeicTBaMu cucTeMbl Maple.

IlomydyeHHOE pemeHHe AN YCUIMH B CTEPIKHAX
MOYKHO IIPEACTaBUTh rpa)uuecKu, BbIJEIUB KPACHBIM
LIBETOM PACTSHYTBIE CTEPXKHH U CUHUM CKatble (puc. 3).
TommuuHa OTpPe3KOB CTEpKHEN MPONOPLMOHATIEHA MOJTY-
o ycwnid. PacueT npousBeneH mpu a =5 M, h =2 M.
Ycunus oTMeueHbI 3Ha4YeHUSIMH, OTHECEHHBIMH K BEJTH-
YHMHE Harpy3ku P U OKPYIJIEHHBIMH A0 LIEJIOT0 YKCIa.

3aMeTHM HECKOJIBKO HEOXKUAAHHOE IIOSIBJICHHUE
CKAThIX CTEpP)KHEW B HIDKHEM IIOSICE PUTeNs U pacTs-
HYTBHIX B BEpXHEM Mosice OOKOBBIX CTOpoH. Hamnume
CTSDKKH 3aTpyJHSET MPU pacueTe yCHIMM Hemocpen-
CTBEHHOE HMCIIOJIb30BAHNE METOAA CEUCHUN.

Omnpenenum no popmyine Makcsesa — Mopa npo-
ru6 depMsl oJ AEHCTBHEM PaBHOMEPHOW HAarpysKH,
MIPUIIOKEHHOM K y3JIaM HIKHETO Tosica:

A=Y Ssl | (EF),
i=1
rae S, — yCuius OT JEUCTBUSA BHEIIHEH HATPY3KH; S§; —

YCUJIUS OT €JMHUYHON BEPTUKAIbHON HArpy3KH, NMpHU-
JI03KE€HHOM K cowlenstomeMy y3iny C; [, — IIMHBI CTepiK-

HEW; M, — YHUCIIO CTEP)KHEH, BKIOYas TPU OIOPHbBIE
CTEPKHA.
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=12

Puc. 3. Pacnipeenienue ycusnii B CTEpKHIX KOHCTPYKLUUU: 1 =3
[Figure 3. Force distribution in the construction rods:

2. Pe3yabTaThl

3ameueHo, YTo TpH pacuere nporuda BUI pe3yibTa-
Ta AJIsl pa3HOTO YHMCIIa MaHeleil He MEeHSeTCs:

A=P(4,,a*+C, .’ +H, k) ((k+3)’EFh®).

Brog 06 hopmyit mist Ko3hGHUIMEHTOB B 3TOM
BBIP2)KEHUHU TIPOM3BOIUTCS B 1Ba dTana. CHavyana Quk-
cupyercs k = 1 ¥ BBOAUTCS 3aBUCUMOCTH KO3 PHUIIH-
€HTOB OT # TPH 3TOM 3HA4CHUH k. 3aTeM JaHHBIN BbI-
BOJI IOBTOPsiETCS TIpH k = 2,3,4,... POBHO CTOJIBKO pa3,
CKOJIKO HEOOXOJUMO sl TOTyUEeHUsI 3aKOHOMEPHOCTH
o k. OcobenHocts oneparopa rgf findrecur makera
genfunc crctemMbr Maple cOCTOUT B TOM, UTO YHCTIO HIe-
HOB aHAJIM3UPYEMOM TTOCIIeJOBATEIILHOCTH JOJKHO OBITH
ueTHbIM. [Tpu k = 1 kodpuiments 4, ; 06pasyroT 1o-

cremoBaresibHOCTE 51, 232, 703, 1704, 3555, 6656,
11487, 18608 ... . Omeparop rgf findrecur maer omHo-
POIHOE PEKYPPEHTHOE YpaBHEHHE, KOTOPOMY YIOBJIE-
TBOPSIOT WIEHBI TIOCIIEI0BATEILHOCTH:

A, =54,,,-104

n,1 n n

-2,1 + 10An—3,1 - 5An—4,1 + An—5,1'
Omnepatop rsolve pemiaer 3To ypaBHEeHHeE:

A, =(232n+260n” +80n° +40n*)/12.

AHaJI0rmIHO IpH Apyrux 3Ha4YCHUAX k numeeM cite-
IYIOIIUE BBIPaKECHUS:
A, =(270+894n +544n* +78n" +62n*) /12,
A, =(1152+2184n +89%4n" + 60n’ +90n*) /12,
A4,,=(150+4300n +1292n> + 261’ +124n*) /12,

Bropoii atan uHIYKIMK — 0000IIEeHUE OTYyYCH-
HBIX BBIPXKEHUH 110 k. J[Js 3TOT0 MCHONB3YIOTCS TE Ke
onepatopsl — rgf_findrecur u rsolve. B utore nmeem:

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLW

k=2
=3,k=2]

A, =6k +38+11n—n")k’ +
+(12+116n+51n" —8n’ +3n*)k* -
—(24-83n-152n" =221’ —13n* Yk —
—18+60n> +66n° +24n")/12,

C,, =(—-(n+Dk> +3(1-3n)k* +

+ (41’ +3n* = 2n+23)k° +

+ 3(107° +14n” +11n +17)k* +

+ (7417 +69n° +63n +50)k +

+ 360 +54n> +36n+18) /12,
H,, = (A=) + (0’ +n*> —4n)k” +

+ (5n° +150° —24n - 1)k +

+10n° +12n° —15n—-8)/ 2.

[IpoBepky THX 3aBUCHMOCTEI MOYKHO BBITIOJIHHTD,
TIOMEHSIB TIOPSIIOK MHAYKLHHU: CHavaa 1o k, TOTOM IIO 7.

Ha puc. 4 nanel KpuBble HAMIEHHOTO PEILICHUS
ns Ge3pa3mepHoro nporuda A'=AEF /(FL) npu ¢uk-
cupoBaHHO# JuuHe nipornera L = 2a(n + k + 1) =100 M,
3alaHHON oO1mei Harpyske P, = P(2n+ 2k +1) u orpa-
HUYEHHOU cymMe maHeneidt k + n = 15. Ilocnennee
OTpaHWYEHHE CHIENAHO ISl HIUTFOCTPALIMN BIMSIHUS BbI-
0opa COOTHOIIIEHHSI Pa3MEPOB PHUTENsI U OOKOBBIX CTO-
POH Ha JKECTKOCTh coopyxeHus. Ha prucyHke BHUIHO,
YTO NMPH MAaJBIX 1 U, CIEAOBATEIbHO, OOJBIINX & TIPO-
ri0 OUeHb Mall WITH JJayKe OTPHUIATEIbHBIN. Takoe cooT-
HOIIICHHE /1 U k COOTBETCTBYET BHICOKUM apKaMm, a 00JIb-
[IMe 3HAYEHHS 71 — HU3KUM KOHCTPYKIHUSAM C OOJbIIAM
MPOJIETOM U OOJIBIIUM MPOTUOOM.

Ecmu ke mpocTo yBennmuuBaTh YMCIIO TaHenel k
B OOKOBBIX YaCTSIX apKH, TO MIPOTHO MOHOTOHHO YMEHb-
nraercst (puc. 5), mpu4eM TeM ObIcTpee, YeM MEHBIIIEe
BBICOTa TIaHeNu 4. bonee Toro, mpu HEKOTOPOM 3Ha-
YeHUH k Tporud oOpamaeTcs B HOJb U IaKe CTAHOBUT-
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CSl OTPULATENBHBIM. DTO — CJICICTBUE MPSMOJIMHEWHO-
cTU OOKOBBIX CTOPOH apku. byns mporn® kKpuBoIMHEH-
HBIM C BBIIIYKJIOCTBIO BBEPX, ITOr0 OBl HE MPOU3OILIO.
KpuBble 3aBrcMMOCTH TIpOruba OT 4Mcia MaHened ume-
10T TOYKHU Iepernda, HO HE MMEIOT SKCTPEMAIBHBIX TO-
gek. OTMETHM, YTO TIPH BRIOpAaHHOM 3HAYCHHUH IIPO-
nmera L = 100 M 1 n = 4 qyuHa aHeIH B CiIydae mpo-
ruba, OJIM3KOTO K HYIIO, TO ecTh mpu k = 11, paBHa
a =3,1 M, anipu k = 44 (B paiioHe camoriepeceuecHus
KpuBBIX) a = 1,0 M.

25+

20+
1 k+n=15
h=1m

Puc. 4. 3aBucuMocTb Npornda OT COOTHOLICHHUH Y¥CiIa TaHeeit:
L=100m
[Figure 4. Deflection dependence on the ratio of
the number of panels: L = 100 m]

Puc. 5. 3aBucumocts nporuda ot yucna k manenei: n =4
[Figure 5. Deflection dependence on the number of panels &:
n=4]

182

Oneparops! crcTteMbl Maple MOTyT HalTH B aCUM-
NTOTHYECKUE CBOWMCTBA PEIICHWUs], WILTIOCTPUPYIOIINE
XapakTep 3aBUCHMOCTEH B TIPUHATOMN MOCTaHOBKE ((hHK-
CHUpOBaHHasl Harpy3ka M 3aJaHHbIi mposer). Poct mpo-
ruba 1Mo 4ucny k maHeneidl MMeeT KBaApaTHUYHBIA Xa-
paKTep ¢ BBITYKIOCTHIO TapaboITbl BBEPX:
limAY k> =—h(n+1)/ (24L).

k—o0

AHaJOTHYHBINA TOPSIIOK ACUMIITOTUKHA UMEET pe-
IICHUS 110 YHCIY 7 TIAHeJIeW B puTese s IPOU3BOJIb-
HOTO TlapameTpa k:

HmAY n* = h(k> + 6k +8) / (6L(k +3)).

n—>0

3akiouenne

IIpennoxena cxeMa IUIOCKONW MOJIENH CTaTUYECKU
orpenenuMon (epMbl apOYHOTO THIA C JAOTOIHUTEINb-
HBIM HIDKHHM TIOSICOM, BBIMTOJHSFOIUM POJIb CTSKKH.
CxeMa MOKET OBITh pacCUMTaHa B aHATUTHYCCKOH (op-
Me. Pemenne st mporuba B 3aBHCUMOCTH OT 4YMCIIA
MaHeNei 10CTaTOYHO KOMITAKTHO, a JIBa HE3aBHCHMBIX
napamerpa 7 ¥ k 1al0T BO3MOXHOCTb UCIOJB30BaTh 3TO
pelieHue Uisi MIMPOKOTo Kiiacca epM apovHOTo THIIA.
[Tpu pemennn Obuta BeIOpana cuctema Maple, ogHa-
KO 3TO HE MPHHIUMHUAIBHEIA BbIOOp. C HE MEHBIIUM
YCIIEXOM JIJIS pacueTa YCHIHH | Pornda B aHATMTHYC-
cKoli (hopMe MOKHO HCIIONIB30BaTh U cucTeMbl Mathe-
matica, Maxima, Derive, Reduce u np. TpymHocTn s
HEKOTOPBIX CHCTEM BO3HUKAIOT MPHU COCTABICHHH U pe-
HICHUH PEKYPPEHTHBIX YPaBHEHHH, Il KOTOPHIX HE BO
BCEX CHCTEMaxX MMEIOTCS CIelHalbHbIE ONepaTophl.
B Takux ciydasx MOKHO HCIIONB30BATh CYIIECTBYIOIIHE
OHJIAfH-cepBHCHI, HampuMmep Ha Oaze Mathematica,
WIW TIHCATh CBOM NPOTPAMMBI.
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Calculation of the deflection of an arched truss with suspended elements

depending on the number of panels
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Abstract

The aim of the work — to propose a scheme and analytical calculation of
a statically definable planar truss with a suspended lower belt. Methods. The for-
mula for the dependence of the deflection of the truss under the action of a uni-
form load on the lower belt on its size and the number of panels is derived in
the computer mathematics system Maple. The forces in the rods are found from
the solution of the general system of equilibrium equations of all nodes in sym-
bolic form. The deflection is calculated using the Maxwell — Mohr's formula.
Generalization of a number of formulas for deflection obtained by increasing
the number of panels sequentially to an arbitrary number is performed by double
induction using two independent parameters. In this case, special operators of
the Maple system are used, allowing for a sequence of coefficients in the desired
formula to create and solve recurrent equations that satisfy the elements of
the sequences. Results. The obtained solutions have a polynomial form for
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the number of panels. Curves of deflection dependence on the number of panels
are constructed and analyzed. Asymptotic properties of solutions are found in
the case of a fixed span length of the structure and a given total load. The pro-
posed scheme is a statically determinate structure with two independent parame-
ters of regularity allows for the finding of a fairly simple analytical solution.
The resulting formula is most effective in calculating systems with a large num-
ber of elements, where numerical methods tend to accumulate rounding errors.
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Annomayus

Llens viccnienoBaHys — MPOAHATM3UPOBATH TEOPHIO, HMEIOITYI0 MAacCOBOE IPHUMeE-
HEHHE B PacyeTax pa3IuyHbIX KOHCTPYKIMH U COOPY>KEHUH, COCTOALLYIO U3 IISTU HE
COOTBETCTBYIOIIMX APYT APYTy (MO0 OmMOOYHBIX) TEOPHH, OTBEpratoKx (hyHaameH-
TaJIbHBIC CBOWCTBA KOHCTPYKIIMOHHOTO OeToHa U mpuHIMIBI EBpokona. Memoost. Vc-
CJIe[JOBAHUE TTOKA3BIBAET, UTO TEOPUsI pacueTa *Kene300€TOHa CONEPIKUT Habop OT-
BEprarolix JpYT JApyra TeOpril pa3IMyHOro Ha3HaueHHs! (B TOM YKCIIe OIMOOYHBIX),
(bu3MUecKy HEBO3MOXKHBIC MEPECKOKH OAHOW TEOPHHU B JIPYTYIO, EPECKOKH Pasiny-
HBIX PaCUCTHBIX CXEM KOHCTPYKIHMH, HEAOILYCTUMBIC B YIIPYT' OIIJIACTUYECKOM CTaJJuu.
[lo MHEHHIO aBTOPOB, B HEl MPHUCYTCTBYIOT MAaTeMaTHYECKUE OIIMOKHU, HCKKAIOTCS
(yHIaMeHTaIbHbIC TOHSTHS KJIACCUYECKOW M OOIIEeH TeopHil pacuera, OTBEpraroTes

Hcemopus cmamou:

[Noctynma B pegakumro: 12 staBapst 2020 1.
Jopaborana: 26 ¢espais 2020 r.
[punsita k mybmukaruu: 11 mapta 2020 T.

IIPUHIIUII IIPOEKTUPOBAHMS HeCyIlell CIOCOOHOCTH I10 MPEENbHBIM COCTOSHUSIM, IPO-
LIECC HEMPEPBIBHOTO 3arPyKeHUsl KOHCTPYKIIUi, yCTaHOBNIEHHBbIH EBpokonoM, GpyHaa-
MeHTaJbHbIe 10 EBpOKO/y CBOICTBA KOHCTPYKIIIOHHOTO OETOHA MOIMEHSIIOTCS, 3asB-
JIIETCS, YTO TEOPHSI ONPENEISIETCSs] HE CBOHCTBAMY MATEpUANIOB, @ MHEHUEM Pa3paboTdu-
KOB, JAIOTCS CChUIKHM Ha a0CTPaKTHbIE pe3y/bTaThl SKCIIEPUMEHTOB. Pe3yibmamsl. AHa-
JM3HpyeMasi B CTaThe TEOPHsI pacueTa MacCOBOTO IPUMEHEHHS COIPOBOXKIACTCS He-
O6X0,£[PIMI)IMI/I MaTEeMaTHUICCKUMU BBIKJIAIKAMHU U SKCIICPUMEHTAJIbHBIMH OLICHKaMU.
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HBIX KOHCTPYKIHMH U coopykeHuii. 2020.
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Kniouesvie crnosa: ynpyromnactudeckue nedopmanun 6eToHa, TEOPHs MOJI-
3y4ecT OeTOHa, IJIUTEIbHOE CONPOTHUBIICHUE JKeIe300€TOHa, COBPEMEHHBIE CTPOU-
TeNbHBIE HOPMBI, TPUHIHIBI EBpoKo1a

BBenenne OPY>KE€HHM, COCTOUT U3 MISITH HE COOTBETCTBYIOIIMX JPYT
IpyTy (700 OMIMOOYHBIX) TEOpPHH, OTBEpPrarommx QyH-
JaMEHTaJIbHBIE CBOMCTBAa KOHCTPYKLHMOHHOTO OETOHA
u ipuHIMIEL EBpokona [1; 2]. [l cBsI3u Mexay Teo-

pusAMH UCTIOJIB3YETCA ITOCTYJIaT O BO3MOXKXHOCTH MI'HO-

Amnanmupyemasi TeOpHsl, UIMEIOIIasi MacCOBOE TPH-
MEHEHHE B pacyeTax pa3iU4HbIX KOHCTPYKIHUNA U CO-
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PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLIN

BEHHOTO IpEeBpaIleHus OAHON Teopuu B Ipyryro. B pe-
3yJIbTaTe TAKUX MEPECKOKOB KOHCTPYKIUS MPUOOpe-
TaeT OTBeprarolye Apyr Apyra CBOWCTBA, HAIIPUMeED:
JUTHHBI KOHCTPYKIIMH HET M OHA €CTh; TPEUIUHBI B O¢-
TOHE €CTh ¥ OTHOBPEMEHHO WX HET; y KOHCTPYKIIH HET
JUTAHBI, & TIPOTHO € CTPEMUTCS K OECKOHETHOCTH;, OETOH
Ha pacTsDKEHHE HE paboTaeT, HO HAIPSKEHUS B pacTs-
HYTOH 30He OETOHA BO MHOTO Pa3 MPEBBIIAIOT MIPHU3-
MEHHYIO TIPOYHOCTh. B HEeWl mpucyTCcTBYyIOT MaTeMaTu-
YecKHe OMIMOKH, HCKAKAIOTCS (yHIaMEHTaNbHBIE 0-
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HATHSI KJIACCHUYECKOM M OOIIEeH Teopuii pacdyera, OTBEp-
TalOTCsl MIPUHIIUI MPOSKTUPOBAHHS HECYIIEH CIoco0-
HOCTH TI0 NPEJEIbHBIM COCTOSIHUSIM, MIPOLIECC HEIpe-
PBIBHOTO 3arpy’KE€HUsI KOHCTpYKLUMi EBpokoaa.

1. Oco0eHHOCTH AaHATU3NPYEMBIX TEOPHH

1 HarJIAHOCTU BOCHIPUSITUSL JAJIbHEWUIIETO aHa-
TM3a TIPUBEEM CHaYaa OJIMH U3 MHOTOYHCIICHHBIX TIPH-
MEPOB HAY4HOTO ITOCTPOCHUS TEOPUH CHKATOH KOHCTPYK-
i (B paMKax TUTIOTe3 aHAIIM3UpyeMoi Teoprn) (puc. 1).
Takue KpuBbIe, YIOOHBIC B IPAKTUUECKUX pacuyeTax s
PSIIOBBIX MPOEKTHPOBIIHUKOB, TPEOYIOT COOTBETCTBYIO-
[IUX TEOPETHYECKUX, MATEMATUICCKUX W BEIYUCIUTEIb-
HBIX UCCJIEIOBAHNI; OHM OOBIYHO BBITTOJHAIOTCS BECbMa
aBropuTeTHbIME yueHbIMH (I'.B. Hukutun, A.P. Pxa-
munpiH, B.A. T'acteB, I'.A. I'eanes, O. Baumann,
A. Habel, C. Claeson u 11p.), HO HEIOCTYITHBI B paMKax
aHAIIU3UPYEMOI 371ECH TEOPUHU.

{IPB C
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o4 50 e 100 150 200

Puc. 1. Kputnueckue 3aBUCUMOCTH «CHJIa — THOKOCTb —

HavaJbHast TIOTHObY JUIS yIIPYTroIUIaCTHYECKON KOJIOHHBI

[Figure 1. Critical dependencies “strength — flexibility —
initial bend” for an elastoplastic column]

B paccmarpuBaemoii Teopun mpencTaBieHbl (BMe-
CTO HcTIoNHEeHUs TpeboBanmii EBpokoma):

e (m. 1) — Teopus KOHCTPYKITMH, HE UMCIOIICH
JUTMHBI ¥ 00J1aJaroel MIacTHYECKUM IapHUPOM;

e (1. 2) — TeopwHsl YIPYTOIOII3yUyell KOJIOHHBI C Ha-
YJaJIbHOW TTOTHOBIO, HE MMEIOIIas OTPAaHUICHUA B Ha-
NPSDKCHUAX U IePOpPMAaITHsIX;

e (1. 3) — Teopusi GECKOHEYHO yNPYTOi KOJTOHHBI
13 «eopMaIoHHON TEOPHI, OIITMOOYHO PACIPOCTpa-
HsieMasi Ha 00JIacTh CyTryObIX IIACTUYECKUX Jedop-
Marui;

e (1. 4) — UCKOBepKaHHAas 3a7aua Diepa;

e (1. 5) — Tmy0OKO OMMOOYHAS TEOPUS TMHEHHOMN
noJi3ydyecty OeToHa.

2. Teopust KOHCTPYKIHUH, He UMEKONIEH NJIUHBI

Paccmorpum Teoputo (1. 1) [3—5], sBusronryrocs
HECOCTOATCIIbHBIM HAaYyYHBIM BBIMBICJIOM IJIA BCETO MHO-
roo0pa3usl CKATHIX KOHCTPYKIUHN; Y KOHCTPYKIIUN Ha
puc. 1 mIacTH4ecKoro mapHUpa HEeT; HEBO3MOXKEH OH
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TaK¥Ke TPU TPOJI0JIBHO-TIONICPEYHOM H3THOE KOJIOHH U
JPYTUX PACUYCTHBIX CXEMaX; HEBO3MOXKCH OH M B paM-
Kax UCIOJIHeHUs TpeboBanuii EBpokona 2 [6].

€y

-
g

PT Voree cozd

> R & 17
|

\
As

o

Puc. 2. Koonna 6€3 JIMHBI,

Yy KOTOPO# BO3MOKEH IUIACTUUECKUH IapHUP:
a — pacye€THas CXeMa, 60— TI0NIEPEYHOC CECUCHUE,
«IPEACIBbHBIC YCUIND) U JITI0pa HaHpH}KeHI/Iﬁ OeToHa
[Figure 2. The column without length
which can be have a plastic hinge:

a — design scheme; 6 — cross section, “ultimate forces”
and the stress diagram of concrete]

Ha puc. 2 mokaszana pacdeTHas cxema M pacrpe-
JIEJICHWE HaIpsHKeHUW 1no cedyeHuro. [lnactuueckuit
HIapHUP ABJSIETCS MpenenbHoil Toukoi (/ — 0) kpu-
dl _
df
nporud) Mo YCTOWYMBOCTHU AJIS KOJIOHH, BBIITOJIHEH-
HBIX U3 OETOHA W CTalll C HeoepaHUu4eHHOU TUIOIaI-
KOH TEKy4YeCTH; B HEM KpaeBbIe Je(opMailiu JOCTH-
TalT OecKOHewHblX 3HAUCHUH; B IMPENEIbHON TOYKE
30HBI IUIACTHYECKOTO PACTSHKEHUS U CxKatus (yIOBIIe-
TBOPSIIOLLME TUIIOTE3€ IUNIOCKUX CEUYECHUN Iepe] Hada-
JIOM TPeNeTBHOro Mepexoaa) cMbIkaroTcsa. 1 aTa jo-
KallbHasg TOouKa (B BEChbMa YaCTHOM pacueTHOIl cxeme)
C HepeaJbHbIMU CBOMCTBAMH CXKAThIX KOHCTPYKIIMM
MPUHUMAETCSI 32 OCHOBY OOIIIel TEOpHM pacueTa Ke-
ne3o0erona. B Teopuu no (1. 1) HET KECTKOCTH ceve-

BOW KPUTHUYECKUX COCTOSHHH ( 0, /- muHa, f—
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HUS, B HEM HEBO3MOXKHO YCJIOBHE HEIPEPBIBHOTO 3a-
TPY>KEHUsI KOHCTPYKIIUHU; HAIPUMED, C YBEINICHUEM
MIPOJTOJIBHON CHJIBI M3THOAOINA MOMEHT 00s3aTeih-
HO YMEHBIIIACTCH; U3MEHCHHUE 3TOW CHJIBI HEBO3MOXK-
HO TIpY UKCUPOBAHHOM 3HAYCHUH SKCIICHTPUCUTETA.

3. Teopusi ynpyromnoJidy4eii KOJIOHHbI
¢ HAYAJIbHOM NOrudbI0 U TeopHsi 0eCKOHEYHO
YIPYIoi KOJIOHHBI U3 «1e()OPMALUOHHOI TEOPUN»

B teopusix (1. 2) u (1. 3) sxene300eToH HajemseTcs
HOBBIMH (DaHTACTHUYESCKUMHU CBOMcTBaMH. beToH omuHa-
KOBO XOPOIIIO COMPOTUBIISICTCS. PACTSDKEHUIO U CKATHIO.
TpeumH B ceueHUsIX HET, OETOH U CTallb 00JaJaroT Oec-
KOHEYHO YIPyruMH cBoiicTBamu. HanpsbkeHus nipu cxa-
TUH U PACTSHKEHUM MOTYT BO MHOTO pa3 TIPEBBIIIATH TIPH3-
MEHHYIO MPOYHOCTh U Mpenei TEKy4eCTH apMaTyphl.
PacueTtHas cxema Jyis 3TUX TeOpHil IoKa3aHa Ha puc. 3.

P

o7

GSCAIS

/
e

[
As

GSI

o

Puc. 3. Ypyras m6o ynpyrosiskasi KOJIOHHA C HAYJIBHOM ITOTHOBIO:
a — pacdeTHas cxema, 06— TIOTIEPEITHOC CEUCHUE, HEOTPAaHUYCHHBIC
HanpsOKCHUSA B GeroHe U apMaTrype — TpECIIUHbI OTCYTCTBYIOT
[Figure 3. Elastic or visco-elastic column with initial bend:

a — design scheme; 6 — cross section, unlimited stresses
in concrete and reinforcement without cracks|

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLW

B Teopun (11. 2) «CBA3b MEXIY HANPSHKEHUSAMH U
neopManusIMy YCTaHaBIMBAETCS (POPMYJIION, OCHOBAH-
HOM Ha JMHEWHOW 3aBUCUMOCTU MEXJy HaNpsKeHH-
MU U L[e(bopMauH;[MH 1 Ha MIPUHLINIIE HAJIOKEHUSI»:

* t
8*([) '[ 68 t T)d’tj (1)

rae 8(t, 1:) = L) + C(t,ﬂ:); C(t,r) — Mepa oA3ydecTH.

E (‘C

3nech U panee UCIOJIb30BaHbl OOILENPUHSTHIE
0003HaYEHHSI.

B teopun (1. 2) ykasbiBaercs: «M3BecTHO, 4TO B
Cllydae, Korja MaTepuall CTep KHs o0nagaer noisyde-
cThi0 | crapeHueM (1), 3amaya 00 yCTOHYHMBOCTH YyTIpy-
TOTO CTEPXKHSI, UMEIOLIEr0 HauyaIbHY!0 IIOruos ( v = fo)

M CKaTOro MOCTOSIHHOW Cujloi P, CBOJIUTCS K pellle-
HUIO YPaBHEHUSD»

*
d2y (x,t) P y xt j \66(t T)dr d? Yo
dx? 1 - dx?
3anaya ompeneneHus nporuba f{t) cBoauTCA K

PEUICHUIO «UHTErPABHOTO ypaBHeHUs BonbTeppa
2-r0 pomay:

0)- &( Jf \55( D ge= £.0).
ere 2(0)= 20, p ()= TR, iy So

IA0)

Kpurnyeckoe cocTosiHue MO YCTOMUMBOCTU Kelie-
300€TOHHOW KOJIOHHBI MPH TTONI3Y4ECTH OETOHA OTpesie-
JsIeTCsl HECOCTOSITENIBbHBIM 110 EBpOKOy M yIMBUTEINb-
HBIM JIJISI TEOPHH KeJIe300eTOHa KPUTEPHEM: MPOTHO
CpeIHero ceyeHus KOJOHHBI YBEJIMYMBAETCS 10 OECKOo-
HEYHOCTH (C IOCTOSIHHOM CKOPOCTBIO €r0 HapacTaHuUs).
CrpykTypa GopMybl 100aBOYHOTO OECKOHEYHOTO TPO-
ruba, BBI3BAHHOTO ITOJI3yYeCThI0 O€TOHA, CTAHOBUTCS
TOXKIECTBEHHOW CTPYKType OECKOHEUHO YIPYToro Ipo-
ru6a 1o teopud (1. 3) (cM., Hanpumep, hopmyiry (8.13)
B [5]). 3mensieTcst uImb 3HaYCHUE KPUTHIECKON CHITBI:
BMECTO KPaTKOBPEMEHHOM KPUTHUYECKOM CHIIBI Difepa
UCTIONIB3YETCS TIOHSATHE JIUTENIbHON KPUTUYECKON CHIIB,
paBHOU cuite Diinepa, neneHHON Ha Kod(UIHEHT, 3a-
BUCSIIHN OT XapaKTEePUCTUKH ITOJI3YYECTH OETOHA.

Craenyer oOpaTUTh 0c000€ BHUMaHUE Ha TPH 00-
CTOATENHCTBA B TEOPHH (TI. 2, 1. 3).

T'mmep6Ooma Ditepa npepsiBaetcs B Touke C (puc. 1),
TO ecTh Ha yyacTke CB 1uracTuueckoi 00JIacTy MOHs-
THE KPUTHYECKOU CHITBI Jitiiepa (TakKe JTUTENBHON KpH-
THYECKOW CHUIIBI) SIBJISI€TCS BBIMBICIIOM; CJIEI0BATEIIb-
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HO, B 00JIaCTH CPEAHUX W MaJbIX TMOKOCTEH ydacTka
CB Teopun (1. 2, 11. 3) SBISFOTCS BRIMBICITOM: Jlamapib
npeaynpexaar 06 3toM emie B 1845 r., mozxke — Kirebrm
(1889 r.), Ha YTO HEOJHOKPATHO OOpaIIan BHUMaHUE
akanemuk B.JI. Kupnnues.

IIpu HEeOrpaHUYEHHBIX YIIPYTUX CBOMCTBAX Yy CXKaTO-
M30THYTHIX KOJOHH KPUTHYECKOW CHJIBI Jifyiepa He cy-
miecTByeT (puc. 4), 4TO JOMOJHUTEIBHO XapaKTepu-
3yeT HECOCTOSTEIBHOCTh TeOpHUH (1. 2, 1. 3) ¢ TOUKHU
3peHus EBpokona.

Vi

0,8
> /
0,6 ’/
"/
0.4 /
s
g
0,2 /
’ | 0 9\\ e=0
— 1 | P/P

0 02 04 06 08 10 12 14 16 18 20 °

Puc. 4. 3aBucuMOCTs MKy CTpENIOH Iporuba 1 MpoJoNbHOM
CHJIOH JUIs CKATOM30THYTBIX U LICHTPAIBHO CKATHIX (€ = 0) KOJIOHH
[Figure 4. The ratio between the deflection and the longitudinal force

for compressed bent and centrally compressed (e = 0) columns]

B pamkax mo60ii Teopun nonzydecty Teopus (11 2)
HEBEpPHA JJIs ONEHKH JJIUTEIBHOTO COTPOTHUBICHUS
Kene300eToHa, Tak Kak Hajenser OeToH (aHTacTHye-
CKHMH CBOWCTBAMH.

Kaxxnast U3 U3M0KEHHBIX TEOPUI SIBIAETCS UCTUHOM
JIMIIIb Ha CBOEM MECTE B OOIIel Teopuu pacuera co-
opyxenuii. Tak, Teopus (1. 1) sSBISIETCS BCEro JIUIIh
OJTHOH W3 YeThIpeX JIMHUIT — TPaHuIl O0JIACTH B YACTHOM
CXeMe 3arpy’KeHHs yIpyTromiacTUiecKol yCcTon4InBo-
CTH — JIMIIH OJTHOM M3 MHOTUX CXEM, B KOTOPBIX TaKHUX
rpaHul] BoBce HeT (mpumep — puc. 1). [Ipudem B 310i
YaCTHOM CXEME PacCMaTpHBAETCs MAEaJbHO YIPYTOILIa-
CTUYECKHI MaTepual ¢ OECKOHEUHOH TUIOIIAAKOM TEeKy-
YeCTH, TO €CTh HAXOAIIMiics BHE mpaBui EBpokosa 2
1 JUTSl TEOPHU KEeNe300€TOHA SIBIISIOIIUIACS OIIMOKOH [6].

Kaxymasics HoBu3Ha Teopuu (1. 1) U ee omuodoy-
Has IPUBJIEKATEIHFHOCTh B COPOKOBBIE TOIBI MPOIILIO-
IO CTOJIETHS BBI3BAJM PEIINTEbHBIC NEHCTBHUSA K BHE-
PEeHHIO, U B YIOAy OTHM JeHCTBHAM ObLIa MpHHECEHA
B JKEPTBY CYIIHOCTh TEOPHH pacueTa XKejne300eToHa,
0 4YeM CBUJICTEILCTBYET BBIIBUHYTAs TUIIOTE3a O CBSI-
3u Teopuit (1. 2, m. 3) u treopun (1. 1): «IIpu BHETICH-
TPEHHOM C)KaTHU... SBJICHUE Pa3pyIICHUS MMPOTEKACT
MOYTH TaK JKe, KaK TP U3ru0e, a pacyeT CTPOUTCS UCXO-
ISl U3 TE€X ke cooOpakeHui U nonyuiennii. B uHTEpE-
cax TIPOCTOTHI pacyeTa eime Oojee KemaTelbHO, YeM
MPU U3THOE CUMMETPUYHBIX CCYCHUH, JIOMYCKATh. .., YTO
CeveHne BeAeT cedst ynpyro BIUIOTH 10 0Opa3oBaHUS
NIACMUYEeCK020 WAPHUPa».

Hrak, paccMOTpUM TIOCIIEA0BATEIHLHOCTH TIEPECKO-
KOB OT OJTHOM TeopuH K apyroi. ITycTs u3HadansHo ume-
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eTcs KeJe300eTOHHAs! KOJIOHHA C 3aJaHHBIMH CBOM-
cTBaMH Hecymei criocodHocTr. [IpumernM k Heit Teo-
puto (1. 1) ¥ MOTyIUM IIOCIIE MCITOTHEHHS pacduera
CHJIBHO 3aBBILICHHYIO HECYIIYIO CIOCOOHOCTb.

[lo »Toii nprurHe MepexoauM K Teopud (I1. 3) ubo
(. 2), momMeHss pacdeTHYIo cxemy Teopuu (1. 1) Ha
pacyeTHYI0 CXeMy KOJIOHHBI C HayaJIbHOW MOTHOBIO.
MoskHO OBUTO OBI UCIIONIB30BATh TEOPETUUECKHE TaHHbIC
1o o0pasiy puc. 1, HO 3TOro He MPOUCXOIUT.

PaccmarpuBaetcst mipoliecc 3arpy>keHusi OecKoHed-
HO YNIPYrod KOJIOHHBI, IO OKOHYaHHU KOTOPOTO H3BIIE-
KaeTcsi HUTUPOBAHHAsI THIIOTE3a U COBEPLIAETCS Mepe-
xo1 ot (1. 3) x (11.1) B BUE CIETYIONTNX yIUBUTEIh-
HBIX JIEHCTBUM:

— UCYE3aeT CKaYKOM JUIMHA OECKOHEUHO YIpyron
KOJIOHHBI; OCTAa€TCsl TOJbKO OJHO CEYEHUE C JINHEH-
HOW 3MIOPOH HANPsDKEHUH 0€3 TPELUHbI;

— ympyrasi 3IMopa HanpsbKeHuH (puc. 3) MTHOBEHHO
NPEBpALIAETCs B 3MIOPY HANPSKEHUH MIaCTHYECKOTO
mapuupa (puc. 2);

— HavyaJbHBIN TPOruo fj ynpyroi KoJIoHHBI U3 (11. 3)
MTHOBEHHO CT@HOBHUTCS 33aHHBIM 3KCLEHTPUCUTETOM
B Teopuu (11. 1);

— cTpena JOTOIHUTENFHOTO poruda ynpyrou Ko-
JIOHHBI f TeopuH (I1. 3) mpeBpaIlaeTcs B SKCLHEHTPUCH-
TeT Teopur (M. 1), KOTOPBIA MMEHYETCS OIOJHHU-
TEJIHBIM JKCIICHTPUCUTETOM U TOSBJICHHUE KOTOPOTO
paspylaeT TeOpeTUYECKYI0 CYIIHOCTh IIaCTUYeCKO-
rO LIAPHUPA, OIMCAHHYIO BBIIIE, KAK CYyLTHOCTb KOJIOH-
HBbI HE UMEIOLIEH JJIMHBI;

— TOSIBIISIETCS] «HOBAsH» HaydHas CyIIHOCTb OOLIeH
TEOPHH B BUJE MJIACTUYECKOrO IIAPHHUPA, HE UMEIO-
IIEro UIMHBI, HO UMEIOILEro mporud; cymma e + f
CTaHOBUTCS PACUETHBIM HKCLIEHTPUCHTETOM e(1); B TEO-
pun (. 1).

— Ha OCHOBAaHHUHU «HOBOW» CYIITHOCTH CHOBA PacCiu-
TBIBa€TCSI HECYIIasi CIOCOOHOCTh 3a7aHHOM xKeme300e-
TOHHOH KOJIOHHBI: Pe3yJbTaThl pacueTa CHOBA AAIOT
3aBBIITIICHUE HECYIIEH CITOCOOHOCTH 33IaHHOM KOJIOHHEI.

Eme Oonee mapaloKcalbHBIM SIBIISIETCSI COC/HHE-
HHE B OIHY TEOPHIO IUTACTHYECKOro mapHupa 1o (1. 1)
C MePEeMEeHHBIM BO BPEMEHHU MPOTHOOM TeopuH (1. 2).
«HoBast» HayuHasi CyIIHOCTH B 3TOM CIllydyae SIBJISIET
YAWBUTEIHHOE HENPEPHIBHOE N3MEHEHUE MTPOAOJILHON
CHJIBI KOJIOHHBI, IIPOUCXOIAIIIEE C TEUCHHEM BPEMEHH,
a TaK)Ke HEIPEPhIBHOE SBJICHUE NIEPECKOKOB.

Teopus sxene300eToHa MPHOOPETAET B «HOBOWY
Hay4YHOH CYIIHOCTH IBOMCTBEHHBIE CBOMCTBA MO MHO-
THUM OOCTOSITENbCTBAM U IIapaMeTpaM, YTO MO3BOJISIET
MEHSTh CMBICIT 9THX MapaMeTpOB, IPOBOAUTH HEHAYY-
HBIE TUCKYCCHH.

Hanpumep, B Teopun mactryeckoro mapaupa (1. 1)
JKECTKOCThb ceyeHuss D = EI He HyXXHa, HO IJI «MC-
MPaBJICHUS» aHAIM3UPYEMON TEOPUH Kele300eToHa
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«HOBas» Hay4dHasl CYIIHOCTb MO3BOJIACT UCIIOJIB30BATh
1 UCKOBCPKATh 3TO IMOHATHUC.

4. UckoBepkaHHas 3axa4a Jiljaepa

B knaccuyeckoit 3anaue Diinepa 00 yCTOWYMBOCTH
KOJIOHHBI Teopus (1. 4), mpencrasisitomas auddepen-
[IMaJIbHOE YpaBHEHNE U3ru0a, HMEET BU/I

2
peY - _py.

dx?

Kaxk y>xe ormeganocs, Ha yuactke BC (puc. 1) B ruiac-
THYECKOW 00JIacTH 3TOro ypaBHEHUs HeT. Kak u xxect-
Koctu B Teopur (1. 1); HeT u cunbl Diinepa. «HoBas»
Hay4Has CYII[HOCTb HE TOJIBKO BBOJUT HECYILIECTBYIOILYIO
37ech CUIy Dilyiepa, HO U KOBEPKAeT €€ CMBICI, BBIAY-
MBIBas CHITy Diliepa, 3aBUCAIIYIO OT dKCIIEHTPHCUTE-
Ta €o:
N _T *Dley)
cr 2 .

/

OKcneprMeHTaIbHBIE OLIEHKH pEe3YJbTaTOB pacye-
Ta CKATHIX JKeJIe300€TOHHBIX KOHCTPYKIHA MO aHATH-
3UpyEeMOH TEOpHH, MPUBEACHHBIE N3BECTHBIMU YISHBIMU
B IMyOJIMKAITUAX TIOCISIHHUX JIEeT, cOCTaBIIOT £50 %,
CBUJIETEILCTBYS, YTO HEHAYYHOCTh M HECOOTBETCTBUE
EBpokoy mOMUMO MOTMTHYECKHUX ACTIEKTOB JAIOT HH3-
KYI0 2KOHOMHYECKYI0 (D (PEKTUBHOCTH JKele300eTOHa.

5. OmmbGouHas Teopusi
JUHeHOH moy3yyecTH OeToHA

B teopuu (1. 5), sBisromeicss MEPOBON TEOPHEH,
UHTETpabHbIe ypaBHEHUs BonbpTeppa, mpeacTasisito-
IKEe MOJI3YyYecTh OETOHA C er0 HeCTAIIMOHAPHBIMU U He-
JMHEHHBIMH CBOWCTBAMHU, UMEIOT BBIJYMAaHHBIE S7pa,
Hapyliaronye npeaycMOTPEHHbI MaTEMaTUYECKUH T10-
PSIIOK MX TIOCTPOCHUSI: BCIIEACTBUE 3TOTO Y OeToHa 00-
pasyercst olIMOOYHBIN Ha0Op PUKTUBHBIX CUII, HETpa-
BHJILHO (POPMUPYIOMIHX AchOpMAaIIAN TTOJI3YUECTH.

W3 MHOXecTBa MPUYXH, UCKaXaoUHX (hyHIaMeH-
TaJIbHBIE CBOICTBAa KOHCTPYKLMOHHOTO OETOHA U aHa-
nu3upyemsbix B [7—10], 11t HarJIAIHOCTH BOCHIPUSITHS
BBIJICJIUM 3J1€Ch TOJBKO JABE IJaBHbIE: | — MaTeMaTu-
YecKre OMIMOKH MPUHIHIA HAJOKEHUs (HA3bIBaEMOT0
TaKoKe NPUHIMIOM Cynepro3uuuy bonbumana), KoBep-
Karomye 100y U3 MHOXECTBA MPEIJIOKEHHBIX Mep
non3yuectu C(¢,7), maxke eciim Obl cpely HUX ObLIA U
NpaBWIbHAs; 2 — HEBEPHBIH aHaIM3 OCOOEHHOCTEH JKC-
MEPUMEHTANBHBIX JAaHHBIX 10 MPOCTOH MON3Y4YeCTH —
Ha 4yTo oOpaman BHUMaHue eme B 1955 r. A.P. Pxa-
HUILIBIH U 0c000 noguepkuBaiu B 1976 r. C.B. Anek-
canaposckuil u I1.M. Bacunbes [11]

Cy1miecTByeT OJHO3HAYHAS CBS3h MEXKITy (PyHK-
LUEH, MPEACTaBISIOIIEH SIPO UHTErPAIBHOIO ypaBs-

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLW

HEHHUs U COOTBETCTBYIOIEH MEXaHMYECKOW 3adaueil:
MOJMEHA JAa)XXe OJHOro mapamerpa (QyHKUUU MOXKET
CYLIECTBEHHO H3MEHUTh CTPYKTYPY MEXaHHYECKOU
MoJenu. DTO 00CTOSITENbCTBO HATIISIAHO JIEMOHCTPH-
PYeT HHTerpanbHoe ypaBHeHHE Abes:

T 1 U(x)dx —(p(a).

02 (a-x)2

3mech mokasaTellb cTeneHu 1/2 4acTo 3aMeHSIOT
Ipyrum uucioM o (0 < o < 1), 9T0 IpUBOAUT K MOSB-
JICHUIO CHJI, HE UMEIOIIMX OTHOIICHHUS K UCXOMHOM 3a-
nayge. [TokaxxeM 3T0.

Mexanuueckasi 3a7ada, OCTaBJICHHAs! U PELICH-
Has AOeneM, pacCMaTpuUBacT JBH)KCHHE B BEPTHKAJb-
HOU TJIOCKOCTH TSDKEIIOW HECBOOOTHON MaTepHabHOM
TOYKM MO TJAJKOW IUIOCKOW KPHUBOM Y = y(x). Ha oc-

HOBaHUH TEOPEMBI 00 N3MEHEHHH KMHETHYECKOH 3Hep-
TMH B WHTETpalibHOU (dopMme (M30aBisieMcs OT HEeu3-
BECTHOM peaKITHH)

1

—mv? = P(a - x)
2
U CKOPOCTH, BBIPa)KEHHOM Yepe3 JTyroByl0 KOOPIHHA-
Ty p UIMEEM

dtz—L

V)
rae dp =41+ [y’(x)]2 dx .

O06o3Hauas \/1+b/'(x)]2 = u(x) U MHTErpupys ¢

y4eTOM YOBIBaHUS IYTH P MPH BO3PACTAHUH f, TIOITY-
yaeM MpHUBEJIEHHOE BhIIIE YpaBHeHHE AOers.

ITokazatens 1/2 31ech nMeeT GyHIaAMEHTAIHLHOE
3Ha4YeHHe, OIpeesieMoe Mepoil MEXaHMYECKOTO JIBU-
skeHus 1o JlerOnuiry. Ecimu Mbl XOTHM crienath ero Aapy-
M, HarpuMmep 1/3, MBI TOJDKHBI TTPOM3BECTH B OCHOB-
HOM 3aKOHE JBWXCHHUSI OYEBUIHBIE TOKJIECTBEHHBIE
npeoOpazoBanus. [Tomyunm

; _f ! U (x)dx
¢la) gﬁ(a_x)% .

Ecnu ke Mbl caMOBOJIBHO U q)OpMaHLHO 3alIcM
9TO YpaBHCHHUEC B UHOM BH/IC:

[\

022 (a—x)5"

m

(p(a)zT 1 Ul(x)dx

TO MMeeM OIMMO0YHOEe MHTETPAIbHOE YpaBHEHHE C TOY-
KU 3p€HUs NMEepBOHAYAJIbHOU MEXAaHUYECKOH 3a1auu;
cuna P 3/1ecb CTAHOBUTCA BbIIYMaHHOM.
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Knaccuueckuii ciydaii AGens mo3BOJSET IOUEPK-
HYTh BOXHYIO CYIIHOCTH: TIOJIMEHA JTHOO HE3HAUNTEIb-
HOE W3MEHEHHE TOIBKO OJJHOTO MapaMeTpa WHTErpajib-
HOTO YPaBHEHUS KOBEPKACT CYIIHOCTh TEOPHH.

B Teopun ke mon3ydecTH xene300eToHa OCYIIeCTB-
JIeHa TIOAIMEeHa JIecSTH (PyHIaMEHTAIBHBIX CBOMCTB KOH-
CTPYKIIMOHHOTO 0€TOHA, MOAPOOHO OMHCAHHBIX B [9];
MOJIMEHA KAXKAOTO U3 HUX UCKAXKAET CYIIHOCTh TEOPUH,
MPHUBOANT K TpyOBIM ommmbkaM pacuera. PaccMoTpum
YUCJICHHBIE OIICHKU NIBYX IMOJMEH, YKa3aHHBIX BBIIIE
moa Homepamu 1 u 2: 1 — mogMeHa HeCTallMOHAPHBIX
KPaTKOBPEMEHHBIX JIe(hOpMaIiii — MPUBOIUT K OIIHNOKE
1o 300 % [8]; 2 — momMeHBI HEMMHEHHBIX aedopma-
IUHA TIOJIBYYECTH HECYMIECTBYIONIUMH JIMHEUHBIMH —
M3MEHSET UX BENHYUHBI B 2—5 pa3 [9] (puc. 5).

Cs(t,1)
Co\(t)

T=35 cyT - BO3pacT 3arpyKeHus

BO3pacT K MOMEHTY
HaOIIOICHUA

0 10 20 30 40 50 60 70 8 90 100 110

Puc. 5. Vi3mMeHeH#e OTHOLICHHH YASNBHBIX AedopManuii
TOJI3Y4ECTH IIPH Pa3HBIX HAYAIbHBIX YPOBHAX HAIPKCHUH
Co(2,7) K yAenbHBIM Ae(OpMAaLIIM MTOT3YIeCTH
MpU HavabHOM ypoBHe Hampsokeruit Co,1(2,T)
[Figure 5. Change in the ratio of specific creep deformations
at different initial stress levels Cs (2,7) to specific
creep deformations at initial stress level Co,1(#,7)]

B ananusupyeMoi TeOpur MOXHO HalWTH U Ooiee
abCcypAHbIE CUTyalluH, KOTJa yCJIOBHas (AJIs JKene30-
Oetona) Teopus (1. 2) yIPYTOBSI3KOW yCTOWYHUBOCTH
C)KaTOr0 CTEPXKHS C HA4aJIbHOW MOTHOBIO, OECKOHEY-
HBIMH HalpsOKEHHUAMH, C €€ 3HAUYCHUEM UINTENBHON

. n?El
KPUTUYECKOM CHibl Py = ————
2
I*(c+1)
HOBHUTCSI TEOPHEH pacueTa MPEAebHOr0 COCTOSHUS JKe-
JIe300€TOHHBIX 000JIOYEK ¢ TPEIIMHAMHU TIPH JTHTEIh-
HOM 3arpykeHur. OHa BKIIIOYEHA B METOJJMUYECCKUE Pe-
KOMEHJIAITNH, SBJIACTCS MO BUJOM MOMAYJIS YIPYTOCTH

, THE C =g, CTA-

E
= P (¢ =¢, =2, npenenbHas XapaKTepUCTHKa
c+

TOJIBYYECTH OOBIMHOTO OETOHA), MACKAPYETCS SMITUPHYE-
CKMMH BBIPOKEHHUSMH, YTO OCOOCHHO HAIVISITHO TPOJICMOH-
CTPHUPOBAITH PACUEThI KOHCTPYKIMH « TpaHCBaaTb-iapKay.

n

3aKioueHmne

B psne pabor, a Takke B HOpMax, aHAIU3HPYE-
MOH TEOPUU NPEIIECTBYET PA3bICHEHNUE B BUJE JIBYX
[Honoxenuit: I — 4To HYy’XKHO UCHOJB30BATH HEIUHEH-
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HY0 1Ie(OPMAIIMOHHYO0 MOJIeIb (BhiBecka); 11 — uTo
JTOITYCKAEeTCsl pacdeT MPOU3BOIUTH Ha OCHOBE aHAIIN-
3UpyeMoiil TeoprH (C pa3HBIMH Ha3BaHUSMH: PACUeT T10
NpeAeNbHBIM YCUIIUSM; PacieT MO CTAAUH pa3pyLICHHs
WY TI0 TIPUHIIMITY TDIACTHYECKOTO Pa3pyIIeHUs; METOT
MIPEETHHOTO PAaBHOBECHST, METO PACUETHBIX TPEENb-
HBIX COCTOSIHUM).

OpuH u3 paspabotunkoB HopM B 2011 . npexy-
MPeXAall, 4TO PSIOBOM MPOEKTUPOBIINK HE CMOXKET
ucronb3oBath [lonoxenue I: «/ledhopmanmonnas mo-
JIeJIb CHJIOBOTO CONPOTHUBIICHHSI B OCHOBHOM pEalIn3y-
€TCSl Yepe3 BBIYHCIUTEIbHbIE KOMIUIEKCHI, TIOITOMY
3MIECHh BO3HUKAEM P50 (QOPMATbHLIX npoyedyp, Hanpu-
Mep, ycmouuusocmy, oyeHka mournocmu peuwtenus. He-
JIOCTaTOK WHCTPYMEHTapHsi OOYCIIOBJIEH TaKKe MHO-
TOUTEPALMOHHBIM TPOIIECCOM PEIIeHHUs, 0COOEHHO 10
Mepe NPUOIIKEHUS EHCTBYIOIIETO YCHIINS K HeCyIen
CIOCOOHOCTH. .. Pe3ynbTaThl 3aBUCAT OT KOPPEKTHOCTU

6b100pa NICXOTHBIX (PacYETHBIX) AUATPAMM COCTOSHUSD.
Poccust Becrynuna B BTO u 00s3aHa HCTIONHATH
TpeboBanus EBpokoa.

ITockomeky EBpokof 3anperniaeT MEHITh CBOU MPUH-
IIUITBI ¥ TIpaBUIIa TIPUMEHEHHs], a PSIOBOM IIPOEKTHPOB-
MK HEe cMOXKeT npuMeHuTh [lonoxxenue I, poxxnaercs
3abmyxnenue, uto Ilonoxxenue I coorBercTByeT EBpo-
Konmy. B y4eOHOU uTepaType B CBS3H C STUM MOKHO
MpoYecTh: «BMeCTO runoTe3sl IIIOCKUX CEUSHU TTpH-
MEHSIETCSl IPUHIUI TUIACTUYECKOTo paspyrueHusy; «l Ipex-
JIOKEHHUE OTPENENATh HECYIYIO CIIOCOOHOCTS TI0 Tpe-
JeNbHOMY (“‘IUTacTUYeCKOMY”’) COCTOSHHIO Ha JECST-
KH JIET OTIEPENMII0O MUPOBYIO MPAKTUKY B 3TOM BOIPO-
ce»; «B pacuetHbix Mojensx EBpokona ecTb u pacyet
O TIPENENTEHBIM YCUIHSAMY, YTO BBOJIUT CIEIIHAIMCTOB
B 3a0Ty’KIIeHUE.

ConocraBisis HAIMOHATBFHBIA HOPMAaTHB U €BPO-
nerickue HOpMBI, A.A. ['Bo31eB ¢ coaBT. [12] ykazan
Ha UX CYIIECTBEHHOE OTJIHMYWE B MPHUHIMIIAX U METO-
JlaX pacyeTra, B YaCTHOCTH, KacaloIINXCs «pacdeTa Hop-
MAaJTBHBIX. .. CCUCHUH, y4eTa BIUSIHUS THOKOCTH KOJIOHH
Y ITUTENTFHOCTY IEHCTBUS HATPY3KI.

Ha "nenayyHoCTh aHAJIU3UPYEMOI TEOPUU HKEE30-
0eToHa B OTJIETIBHBIX ACTIEKTaX M B Pa3HOE BPeMsl YKa3bl-
Banu aproputetHble yuensle: b.I'. Ckpamraes, B.M. Ken-
nein, I'.B. Hukutua, A.P. Pxanuneid, I'.A. I'enunes,
[1.®. dpoznos, K.3. Tans u ap. OcpeqHeHHBINH OTBET
Ha KPUTHKY 3BydYall YKIOHYMBO: «BbIOOp pacueTHOM
CXEMBI OTpEeeTSIeTCs] COOOPAKEHUAMU JHIAKTHYECKO-
ro xapakrepa». [locne yreepxxaenust EBpokona HeHa-
YYHOCTb U HecOoOTBeTcTBHE EBpOKOy aHaMM3upyeMoi
TEOPUH CTAIH OYEBUIHBIMHU.

Ha mpobGiieMy HEHayYHOCTH TEOPHH IOJI3YYECTH
0eTOHa yKa3bIBalOT OTPHIIATEIBHBIE PE3YJILTATHI IIPO-
€KTHOW IMPAaKTHUKH, B TOM YHCJIE MUPOBOM OIBIT MPO-
eKTHPOBAaHUS YHUKAJIBHBIX COOPYKEHUH CTPYKTypa-
mMu RAMBOLL (Benuko6puranus) [13]; mpe3ugeHt
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fib 'opnon Knapk npexynpexgaer: «TO4HOE MPOTHO-
3UpPOBAHHE BIHSHUS TOJI3YYECTH. .. HOCUT 8€CbMd NPO-
MUopeyUsbill XapakTep; HaMH yCTaHOBJIEHBI TIPUYIH-
HBl HEHAYYHOCTH 3TOH TEOPHU — CpeAM HHX MaTeMa-
TUYECKHe ONTMOKHM M HapyIIeHHe MTPUHIIUIIOB KIaCCH-
JecKoi MexaHukw [7-9; 14]; Hamu Taxke pa3zpaboTaHa
HOBas HENTMHEWHasl TeOpHs MOJI3y4ecTH OETOHa, ele He
OITyOJIMKOBAHHAS, JIOTIOJTHSOIIAs OOIIY 0 Teopuro [15].

PesynbraTel aHanm3a Teopuu pacdera xenezoode-
TOHA, BKIIOYAasl CYIIHOCTh MaTEeMaTHYECKUX OMIMOOK
TEOPHH TOJI3yuecTH 0eTOoHa, JOKIaAbIBAINCh U 00-
CYKIIaJIUCh Ha MEXIyHapogHoM cummo3uyme 2018 r.
B benbrum [16] 1 Ha MeXTyHAPOTHON KOH(EPECHIITHH
2014 r. B Mockse [13].
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AHnnomayus

Axmyanvrnocme. I1o npuurHE NIMPOKOTO PAaCIpPOCTPAHEHUS HAa IPAKTHKE B
KayecTBe 00OBEKTa UCCIIEJOBAHUs JAHHOW paboThl BBIOPAHbI €4l TPyOuaToil KOH-
CTpYKIMH. B cTaThe npHBe/ieH aHan3 MOBPEXKICHHI HECYIINX KOHCTPYKUMI HedTe-
nepepadaThIBAOIINX TPYOUAThIX Me4Yel. Y CTaHOBIEHbI NPUYUHBI BOSHUKHOBEHHS
MOBPEXICHUH 1 (pU3MUecKast IpUpoaa uxX pa3BuThs. [1o pe3ynbrataM HaTypHBIX
o0cienoBaHuil ycTaHOBIEHO, 4TO OKoylo 10 % medell sKcIuTyaTUpyeTcst C HOBpe-
JKIICHUSIMH B BUJI€ 3HAYMTEJIBHBIX MCKPUBJIEHUI HECYIIUMX KOHCTPYKLHI, KOTO-
PBIC Pa3BUIIKCH B PE3yIbTaTe B3pbIBAa Ia30BO3AYIIHON CMECH U TEXHOIOTHUECKO-
r'0 MpOAYKTa BHYTPH MPOCTpaHCTBA neun. Ilenamu viccneOBaHUS ABISIOTCS aHa-
JIM3 HOBPEXAAEMOCTH U OLIEHKA BIIMSHUS MOBPEXACHUN HA pabOTy HECYLIUX KOH-
cTpykuuil neueil. Memoovt. OCHOBHBIE PE3yJIbTAThI IOIyUEHBI IIyTEM CTATUYECKOIO
YHCIICHHOTO aHalli3a MPOCTPaHCTBEHHBIX MOJIENEH KapKacoB Iedeil B IMporpaMm-
HoM komuiekce JIMPA-CAIIP. JlaHHbIl KOMILIEKC OTHOCUTCS K KJIACCY IIPOIrpamMM-
HBIX NPOYKTOB, PEAIM3YIOLIMX METO/ KOHEUHBIX 3JIEMEHTOB. Pe3ynvmamut. Pacuer
cepuu MOJIeNeH cOOpyKeHUH MO3BOIMI ONPEACIUTh BIUSHUE MTOBPEXKICHUN Ha
paboTy Hecymux KOHCTPYKLMH meun. Ha ocHOBe aHanm3a JaHHBIX pacdyeTa Mo-
Jeneil TpyOuaThIx nedeil ¢ MOBPEXICHUSIMU U COIIOCTaBIICHUS Pe3yIbTaTOB pac-
yeTa MoJieJiell nieueil ¢ MOBpexIeHUAMU KOHCTPYKLUH, BBIABIEHHBIMU IIPH MPO-
BeIeHUU 00CIIE0BaHU, IPEI0AKEHb] ITyTH ONTUMH3AlUM KOHCTPYKTUBHBIX pelLlle-
HUIA POMBIIUICHHO# neun. [IpoBeeHHOe MCCIIeI0BaHNE MTOKA3aI0 HEOOXOIMMOCTh
COBEPILECHCTBOBAHUSA KOHCTPYKIMU TPYOUaThIX Neuei B HaIpaBIEHUN MOJEPHU-
3aIM TEXHOJOTUH U KOHCTPYKTUBHON ()OPMBI HECYILETO KapKaca MedH.

Kntouegvie cnosa: MPOMBIIIIEHHBIE TI€YH, OOCIEIOBAaHHE, TOBPEKICHNUS,
Jedopmanyu, HapsHKEHHO-Ae()OpMUPOBAHHOE COCTOSIHUE

BBenenne

IIponomxuTensHOE BpeMsl KOHCTPYKIIMU MPOMBIII-
JICHHBIX Te4el OTHOCWINCH K 000pyaoBaHuio. [Ipu BbI-
TIOJTHEHUH OLIGHKH TEXHHYECKOTO COCTOSHHUS OOoJbIIast
YacTh BHUMAaHUs YAEIUIACh MOANEPKAHUIO PaboTOCIO-

Tonukoe Anexcandp Bnaoumuposuy, KaHauaT TEXHUYECKUX HAYK, JOLEHT,

COOHOTO COCTOSIHMS TEXHOJIOTHYECKOTro 000pyIOBaHuS,
B YAaCTHOCTH KOHCTPYKLIUU 3MEEBUKOB U (YTEPOBKH.
Ilo pe3ynbraTaM 0CMOTpa HECYLIIMX KOHCTPYKLMI IEUei,
HaxOoJsIIUXCs B 3KCIUTyaTallUd, YCTAaHOBJIEHO pa3BU-
THE 3HAUUTENBHBIX MOBPEXICHUN, PEalN30BaBIINXCS
B BUJIC UCKPUBJICHUI 3JIEMEHTOB KapKaca CTPEJIKOM JI0
150 mMm.

[peamerom uccnenoBaHus JaHHOH PaOOTHI SBIISIOT-

Kadespa CTPOUTENBHBIX KOHCTPYKLMI, OCHOBAHHH M HAJIGKHOCTU COOPYKe- Ci Ka4€CTBEHHBIC U KOJIMYECTBECHHBIC XapaKTCPUCTHU-

nuii; eELIBRARY SPIN-kox: 1369-7819.
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HHUEM TOBPEXICHUH.
OO0beKTOM HcCIeIOBaHMS SABISIOTCS HECyIIHe U
OrpaXkJIarolue KOHCTPYKLIMHU TPyOUaThIX MedeH.
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KonctpykTuBHas ¢hopma coopykeHHs MpeacTaB-
JIeHa HEeCYLIMMHU KOHCTPYKUUSIMH, OObeIMHCHHBIMHU B
€IMHYIO IPOCTPAHCTBEHHYIO CHCTEMY — HECYIIUIA OCTOB,
U OTPaKAAIOLUIMMHU KOHCTPYKLIUSAMH, U30IUPYIOLIMMHU
U 3alIMINAIOIMMI BHYTPEHHEIO Cpey OT BHEIIHEH cpe-
JIbl ¥ BO3JIEHCTBUI C €€ CTOPOHBI.

Lensmu mccnenoBaHus SBISIOTCS aHAIN3 ITOBPEXK-
JAcMOCTH U OLICHKA BJIMSHUS TOBPEXAEHUH Ha pado-
Ty HECYIIMX KOHCTPYKUUU neueid. s ux mocTukeHus
peIleHBI CIeIyIoIre 3aaul UCCIeT0BaHMS:

— BBITIOJIHEH aHAJIN3 CYLIECTBYIOIMX KOHCTPYKTHB-
HBIX PEIICHUH HedTenepepadaThIBalOLINX MeYeH;

— MPOBEACHBI 00CIIEIOBaHUS (HaKTHUECKOTO COCTO-
STHUS psiZia IPOMBIIUICHHBIX TPYOYaThIX Mevei;

— IPOBENICH aHaJIU3 TUIIOBBIX [TOBPE)XICHUH KOH-
CTPYKIMH KapKaca ¥ IPUYUH UX MOSIBICHUS;

— OTIpeZeIeHbl KOJIMYECTBEHHbIE MTOKA3aTeNH BIIHS-
HUS TIOBPEKACHUI HA HECYIITYIO CIOCOOHOCTh KOHCTPYK-
LU TICYH.

1. AHAJIM3 KOHCTPYKTUBHBIX pelieHuii

[To KOHCTPYKTHBHOM cXeMe MPOMBIIIIJICHHAS T1e9b
TIPEJICTaBISIET COO0H CIOXKHYIO MPOCTPAHCTBEHHYIO CHC-
TEMY, COCTOSIIIYIO M3 PACIIOIOKEHHBIX B BEPTHKATBHOM
Y TOPU30HTAJIPHOM HAIIPaBJIEHUH CTEP)KHEH, YKPEIUIeH-
HBIX TUTACTHHAMHY OOIIMBKHY 1 Ttoa. PaboTa crepxHeit
Y IUTACTHH OmNHcaHa B padoTtax [1-7].

B paborte [4] onuchIBalOTCS HETOCTATKH B3PHIBHBIX
OKOH, TIpeTHa3HAYeHHBIX JUTSl CHYDKESHUS JTaBIICHUS B3PbI-
Ba Ha KOHCTPYKIWH meyn. OTMeyaeTcs MOCTENeHHbII
CABHT B HE()TETa30BOI MPOMBIIIJICHHOCTH B CTOPOHY
YAaJNeHHs WIA CBAPKH B3PBIBHBIX OKOH, YTO HE SIBIISI-
€TCsl paIlOHANBHBIM PEIIeHNEM TaHHOU TTPOOIEMBI.

Knaccugukanust npoMBIIUICHHBIX TPyOYaThIX Iie-
Yell 0 KOHCTPYKTHBHBIM IPU3HAKaM IPHBEICHA B pa-
botax [8; 9]. B pabore [8] Takxke ykazaHa HEOOXOIH-
MOCTh ONTHMU3AIMU KaKk 000pYyJOBaHHA TEUH, TaK U
HECYIIUX U OTPAKIAFOIINX KOHCTPYKIUH 1O MPHUYUHE
Huskoro KIIJI cymecTByromux nedei, He3KOHOMHOTO
pacxooBaHMs PECypCOB M 3HAYMTENBHBIX KallWTallb-
HBIX 3aTPaT MMPU IKCILTyaTaI[UH.

OcobeHHOCTH 00CIIENOBaHNS METAIUTMIECKIX KOH-
CTPYKIMHA IPUBEACHBI B padoTax [9—11].

CoracHO OOIIETPHHATON KiaccHu(HKAIUeH OCHOB-
HOro TexHomorneckoro obopynosanust HII3, tpyOua-
Tas 1eYb MpeicTaBisieT co00i BRICOKOTEMIIEpaTypHOE
TEPMOTEXHOJIOTUIECKOE YCTPOHUCTBO C padoueil Kame-
POii, orpakIeHHON OT OKpYyskaroiieit atmocdepsl. TpyO-
YaTple [e4X MPeJHa3HaYeHbI IS BBICOKOTEMIIEpaTyp-
HOTO HarpeBa HeQTH WK HEPTEIPOIYKTOB B TIPOIIEC-
ce UX NepepadoTKH.

Hecmotps Ha Gombiioe pazHOOOpazne KOHCTPYK-
AN TIeYel, MPUHITAT pabOTHl UX BO MHOTOM OJHOTH-
neH. Kak npaBuiio, pabodas kamepa ey paszeieHa
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MONYTICPErOpoIKOi Ha JBE YAaCTH, HA3bIBAEMBIC pajua-
LMOHHOW U KOHBEKIIMOHHOM Kamepamu. B 3Tux xame-
pax pasMeIieHbl TPYOHBIE 3MEEBUKH, depe3 MOBEPXHO-
CTH KOTOPBIX OCYIIIECTBISIETCS TEIUIONEepeaaya.

PammarionHas Teronepeaaya rmpeicTaBiseT coooi
TMOTJIOUIEHHE JIYYUCTOTO TeIJia, KOHBEKTUBHAS TEILIO-
nepenaya OCYIIECTBISIETCS ITyTEM OMBIBAHHSI TIOBEPX-
HOCTEH TpyO ABIMOBBIMH ra3aMu.

B xamepe paguanuu 0CHOBHOE TEIUIO MEPEAACTCA
paauanyel 1 HE3HAYUTEJIbHO KOHBEKIHEH, B KaMepe
KOHBEKITUH — HA000pOT. Ma3yT Win ra3 CXKHUIraeTcs Mpu
MIOMOILIY TOPEJIOK, PacroiaraéMbIX Ha MOAY WK Ha CTe-
HaX paauanoHHON kKamephl. [1pu cropannu oOpasyercs
CBETSIIMIACS (haKelT, U3Tydarolinid Terio. TeruoBbie Ty4n
MAJIAI0T Ha Hapy>KHbIE TTOBEPXHOCTH 3MEEBUKOB KaMepbl
pajualuu 1 NorJoalTCs, CO3/1aBas TaK Ha3bIBAEMYHO
MOTJIOIAOIIYIO IOBEPXHOCTh. TaKkKe TETUIOBEIE JIyIH
MOTMAAI0T U HA BHYTPEHHUE MMOBEPXHOCTU CTEH pajua-
LMOHHOU KaMepbl neud. Harperble moBEepXHOCTU CTEH,
B CBOIO OY€pe/lb, U3TyYaIOT TEIJIO0, KOTOPOE MOIJIONIAET-
Cs1 MOBEPXHOCTSIMU 3MEEBUKOB KaMEpPhI PaUaliu.

[IpusHaku st KacCHPUKAIMKA CYIIECTBYIOLIIX
TpyOUaTHIX MeUYeii: TEXHOJIOTHIECKHE, TEIUIOTEXHIIE-
CKHE U KOHCTPYKTHUBHBIE (pHC. 1).

Ipu3Haky Knaccupukauy neyei
[Signs of furnace classification]

TEXHOJIOTHYECKUE
[technological]

TEIUIOTCXHHYECKHE
[calorifics]

KOHCTPYKTHBHbBIC

[constructive]

HarpeBaTelIbHbIC
[heating]

KOHBEKTHBHBIC
[convective]

L

KopoO4aThIe
[box-shaped]

PEaKLHOHHO-
HarpeBaTe/IbHbIe

PpajMaluOHHbIE
[radiation]

LMIHHAPHYCCKUC
[cylindrical]

[reaction-heating]

PpaauanrMoHHO- —
KOHBCKTHBHBIC
[radiation convection]

KOJIbLICBBIE
[annular]

Puc. 1. Ilpusnaku kinaccudukanuy neyen
[Figure 1. Signs of furnace classification]

OcTaHOBUMCS Ha K&KIOM IPU3HAKE MOIpOOHEe.

Texnonocuueckue npusnaxu. 110 TEXHOIOTHUECKO-
My Ha3HAUCHHUIO Pa3IMYaloT MEeYU HarpeBaTelbHbIC U
peaklMOHHO-HarpeBaTeNbHble. HarpeBatenbHble medn
TIpeIHa3HAYCHBI U HarpeBa CHIPhS 10 3aJaHHOU TeM-
neparypsl. PeakiiMOHHO-HarpeBaTeNnbHbIe M1e4n Mpes-
Ha3HAUCHBI KaK ISl HArpeBa CBIPbS, TaK U JUIA Iepe-
Jla4d eMy TeTuia, He0OXO0AUMOTO ISl TIPOBEIEHHUS SHIO-
TEPMHUUECKUX PEAKITUMN.

Tennomexnuueckue npuznaku. 11o TeroTexHu-
YeCKUM TpU3HAKaM pa3MYalOT IeYd KOHBEKTHUBHEIE,
panvarFioHHbIe, paHalliOHHO-KOHBEKTHBHEIE.

KOHBCKTI/IBHaH I1€4b COCTOHUT U3 ABYX OCHOBHBIX
yacTel — KaMepbl CrOpaHus U TPyO4aToro MmpocTpaH-
CTBa, KOTOPBIE OTEIEHHI JIPYT OT JIpyra CTEHOU Tak,
YTO TPYOBI HE MOJBEPralOTCs MPSIMOMY BO3EHCTBUIO
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TUTAMEHU ¥ OOJIbIIIAsl YacTh TEIIa MepelaeTcsl Harpe-
BaeMOMY BEIECTBY ITyTeM KOHBEKIMU. B pammanuoH-
HOU Teur Bce TpyOBI, Yepe3 KOTOPbIe IIPOXOIUT Harpe-
BaeMO€ BEIIECTBO, TIOMEIIEHBI HA CTEHAX KaMepbl CTo-
paHus, MO3TOMY Y PaJIMallMOHHBIX IIeYel Kamepa Cro-
paHus 3HAYUTENHHO OOJbINe, 9eM y KOHBEKTHBHBIX.
PannanoHHO-KOHBEKTUBHBIC UIMEIOT JIBE CEKITMHU: Kame-
Py paAManuu ¥ Kamepy KOHBEKIIUH.

[lo koncmpykmuensiM RpU3HAKAM TUTIBL KapKa-
COB JICTIATCS CIIEAYIOMUM 00pa3oM (puc. 2).

Kopobuamuie ¢ gepxnum omeodom Oblmoguix 2a-
306 (mun BC) (puc. 2, a). BeptukanpHoe pacnoioxe-
HUE TPYO paJraroHHOro 3MeeBrKa. CBOOOMHOE BEPTH-
KaJIbHO-(paKeNbHOE CKUTaHHE KOMOMHUPOBAHHOTO TOII-
nBa. B kamepe pajmaiyy yCTaHOBIIEH OTHOPSIIHBIN Bep-
TUKAJIbHBIM HACTEHHBIN 3KpaH. KOHBEKTHBHAs Kamepa
C TOPU3OHTAILHBIMU TPYOaMH pPacCIIONIOKEHA HAMl paju-
alMOHHOM KaMepoil. ['openku HaxomsaTcs B MOAY IMEYH.

Pa3smMerienne qByx kamep paaualiy psiioM BO3MOXKHO
Onarozmapsi 0OCITy>KUBaHHIO TOPENIOK C OAHOH CTOPOHBI
neuyn. Kamepa KOHBEKIMM y IBYyX Kamep paguaiuu 00-
mas (tun BC2). [eun trma BC MoryT npumeHsThCs Ha
ycranoBkax AT, BropuuHOii iepepabOTKH U T. 1.
Kopobuameie ¢ eepxnum omeooom OblMOBbIX 2a-
308 (mun I'C) (puc. 2, 6). ' opu30HTaIBHOE PACIIONOKE-
HHE TpyO 3meeBHKa. CBOOOJHOE BEPTUKAIBHO-(aKeb-
HOE CXKMTaHWE KOMOWHHPOBAHHOTO ToIUIMBa. B xame-
pe pajualiy yCTaHOBIICHBI OTHOPSITHBIC WU JABYXPSI/I-
Hble TOPH3OHTAJIbHBIE TPYOHBIE SKpaHbl. [ Openku Haxo-
IsITcs B oAy neud. Pazmemenue AByx kamep paaua-
AW PSAIOM BO3MOXKHO Oaromapst 0OCITyKUBaHUIO TO-
PEJIOK ¢ O/THOM CTOPOHBI Neun. Kamepa KOHBEKIMU Y
IByX Kamep paguanuu obmas (tun ['C2). [leun tumna
I'C nmpuMeHNMBI Ha yCTAaHOBKAX TIEPBUYHON TEPETOHKH,
a TaKoke BO BTOPUYHBIX Mpotieccax. [leun ['C2 — mpenmo-
YTHTENIBHBI HA YCTAaHOBKAX 3aMEIIEHHOTO KOKCOBAHHSI.

Puc. 2. Knaccudukarnys TpyO4aThIX Iedel 1o KOHCTPYKTHBHBIM Tpu3HaKaM [13]
[Figure 2. Classification of tube furnaces according to design features [13]]

Lununopuueckue ¢ 8epxHumM 0meoO0OM ObLMOBLIX
eazos (mun [[C) (puc. 2, ). [IpucrenHoe pacmooxe-
HUE TpyO 3MeeBUKA B OJTHOM Kamepe pamuanun. CBo-
0oIHOE BEpTHKATHHO-(PaKeTFHOE CXKUTAaHWE KOMOMHU-
pPOBaHHOrO TOIUIMBA. B paamariMoHHON Kamepe ycra-
HOBJICH BEPTHKAIIBHBIN JTMOO B BHIE BUTOW CIIMPAITH Of-
HOPSITHBIN HaCTeHHBIA TpyOHBIN 2KpaH. Kamepa koH-
BEKIIUH C TOPH30HTAIBHBIM pPa3MelICHuEM TpyO pac-
MOJIO’KEHa HaJ KaMepol pajuarwn. ['opernku HaxomsT-
cs B oy meun. CymiecTByeT ABa BapuaHTa HCIIONIHE-
Hus neueit tTuna L[C: 6e3 kaMmepsl KOHBEKINH (pau-
aHTHAs TIeYb) M C KaMepOil KOHBEKIUHU (paJuaHTHO-
KOHBEKTUBHAS TI€YB).

Konvyesovle ¢ sepxnum omeooom ObiMo8blx 2a308
(mun KC) (puc. 2, 2). BeprukanbHeiii TpyOHBIN 3Mee-
BUK B KOHBEKIIIOHHOW W paauaHTHON kamepe. CBoOOA-
HOE BepTHKAJIbHO-(aKeIbHOE CKUTaHKE TOIUIHBa. B pa-
JTUAIMOHHOM KaMepe pacloyioKeH BePTHKAJIbHBIA OJ1-
HOPSIHBIN HACTEHHBIN TPYyOHBIN 3kpaH. [lummHapude-

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLN

CKasl paJiuaHTHAs KaMepa yCTAHOBJIEHA COOCHO C KOJIb-
LEeBOW KaMepol KOHBEKLHHU, B KOTOPOW HaXOJUTCS KOH-
BEKTUBHBIN 3MEE€BUK. 3MEEBUK HAOUPACTCSA CEKLUSAMH.
I'openku pa3melieHs! B IOy IEYH.

YcranoBka ABT mpencrasnsier coboli koMOHHa-
o u3 omokoB AT+BT: AT — armocdepHas TpyOuarTka
(mepBuuHas nepepadboTka mocrymnatomieii Ha HII3 cwi-
poii Hedtr), BT — BakyymHast TpyOuartka (nepepaboTka
MazyTa, mocrymnaromero ¢ oimoka AT).

2. AHATU3 THNIOBBIX MOBPEKIEHMIA
KOHCTPYKIHUH KapKaca U NPUYMH UX NOSBJICHHSA

XapakTEepUCTUKU MOBPEKAAEMOCTH KOHCTPYKLIMIMA
COOPYKEHHS SBISIOTCA IOKa3aTeNlsIMU HECOBEPILEH-
CTBa KOHCTPYKTUBHOUW (DOPMBI U yKa3bIBAOT HA ITYTH
€€ ONTUMH3AIIHH.

OCHOBHbIE THIBI TOBPEXACHNN YCTAaHOBJIEHHI 110
pe3ylbTaTaM HaTypHBIX OCMOTPOB, IPOBEACHHBIX TPH
BBITIOJTHEHUN OOCIIeIOBaHUS cepuu medei. B Tabm. 1
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MPUBEACHBl MAaKCUMAaJIbHO PEaM30BaBILHECS MPU IKC-
TUTyaTaIMU 3HAYCHUSI TIOBPSKICHHIA, TIOTYUCHHBIE O pe-
3yJIbTaTaM CTaTUCTUIECKON 00pabOTKN TaHHBIX 3aMEPOB.

Ocobennoct o0cnenoBaHus 30aHUI U COOpYXKe-
HUMH, TIOJBEPIKEHHBIX BO3JCHCTBUIO B3PHIBHBIX HATPY-
30K TIpUBEAeHBI B utepatype [14—16]. I1o pesymnbTa-
TaM 00CJIeI0BaHUS TIPOMBINIICHHBIX Meuel ObUIO BBI-
SIBIICHO, YTO MPU BO3JICHCTBUH B3PHIBA KOKYX U Kap-
Kac TMeYH TONYYaroT 3HauMTeNbHble HcKkpuBieHus. Cy-
HIECTBYIOT KOHCTPYKTHBHBIE MEPOIIPUSITHS Ul Ociad-
JICHUS JIABJICHUS B3pbIBAa HA KapKac, HalpuMep YCTPOH-
CTBO MPEAOXPAHUTEIBHBIX OKOH.

IIpenoxpanutensHble OKHA MpeIHAa3HAYCHBI JIs
ocnabyeHusI CUITBI XJIOTKa (B3pbIBa) B TOIIKE TIEYH B
ClTydae HapyIIeHus HopMaibHOro pexuma. Ilpu pemon-
TaX OKHAMU MOJB3YIOTCA KaK JIa3aMH, Yepe3 KOTOphIe
00CITyKUBAIOIIUN TTEPCOHA TPOHUKAET BHYTPH TEUH.
Pe3ymbraTel 00CiIeIoBaHUS TIeUEH C MOBPEKICHUSIMHI
TIOCJIE B3PHIBA MTOKA3ANIH, YTO CYIIECTBYIOIIIE KOHCTPYK-
TUBHBIC PEIICHHS B3PBIBHBIX OKOH HE O0CCIICUMBAIOT
JIOCTATOYHOE OcabJeHne CHIIBI XJIonKa. B pe3ynpra-
T€ HECOBEPIICHCTBA MPEIOXPAHUTENBHBIX KOHCTPYK-
U BO3HUKAIOT 3HAYUTEIbHBIC NehOopMaIuu KOKyxa
Y HECYIIHX 3JEMEHTOB KapKaca.

Tabauya 1

Bujbl noBpe:kaeHuii KOHCTPYKUMIA MeYu

Buj noBpexnenust

CreneHb pa3sBUTHS

l'[pn'{m{a NMOABJICHUSA

Koppo3uoHHbIii H3HOC OOLIMBKH

KOXyXa

W3znoc 10 6§ =100 %

JlnuTenbHas dKCIUTyaTalus, OTCYTCTBUE ILIAHOBO-TIpe-
JyTPEAUTENbHBIX PEMOHTOB. CIIOXKHOCTD 00CITY KMBAHUS
3aKpBITHIX Ma3yx (puc. 3, 0)

Jedopmanus cTajabHbIX JUCTOB
KOXyXa

JlokaybHbIE BIIaJAMHBI/BBIITYKIOCTH CTPEI-
Ko# 110 /=450 MM

Hapymienne HopManbHOTO pexnma paboThl, BO3AeHCTBHE
B3pBIBA, BO3JCHCTBHE IOBBIIMICHHBIX TEMIIEPATyp BCIEI-
CTBHE M3HOCA QYTEPOBKH (CM. puC. 3, 8)

Jedopmarnus croek u pureneit
Kapkaca

MckpuBnenue npoaosibHOM OcH B BUJE
mporuba g0 f= 150 Mmm

Hapy1enre HopMaIsHOTO peKiMa padOThI, BO3IEHCTBHE
B3pbIBA, BO3/ICHCTBHE IOBBILICHHBIX TEMIICPATYp BCIEI-
CTBHE N3HOCA (hyTepOBKH (nehopManum cToex — puc. 3, 2;
nedopMarmu purenei — puc. 3, a)

Jedopmarus cesizeit

Pa3pbiB OT/IENIBHBIX CBSI3€i, HCKPHUBIIE-
HUE TPOIOIBHON OCH B BUJIE TPOruda
1o f= 150 mm

Hapymenre HopMaisHOTO peskuMa paboThl, BO3EHCTBHE
B3pbIBA, BO3/ICHCTBHE IOBBINICHHBIX TEMIICPATyp BCIEH-
CTBHE M3HOCA (QYTEPOBKH

CoOBOKYIHOCTH 1e(eKTOB KOH-
CTPYKIIMH 072

IIporn6 danok noxa crpernkoi 1o f= 140 mm;
pa3opBaHHBIE MIEMEHTHI JKECTKOCTH 101
(TTacTUHEL ¥ YTOJIKY )

Hapy1iienre HOpMAIBHOTO peskuMa paboThl, BO3ICHCTBHE
B3pbIBA, BO3IEHCTBUE TOBBIIEHHBIX TEMIIEPATYDP BCIEI-
cTBHe u3Hoca GyrepoBku (puc. 3, 6)

Pazpymienue gyrepoBkn

o 50 % TonmuHbI

JlmurenpHas SKCIUTyaTalus, OTCYTCTBHE ILIAHOBO-TIPE-
IyIPEIUTENLHBIX PEMOHTOB, HAPYIICHUE HOPMAILHOTO
pexuMa paboThl, BO3/ICiCTBHE B3phIBa (pHC. 3, €)

Table 1

Types of defect to furnace designs

Types of defect

Degree of development

Reason for occurrence

Corrosion wear on casing

Wear to § = 100%

Long-term operation, lack of scheduled preventive repairs.
Difficulty maintaining closed sinuses (figure 3, 0)

Deformation of the steel sheets
of the casing

Local hollows/bulges-up arrow
f=+50 mm

Violation of the normal mode of operation, the effect of
an explosion, the effect of elevated temperatures due to
wear of the lining (figure 3, 6)

Deformation of the struts
and crossbars of the frame

Curvature of the longitudinal axis in
the form of a deflection to /=150 mm

Violation of the normal mode of operation, the eftect of
an explosion, the effect of elevated temperatures due to
wear of the lining (rack deformations — figure 3, 2; de-
formation of crossbars — figure 3, a)

Bond deformation

Separation of individual bonds, curvature
of the longitudinal axis in the form of
a deflection to f= 150 mm

Violation of the normal mode of operation, the effect of
an explosion, the effect of elevated temperatures due to
wear of the lining

Hearth design defect set

Deflection of the beams under the arrow
to /= 140 mm; torn floor stiffeners (plates
and corners)

Violation of the normal mode of operation, the effect of
an explosion, the effect of elevated temperatures due to
wear of the lining (figure 3, 6)

Lining destruction

To 50% thickness

Long-term operation, lack of scheduled preventive re-
pairs, violation of normal operation, explosion effects
(figure 3, e)
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Puc. 3. XapakTepHble TOBPEkKICHHUS KOHCTPYKIIUU TTCYH:
a — nedopmaryst purelsieil Kapkaca; 6 — ICKpHBIICHHE HAacTWIIa, pebep 1moja; ¢ — AedopManus JINCTOB OOIIMBKHY;
2 — HCKPHUBJICHHE CTOCK KapKaca; 0 — KOPPO3HOHHBIN H3HOC KoxkKyXa 10 100 % ToNmHHbL, e — 00pyieHHe (pyTepOBKH Ha OT/AEIBHBIX y4acTKax
[Figure 3. Typical defects in furnace design:
a — deformation of the crossbars of the supporting frame; 6 — bottom curvature; ¢ — deformation of metal sheathing sheets;
2 — curvature of the struts of the supporting frame; 0 — corrosion wear of metal sheets up to 100%; e — local destruction of the lining]

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLW
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3. OueHka BJIMSIHUS TOBPeXKAeHUit OreHka M3MEHEHHs HECyIIeld CIOCOOHOCTH HeECy-
Ha HECYIYIO CIOCOOHOCTh KOHCTPYKIUM IeYH IIIETO KapKaca €Yy BBINOJIHEHA 10 pe3yJibTaTaM pac-
yera MoJienieil B nporpamMmMHoM komiuiekce JIMPA-
s nosydeHust 3HaHUN 0 IPUPOAE Pa3BUTUS I1O- CAIIP 2016 B cOOTBETCTBHYU C TPeOOBaHHUSIMU HOpMa-
BpPEXICHUM U OLCHKU BIIUSHUS [TOBPEXKJICHUN Ha He- THUBHBIX TOKYMeHTOB [17-20]. Martpurma reomerpude-
CYIIYIO CHOCOOHOCTh KOHCTPYKIIMH TIEYH CO3JIaHbI pac- CKHUX pa3MepoB MoJIejel Jisl IPOBEJACHUS YUCIEHHBIX
YEeTHBIE MOJIENIA TPYOUaTHIX TeUeil M BBIIIOJIHEH IMPO- WCCIICJIOBaHUH MpUBeIeHa B Ta0j1. 2, MaTpHIia pa3Me-
CTPaHCTBEHHBIN pacuer. POB MOBpPEXKACHUH — B Ta0M. 3.
1Tl Tl
//’ |7
o
== = =
' il
3
%_
D
%_
3
a o 8
Puc. 4. PacuetHast MoJieib HECyILEro KapKaca IPOMBIIIICHHON Ieun:
a — HeleopMHUPOBaHHAs MOJIEIb; 6 — MOJIETIb C y4eTOM JieopMaluii; 8 — CTEpKHEBas MOJIENb
[Figure 4. Calculation model of the supporting frame of an industrial furnace:
a — undeformed model; 6 — deformed model; 6 — core model]
| || — | — ——] ] | [ |- | | | — | — — — —
-6.48 -485 -323 -1.62 -0.0628 0.0628 1.62 323 485 6.29 -353 -30.8 -264 -22 -17.6 -132 -881 -44 -0.1050.105 44 881 105
PCH2 PCH2
Mozauka My Mos3anka My
EuHAIE! H3MepeHus - KH*M EuHALE! H3MepeHus - KH*M

Puc. 5. Mo3arka u3MeHEHHs M3TH0aroIIEero MOMEHTa OTHOCUTEIBHO OcH Y-
a — HenehopMHUPOBaHHAS MOJIENb; O — MOJICTIb C YUE€TOM JehopMaIiuii
[Figure 5. Changes in bending moment about the Y-axis:

a — undeformed model; b — deformed model]
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Tabauya 2

Martpuna reoMeTpu4ecKMX pa3MepoB MojeJiei
[Table 2. Matrix of geometric sizes of models]

I'eomeTpuyeckuii napameTp

KosmyectBo cexkuuii Tpyduaroii neuu [The number of sections of the tube furnace]

[Geometric parameter] 1 2 3
a, (m) [a, (m)] 6,0 6,0 6,0
b, (m) [b, (m)] 3,6 72 10,8
h, (m) [h, (m)] 18,0 18,0 18,0

Tabauya 3

Matpuna pa3MepoB MOBpPeKIeHUIH
[Table 3. Damage dimension matrix]|

Tun noBpexIeHus
[Type of defect]

JInana3oH usMeHeHHsl, MM
[Range of change, mm]

IIlar BapbUpPOBaHHUs MOBPEKICHHs, MM
[Defect variation step, mm]

Jedopmanus cTanbHBIX JUCTOB KOXKyXa

[Deformation of the steel sheets of the casing] 50,0-300,0 50,00
Hedopmanus ctoek kapkaca .

[Frame rack deformation] 0.0-150,0 25,00
Hedopmarnus pureneit kapkaca .

[Skeleton deformation] 0,0-150,0 25,00

Hedopmauns cszeit 0.0-75.0 15,00

[Bond deformation]

Tabnuya 4

Biausinue noBpexkieHnii HA KOHCTPYKUMH NeYH

Buj nospexaenus IIpupona noBpe:xaeHns

Baunsinue MOBPEKACHUS

Koppo3zuoHnnslii n3Hoc
OOIINBKU KOXKYXa

BosneiicTBue arpeccuBHOM cpeabl

Hapy1iieHre repMeTHYHOCTH, MOTEPS TEIUIa, CHIDKCHHE HeCyIeh
CIIOCOOHOCTH

Jedopmarus cTanbHBIX
JINCTOB KOXKyXa

BozgelicTBue Harpy3ku OT B3pblBa

I[e(i)opMaHI/II/I NPUBOAUT K BBIKIIIOYCHUIO U3 pa60TI>I CTaJIbHBIX
JINCTOB B Ka4yeCTBE djeMEHTa »eCTKoCTH. OOIIMBKa HE yyacTt-
BYCT B pa60Te C HECYIIMM KapKacoM

Jedopmarus croek BozgelicTBue Harpy3Kku OT B3pblBa

J106aBOYHBII SKCIEHTPUCHUTET PABHBIN NMPOTHOY KOHCTPYKIIUH.

Kapkaca ‘YBenuueHue HanpspKeHus B aneMenTax a0 150 %
Jedopmarus pureneit BospeiictBue Harpy3ku ot B3pbiBa  J00aBOUHBIH AKCHEHTPUCUTET PABHBIA MPOrHOy KOHCTPYKIIHUU.
KapKaca YBenuueHue HanpspkeHus B aneMenTax g0 200 %

Jedopmarnus ceszeit Bo3sneiicTBue Harpy3ku oT B3pbIBa

J106aBOUHBII SKCHEHTPUCUTET PABHBIN MPOTUOY KOHCTPYKLIUH.
YBenudeHne HanpspKeHus B anemMenTax 10 300 %

CoBOKYIHOCTH 1e(EeKTOB
KOHCTPYKIMH TT0Aa

BozneiicTBue Harpy3ku OT B3pblBa

CHIKeHUe KCILUTyaTallMOHHBIX CBOMCTB KOHCTPYKLMH neun, He-
BO3MOXXHOCTH HCIIOIb30BaHUS ISl TIOJTHOIIEHHOTO OCYIIECTBIIE-
HHSI TEXHOJIOTHYIECKOT0 Iporecca

Paspyuienue gpyrepoBku Bo3snelicTBue Harpy3ku OT B3pblBa

Hapymenue repmeruunocty, norepst temia. HeBo3MOKHOCTE HC-
TOJIb30BAHMS JJIs TIOJTHOLIEHHOTO OCYILECTBICHHUS TEXHOIOTHYe-
CKOTO Iporecca

Table 4

The effect of damage on the design of the furnace

Type of defect Nature of defect

Effect of defect

Corrosion wear on casing
upholstery

Exposure to aggressive environments

Lack of tightness, heat loss, reduced load-bearing capacity

Deformation of the steel
sheets of the casing

Explosive loading

Deformation leads to the shutdown of steel sheets from work
as an element of rigidity. The casing is not involved in the work
with the supporting frame

Frame rack deformation Explosive loading

Additional eccentricity equal to the deflection of the structure.
The increase in voltage in the elements to 150%

Skeleton deformation Explosive loading

Additional eccentricity equal to the deflection of the structure.
The increase in voltage in the elements to 200%

Bond deformation Explosive loading

Additional eccentricity equal to the deflection of the structure.
The increase in voltage in the elements to 300%

Set of floor design defects ~ Explosive loading

Reducing the operational properties of the furnace designs, the inabi-
lity to use for the full implementation of the technological process

Lining destruction Explosive loading

Lack of tightness, heat loss. Non-ability to use for the full imple-
mentation of the process

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLW
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AHam3 NOBPEKAAEMOCTH CYILECTBYIOIIUX Nedel
TIOKa3all, YT0 HanboJee 3HAYMMbIe TIOBPEXKICHUS CHUIIOBO-
TO XapakTepa IOJyYeHBI B pe3yJbTare B3phbiBa (Ta0m. 4).
JlanHOE 00CTOSTEIBCTBO CBUACTENBCTBYET O TOM, UTO
KOHCTPYKTHBHAsI (hopMa COOpY>KEHHsI He o0ecIieurBa-
€T B NIOJTHOW Mepe BOCIIPHSITHE B3PBIBHBIX HArpy30K B
COOTBETCTBHU C TPeOOBAHUSAMHU HOPMATHUBHBIX JOKY-
MeHTOB [17-20].

[IpumeuaTensHO, 9TO B paboTax psiia COBPEMEH-
HBIX YUYEHBIX MMPEJICTABICHBI Pe3ybTaThl OOIUPHBIX
uccienoBanuil xapakrepa usmenenus HJIC kapkacos
MIpH BO3HUKHOBEHHUHW TAKOTO SIBJICHUS, KaK IMPOTPECCH-
pyromiee oopymrenue [21-25]. Aranu3 ombITa pacdeTa
KapKacoB Ieuei MmoKasaj, YTo MCCIe0BaHus MoBeie-
HUS KapKacoB TieUeil 1oj] BO3CHCTBIEM B3phIBa TIPAKTH-
4ecKd He TIpoBomATcsa. B oreuectBeHHbIxX [18] 1 3apy-
O6exxHBIX [12] HOPMATHBHBIX JOKYMEHTaX HE MpUBEIC-
HBI METOJIMKHU pacyeTa KapKacoB Iedell ¢ y4eTOM B3pbIB-
Horo Bo3zaeictus. [lo ykazaHHOM mpUYMHE HEepCeK-
TUBHBIM HaIlpaBJIEHUEM HCCIIEIOBAaHUS B TaHHOW 00-
JIACTH SIBJIIETCS M3YUYEHUE MOBEJEHUS KapKacoB neven
Ha JieficTBre 0cOOOTO BO3JEHCTBHS OT B3phIBA Ta3o-
BO3AYIIIHOW CMECH.

3akiaouenne

[To pesynbraTtam cepuu pacdyeToOB YCTaHOBIICHO,
YTO BIIMSIHHE TIOBPEXKIICHNH, BRI3BAHHBIX JKCIUTyaTalli-
€l B arpecCUBHON cpele, NMPUBOIUT K CHIDKEHHMIO DKC-
TUTyaTal[MOHHOW TPUTOAHOCTH U HECYIeH CIIOCOOHO-
cti 110 50 %; BIMsSHUE TTOBPEXIEHNUH, 00YCIOBICHHBIX
B3peiBOM [ TIBC BHYTpH mpocTpaHCTBa IEYH, IPUBO-
OUT K CHIDKCHHUIO Hecymed cnocodonoctu a0 300 %,
BIUIOTH JI0 BBIKITFOUEHHUS OTIEIBHBIX KOHCTPYKTHBHBIX
AJIEMEHTOB TTeYH U3 PaOOTHL.

YCTaHOBIIEHO, YTO CHIKCHUE HECYIIEH CIOCOOHO-
cti 110 300 % BBI3BAHO peaM30BABIIUMICS BCIEICTBUE
BORZICHCTBUS B3PBIBHOM Harpy3KH Je(opMarisMu CTpet-
xoi 10 150 MmMm.

[TpoBeneHHBIE UCCIEAOBAHUS TIOKA3aIH HEOOXOIU-
MOCTh COBEPIIEHCTBOBATH KOHCTPYKIIHIO HECYIIIETO Kap-
Kaca TeYd B HAIpPaBJICHUH MOJIEPHHU3AINH TEXHOJIOTHH
1 KOHCTPYKTHUBHOH (DOPMBI HECYIIIETO KapKaca Ieyu.

TpeOyercs pa3paborarh 3GPEeKTUBHYIO KOHCTPYK-
IIUIO B3PBIBHBIX OKOH M ONTHMH3HPOBATH HECYIIIHE KOH-
CTPYKIIMU B HampapiieHUH 3()(OEKTHBHOIO COMPOTHURB-
JICHUsSI BO3JICHCTBHUIO B3PBIBHBIX HATPY30K.

CHuHCcoK JUTepaTypshl

1. Timoshenko S.P., Gere J.M. Theory of Elastic
Stability. McGraw, 1963. 560 c.

2. Boavmup A.C. Henunelinas AMHAMHKA IJIACTHHOK
u obonouek. M.: Hayka, 1972. 432 c.

3. Bauntepe /I.B., Baiinbepe E.J[. Pacuer miacTuH.
Kuis: Byxisensauk, 1970. 436 c.

200

4. Esszepog M.J[. 3amaum yCTOHUMBOCTU ISl CTEPXK-
Heil 1 miactuH // HxeHepHO-cTpouTeNnbHbIN KypHai. 2014.
Ne 1 (45). C. 6-11. DOI: 10.5862/MCE.45.2.

5. Jlanuwn B.B., Pvibaxos B.A., Moposos C.A. Viccre-
JIOBaHNE KOHEYHBIX JIEMEHTOB /I pacdeTa TOHKOCTEHHBIX
CTEPKHEBBIX cucteM // IHKeHepHO-CTPOUTENBHBIN KypHAIL.
2012. Ne 1 (27). C. 53-73. DOI: 10.5862/MCE.27.7.

6. Jlanun B.B., Pvibaxoe B.A. KoHeuHble DIIE€MEHTHI
JUISL pacdeTa OrpaKAArOLINX KOHCTPYKIMH U3 TOHKOCTCHHBIX
npo¢uieii / IHxKeHepHO-CTPOUTENbHBIH xKypHai. 2011.
Ne 8 (26). C. 69-80. DOI: 10.5862/MCE.26.11.

7. Dugue J. Fired equipment safety in the oil & gas
industry: A review of changes in practices over the last 50
years // 11" European Conference on Industrial Furnaces
and Boilers, INFUB-11. Energy Procedia. 2017. Vol. 120.
Pp. 2-19. https://doi.org/10.1016/j.egypro.2017.07.151

8. Jlawonox C.HO. O630p KOHCTPYKTUBHBIX OCOOECHHO-
creii TpyOuarsix nedeii // Becrauk Upl'TY. 2013. Ne 12 (83).
C.213-218.

9. Eumyc HP., Ulapuxun B.B. TpyOuaTsle miedu B
HedTenepepabaThIBaONIed M HEPTEXUMHIECKOW TPOMBIIII-
nerHoctu. M.: Xumus, 1987. 304 c.

10. MeTommka onpesieieHusi OCTaTOYHOrO pecypca Tpyo-
YaTeIX Iedeld HeTenepepadbaThIBAOMINX, HEPTEXIMIIECKIX
n xumuueckux npoussoacts / BHUKTHUuedTexumobopy-
noBanue. Boarorpan, 1998. 34 c.

11. InOP-05. MeTtoauka 1uarHOCTUPOBAHUS TEXHUYE-
CKOTO COCTOSTHHS M OTIPEJIENICHHUsI OCTATOYHOTO pecypca TeX-
HOJIOTHYECKOro 000pyIoBaHus HedTenepepadaThIBaOIINX,
Hedrexumuueckux nporssozicTs / BHUKTHHedTexmmobopy-
nosanue. Bonrorpan, 2006. 87 c.

12. ISO 13577-2:2014. Industrial furnaces and associ-
ated processing equipment. Safety. Part 2: Combustion and
fuel handling systems. 2014. P. 102.

13. Kazenos A.A., @unamos I'.B., Xanun 10./]., Mew-
ko6 B.H. TpyOuaTble TIeun: KaTajor. 5-¢ u31I., UCIIp. U JOI.
M.: HUHTUXUMHE®TEMAIII, 1998. 27 c.

14. TTocobue 1Mo 00CIEIOBAHKIO U MPOCKTUPOBAHUIO 371~
HHUH U COOPY)KEHHH, ITOJIBEP)KEHHBIX BO3JICHCTBHIO B3PbIB-
HBIX Harpy3ok. M., 2000. 121 c.

15. Beiixep V., Kokc I1., ¥Yacmaiin I1. u op. B3poiBHBIE
sieienvst. OrieHKa U nocnenctsus: B 2 ku. Ku. 1/ mep. ¢ aHr.;
nox pen. S.b. 3enpaosuya, b.E. T'enpdanna. M.: Mup, 1986.
319 c.

16. hecuacmnos M.B. TIpoMbinuteHHbIE B3pbIBBL. O11eH-
Ka 1 npexgynpexiaenue. M.: Xumus, 1991. C. 432.

17. CIT 20.13330.2016. CHulI 2.07.07-81*. Harpy3ku
u Bo3zeiictBua. M.: Cranmaptuadopm, 2016. 103 c.

18. CIT 16.13330.2017. CHulI II-23-81*. CranbHble
koHCTpykiuu. M.: Crangaptuadopm, 2017. 140 c.

19. CIT 296.1325800.2017. 3naHus U coopyX eHHS.
Oco6sre Bo3neiictBusa. M.: Crarmaptuadopm, 2017. 23 c.

20. CII 266.1325800.2016. KoncTpyknmu cranexe3o-
6eronnsle. [pasiia npoekrrpoBanust. M.: CtangapTuH(OpM,
2017.103 c.

21. Isik E., Ozdemir M. Performance based assessment
of steel frame structures by different material models // Int.
J. Steel Struct. 2017. Vol. 17. Pp. 1021-1031. https://doi.org/
10.1007/s13296-017-9013-x

ANALYSIS AND DESIGN OF BUILDING STRUCTURES



lonukos A.B., Cy66otun .. CTponTenbHas MexaHuka MHXEHEPHbIX KOHCTPYKLMiA 1 coopyxeruit. 2020. T. 16. Ne 3. C. 193-202

22. Hoseini Vaez S.R., Sarvdalir S. Reliability-Based
Optimization of One-Bay 2-D Steel Frame // KSCE J. Civ.
Eng. 2018. Vol. 22. Pp. 2433-2440. https://doi.org/10.1007/
$12205-017-1881-2

23. Pourasil M.B., Mohammadi Y., Gholizad A. A pro-
posed procedure for progressive collapse analysis of com-
mon steel building structures to blast loading / KSCE 1J.
Civ. Eng. 2017. Vol. 21. Pp. 2186-2194. https://doi.org/
10.1007/s12205-017-0559-0

24. Abdollahzadeh G., Shalikar R. Retrofitting of
Steel Moment-Resisting Frames under Fire Loading
against Progressive Collapse // Int. J. Steel Struct. 2017.
Vol. 17. Pp. 1597-1611. https://doi.org/10.1007/s13296-
017-1225-6

25. Naji A. Sensitivity and fragility analysis of steel
moment frames subjected to progressive collapse / Asian J.
Civ Eng. 2018. Vol. 19. Pp. 595-606. https://doi.org/10.1007/
s42107-018-0045-0

RESEARCH PAPER

Damage analysis and assessment of the impact of damage on the operation of
supporting structures of oil refining tube furnaces

Alexander V. Golikov*, Dmitry I. Subbotin
Volgograd State Technical University, 2 Lenina Ave, Volgograd, 400005, Russian Federation

*alexandr_golikov@mail.ru

Abstract

Relevance. Due to the widespread use in practice, tubular furnaces were chosen
as the object of study of this work. The article provides an analysis of damage to
the supporting structures of oil refining tubular furnaces. The causes of damage
and the physical nature of the development of damage are established. According
to the results of field surveys, it was found that about 10% of the furnaces are operated
with damage in the form of significant curvature of the supporting structures that
developed as a result of the explosion of the gas-air mixture and the technologi-
cal product inside the furnace space. The aim of the work is to analyze the damage
and assess the impact of damage on the operation of the supporting structures of
furnaces. Methods. The main research results were obtained by static numerical
analysis of spatial models of furnace frameworks in the LIRA-SAPR software
package. This complex belongs to the class of software products that implement
the finite element method. Results. According to the results of calculating a se-
ries of models of structures, the effect of damage on the operation of the suppor-
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ting structures of the furnace is determined. Based on the analysis of calculation
data for models of tube furnaces with damage and comparison of calculation
results for furnace models with structural damage identified during the survey,
ways to optimize the design decisions of an industrial furnace are determined.
Studies have shown the need to improve the design of tube furnaces in the direc-
tion of improving technology and improving the structural form of the suppor-
ting frame of the furnace.
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Abstract

The aim of the work is to present the trend of the advancement of steel design
code and practical approach of steel frame design from the current AISC-LFDR
to the advanced analysis. As the trend of steel frame analysis method is from first-
order elastic analysis to second-order inelastic analysis which is an advanced
analysis. Methods. In this paper the comparison between the load — displacement
curves of several structural analysis methods is presented. Case studies are con-
sidered to analyze by different methods and comparison of practical advanced analy-
sis method with PROKON software. The case studies includes a two-story one bay
steel frame and four bays of twelve-stories steel frame. The results of first-order
elastic, elastic buckling, second-order and nonlinear analyses of an unbraced frame
are compared and their difference is presents. The proposed software for ad-
vanced methods demonstrates the accuracy and the computational efficiency in
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predicting the nonlinear analysis response of steel frame structures.

Keywords: steel frame analysis, sway frame, nonlinear analysis, advanced

Introduction

The current design approach under American In-
stitute of Steel Construction (AISC) specifications inclu-
des three design methods and the most common and up-
to-date approach for steel design is the load and resis-
tance factor design specification (LRFD). On the other
hand, the plastic design (PD) approach and the allow-
able stress design specification (ASD) are quiet used.
The aim of steel structure designer is to analyze the struc-
tural member of the frame through assessing displace-
ments, internal forces and moments and checking mem-
ber safety.
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Different methods are available for analysis and de-
sign of steel frame structures and likewise there are
many commercial software packages used in practice
which provide a variety of approaches to the problem
[1-4]. The steel framed structure behavior is affected
by the geometric and material nonlinearities which in-
cludes second-order effect and gradual yielding respec-
tively. As the trend of steel frame analysis method is
from first-order elastic analysis to second-order inelastic
analysis which is an advanced analysis. Elastic structural
analysis is developed to calculate the internal forces at
each member of the structure, whereas inelastic struc-
tural analysis is utilized to predict the ultimate strength
of each isolated member [3—5]. The comparison be-
tween the load-displacement curves of several struc-
tural analysis is shown in Figure 1 because it includes
the key factors influencing steel frame behavior. These
approaches are well documented by McGuire, Gallagher,
and Ziemian (2000) as well as in the individual refe-
rences cited [6—7].

The purpose of this paper is to present the trend
and practical approach of steel frame design from the
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current AISC-LFDR to the advanced analysis. The first-
order analysis (Elastic analysis) is the most common
method as the deflection is limited to a small and the
equations of equilibrium are developed with reference
to undeformed configuration of the structure as presen-
ted in Figure 1. The first-order analysis is not an ad-
vanced analysis method as the code ignoring the effect
of buckling, yielding and imperfections for example re-
sidual stress, crookedness’s and twist as they are con-
sidered in the advanced analysis [6]. An elastic buck-
ling analysis can provide the critical buckling load of
a single column and is the basis for the effective length
factor. It can be seen in Figure 1 that the results of this
analysis do not provide a load-displacement curve but
rather the single value of load at which the structure
buckles.

In the AISC LFRD-1993, the second-order P-6
and P-A effects can be estimated from a first-order ana-
lysis by using the respective B1 and B2 magnification
factor to correlate the linear moments to second-order
moments based on the results from Kanchanalai (1977)
and Bjorhovde et al. (1978). Unlike the first-order analy-
sis, in which the equilibrium and kinematic relationships
of a frame are established with respect to the undefor-
med geometry of the structure, the equations of equi-
librium in the second-order analysis are associated with
the deformed geometry of the structure [8—9]. The im-
portant attributes which affect the behavior of steel framed
structures may be grouped into two categories: geomet-
ric and material nonlinearities. The geometric nonlinea-
rity includes second-order effects associated with P-0 and
P-A effects and geometric imperfections [10]. The ma-
terial nonlinearity includes gradual yielding associated
with the influence of residual stresses and flexure [11].
Generally two components second-order effects should
be included in the analysis. Primarily, when the influ-
ence of member curvature is included, it is said that
the P-4 effects or member effects are included, and, se-
condly, while the side-sway effects are included, it is said
that the P-A effects, also referred to as the story sway
or frame effects, are included. The load-displacement
history obtained through second-order analysis may
approach to the critical buckling load obtained from
the eigenvalue solution as shown in Figure 1. Second-
order analysis usually requires an iterative solution so
it is a bit more complex than the first-order elastic analy-
sis [8; 12]. Because of the problems inherent with ite-
rative solutions, many researchers have proposed one-
step approximations to the second-order elastic analy-
sis [12]. It should also be noted that not all commer-
cial computer analysis software includes both the mem-
ber effects and the frame effects.

First-order rigid-plastic analysis neglects the ef-
fects of elastic deflections and assumes that all struc-
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tural deformation takes place in discrete regions, called
plastic hinges, where plasticity has developed. Once
a sufficient number of plastic hinges have formed so
that the structure will collapse, it is said that a mecha-
nism has formed and no additional load can be placed
on the structure. Thus, a plastic-mechanism analysis
can predict the collapse load of the structure as shown
in Figure 1.

There are two main types of second-order analysis,
i.e. second-order elastic analysis and second-order inelas-
tic analysis. The first type does not consider the effect
of material yielding therefore section capacity check per
member is required to locate the load causing the first
plastic moment or first yield moment of the structu-
re [3; 8; 13]. It has a limitation in providing informa-
tion about non linearity of the structure and excludes
the necessity of moment amplification factor. The se-
cond type considers the effect of material yielding so
the maximum failure load can be directly located by
the load deflection plot. The section capacity check is
therefore used for assessing the condition of plastic
hinge formation [1; 3; 14-18]. Direct second-order ine-
lastic analysis for frame design without the use of
K-factor to do member by-member capacity checks
with code requirements [3].

A
Load

Elastic critical load

First- Second-order P-A only
order elastic analysis
elastic Second-order P-A-6 only elastic analysis

analysis, (Geometric non-linearity)

First-order inelastic First-order plastic analysis

(Rigid plastic load)
Second-order inelastic analysis
True behavior

Advanced analysis

£
Deformation

Figure 1. Load-displacement curve for different method of analysis

Advanced analysis is defined as any analysis me-
thod that accurately represents the behavioral effects as-
sociated with member primary limit states to the extent
that corresponding specification checks are supersed-
ed [19].

1. Methods and discussion

1.1. Comparison of first-order, elastic buckling
and second-order elastic analyses

Figure 2 is considered to show the similarity and
difference between the three methods and the analysis
is carried out using PROKON (2019) by considering

ANALYSIS AND DESIGN OF BUILDING STRUCTURES
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different cases of deformations. The frame is formed
with three W8x28 members subjected to gravity load
and a lateral load. The result of the three analysis is
presented graphically in Figure 2. As the graph is pre-
sented load vs displacement, both first-order and elas-
tic buckling analysis are formed linearly but yielded in
different points. The first-order analysis yield as a linear
and the elastic buckling analysis yield with a critical
load of P, but both intersects each other at one point.
In the case of second-order elastic analysis the approach
is done by considering different load steps, the maxi-
mum load should be less than P thus the lateral dis-
placement increases gradually to a large amount con-
sequently additional moments are developed.

==== First-order analyses —e— Second-order elastic analyses

= « = Elastic buckling analyses

===

0 s 10 15 20 25 30 35
Lateral Displacement, A

Figure 2. Comparison of load/lateral displacement results
for the frame

The frame is loaded with gravity load of P, a lateral
load of 0.01P and in addition the columns are treated
as pin supports. The relationship between displacement
and load is shown in Figure 2 as the elastic buckling
analysis yields a critical load of 714 Kips with the given
frame buckling in a sideway mode. The point of inter-
section of the first-order and elastic buckling is denoted
by the load of 714 Kips and displacement of 0.69 in.
The results of the second-order elastic analysis are also
shown in Figure 2. This analysis was carried out at eight
different load levels. It can be seen that as the magni-
tude of the load P is increased, the lateral displacement
increases at a progressively greater rate. This reflects
the influence of the additional moments induced as
the structure deflects. As the load approaches 714 Kips,
the slope of the load-displacement curve approaches to
zero and the displacement tends toward infinity, con-
firming that a second-order elastic analysis can be used
to approximate the results of an elastic buckling analysis.

1.2. Examples 1:
two-story unbraced plane frame analysis

A two-story one bay steel frame is considered and
analyzed by different methods as it is tabulated in
the table below. Different methods are presented below

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLW

which allow us to compare the trend of steel frame
analysis as shown in Figure 3. The steel frame is sub-
jected to the combined factored gravity and lateral
loads and also considering preliminary member sizes
and yield stress of steel /), = 50. The comparison is done
by considering the steel frame as sway frame and their
results are tabulated in the Table 1.
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Figure 3. Two-story unbraced frame

Although steel structures can be adequately designed
by using the AISC-LRFD method as shown in the pre-
vious section, the member capacity checks and the deter-
mination of effective length factors and their procedures
are often tedious and confusing. Also, since AISC-LRFD
method is a member-based design approach, inelastic
member forces will not be redistributed and the actual
structural behavior and failure mode cannot be predicted.

1.3. Examples 2:
analysis for geometrically nonlinear plane frame

In order to account for the true stiffness of elastic
frames in the determination of the effective length fac-
tors of their columns a geometrically nonlinear analy-
sis of the frame as a whole is performed using java soft-
ware [19]. The properties of the frame and a load pat-
tern for the frame are prescribed. The applied load is
the product of the load pattern and a load factor. The non-
linear analysis is performed by increasing the load factor
stepwise with the constant arc method [10].

The nonlinear governing equations are solved with
a stepwise iterative method and controlled by keeping
the arc increment constant [20; 21]. The displacement
increments in the steps are summed to yield the total dis-
placements. In each step of the analysis, the tangent stiff-
ness matrix K of the current frame configuration is de-
composed into the product of a left triangular matrix L
with unit diagonal elements, a diagonal matrix D with
diagonal coefficients d; and a right triangular matrix
L. The product d d> ds.....d, of the diagonal coeffi-
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cients of D equals the determinant of the tangent stiff-
ness matrix K of the frame in the current load step.

K=LDI", detK =d ,d,.d;.......d,.

Unbraced building frame with hinged and fixed
supports is considered for comparison between software
for nonlinear analysis with java programming and
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PROKON structural analysis and design. The frame
given in Figure 4 consists of four bays of equal width
6.0 m and twelve stories of equal height 4.0 m. All gir-
ders carry a uniformly distributed load of 80 KN/m.
The coordinate origin is located at the foundation of
the leftmost column. Axis x is directed horizontally
from left to right, axis y vertically from bottom to top.

Frame: 4 bays, 12 storeys, fixed columns

Figure 4. Graphic display with the generated frame, member property and displacement of the frame
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Table 1

Comparative result of sway frame using different method of analysis

Members/ First-order Elastic Second-order  First-order vs. Nonlinear Second-order elastic vs.
nodes with unites elastic buckling elastic second-order (%) analysis nonlinear analysis (%)
M12 (Kipin) 62264.26 - 54416.74 12.60 57321.54 5.07
M23 (Kipin) 81156.09 - 81173.42 0.02 80246.77 1.14
N2/5 (Kipin) 149028.27 - 153159.72 2.77 153536.88 0.25
M25(Mid) (Kipin) 87765 - 80443.00 8.34 79942 0.62
M45 (Kipin) 82782.84 - 86703.16 4.74 85358.65 1.55
MS56 (Kipin) 66245.44 - 66456.55 0.32 68178.22 2.59
N3/4 (Kipin) 74561.95 - 79964.77 7.25 78176.09 2.24
M34(Mid) (Kipin) 71508.69 - 87657.9 0.49 69783.60 1.98
N25 (Kip) 342.69 510.60 385.27 12.43 362.29 5.96
N34 (Kip) 1008.64 1502.87 1041.43 3.25 1024.77 1.60
N12 (Kip) 4472.84 6664.53 4416.01 1.27 4425.07 0.21
N23 (Kip) 1490.93 731.4857 1472.41 1.26 1480.8 0.57
N45 (Kip) 1510.51 2250.66 1529.02 1.23 1520.58 0.55
N56 (Kip) 4528.36 6747.26 4585.19 1.25 4573.83 0.25
A3 (in) 2.28 - 6.27 175.00 5.76 8.13
A2 (in) 0.8 - 2.57 221.25 2.35 8.56
v3 (in) 0.81 - 0.81 0.00 0.86 6.17
v2 (in) 0.61 - 0.61 0.00 0.63 3.28
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2. Result and discussion

The results of comparatives steel frame analysis
using first-order elastic, elastic buckling, second-order
and nonlinear analyses of an unbraced frame are given
in Table 2. By ignoring all second-order moments, first-
order elastic analysis calculates the linear behavior of
steel frame. The second-order analysis result may be
used to approximate using elastic buckling analysis
of member axial force. For the frame of Figure 3,

the second-order sway deflections are about 8% larger
than those of the second-order analysis, while the mo-
ment at the top of the right-hand lower story column
is about 12.6% larger than that of the first-order ana-
lysis. The nonlinear sway deflections are about 175%
larger than those of the first-order analysis, while
the moment at the top of the right-hand lower story
column is about 5.07% larger than that of the second-
order analysis.

Table 2

Comparison result of java software for nonlinear analysis and PROKON software

Members/nodes Unites Method of analysis for pined support Method of analysis for fixed support
PROKON Java software PROKON Java software
Vertica displacement top left node mm 14.04 14.2 35.7 36.3
Vertica displacement top middle nodes mm 32.80 30 76.06 76.4
Mid span moment for top story kNm 128.20 130 431 430
End moments for top story kNm 248.52 240 576.52 578

The unbraced building frame in Figure 4 is ana-
lyzed with hinged and fixed supports using software for
nonlinear analysis with java programming. The load
pattern is applied in 10 steps. The pinned and fixed
support frame reaches a singular state for load factors
0.9628 and 2.4412 respectively. The displacement of
the frame in the singular state is shown in Figure 3
and the results for displacement and bending mo-
ments using java software for nonlinear analysis and
PROKON software are presented in Table 2.

In this example we checked the developed practi-
cal advanced analysis software which can be used for
nonlinear inelastic analysis of steel frame structures.
Referencing the numerical example, the proposed soft-
ware demonstrates the accuracy and the computatio-
nal efficiency in predicting the nonlinear analysis re-
sponse of steel frame structures. It can be concluded
that the proposed software and the comparison with other
software’s show the reliable and valuable for applica-
tion in engineering design.

Conclusion

As the trend of the frame analysis and design is from
hand calculation approach based on member capacity
checks to computer-based approach based on advanced
analysis to consider the interdependent effects between
member and frame stability. Both first-order and elas-
tic buckling analysis are formed linearly but yielded
in different points but in second-order analysis the maxi-
mum load should be less than P thus the lateral dis-
placement increases gradually to a large amount con-
sequently additional moments are developed.

According AISC, the term advanced analysis strictly
means second-order inelastic analysis for frame design

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLW

without the use of the effective length factor (K-factor).
Elastic structural analysis is developed to calculate
the internal forces at each member of the structure,
whereas inelastic structural analysis is utilized to pre-
dict the ultimate strength of each isolated member.
The software demonstrates the computational efficien-
cy in predicting the nonlinear analysis response of steel
frame structures and the comparison with other software’s
show the reliable and valuable for application in engi-
neering design. In order to achieve its full potential as
a tool for the practical design of steel frames, the up-
coming work required in order to take part of the 3D
member behavior and member stability analysis with
advance analysis.
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Annomayus

Lens viccrienoBaHUs — U3YYUTh TEHACHIUIO Pa3BUTHUS CTPOUTEIBHBIX HOPM
IO CTATBHBIM KOHCTPYKIIHSM U MPAKTHYECKOTO MOIX0AA K MPOSKTHPOBAHHIO CTANTb-
HBIX KapKacoB OT HBIHE NEHCTBYIONIMX CTaHAAPTOB AMEPHUKAHCKOTO MHCTUTYTA
CTaJIbHBIX KOHCTPYKIMH O pacyeToB MO MeToxaM Oojee BBICOKOTO IMOpSZKA, I0-
CKOJIbKY Pa3BHUTHE TEOPHH pacyeTa CTAIBHBIX KOHCTPYKIMH 3aKII0UaeTCsl B IIEPEX0-
JI€ OT YNpYro-JIMHEWHOr0 pacyera MepBOro MOpsAKa K HEIMHEHHOMY pacdery
BTOpOro nopsnka. Memoodsl. B pabote mpeacTaBieHo cpaBHEHUE 3aBUCUMOCTEH
HArpy3KH OT IIepeMEILEeHus], TIOyYEeHHbIX 10 pa3In4HbIM TeopusaM pacyera. [Iposo-
JUITCSL pacyeT KOHKPETHBIX MPUMEPOB KOHCTPYKIMH pa3IMYHBIMU METOJaMU U CO-

IIOCTABJICHHE IPAKTUYECKOIO METO/a BEICOKOro nopska ¢ nporpammoil PROKON.
KoHKpeTHbIE PUMEpBI BKIIOYAIOT B 05l ABYXITAXKHYIO OJHOIPOIETHYIO CTAILHYIO
paMy U JBEHALATHITAXKHYIO YETBIPEXIIPOIECTHYIO paMmy. Pesyromamui. Bpinon-
HEHO CPaBHEHUE PE3yJIbTAaTOB yNPYro-IMHEHHOIO pacyeTa MEpPBOro MOPSIKa,
pacyera yCTOHMUUBOCTH IO yNPYrOHd cXeMe, pacueTa BTOPOro MOPAJKa U HEIU-
HEMHOro pacyera CTaJIbHBIX PaM M M0Ka3aHo uX pasnuuue. [pennoxennoe npo-
rpaMMHOE O0OecTieueHne Ul pacdyeTa 10 MeTOoJaM BBICOKOTO MOpsIKa JEeMOH-
CTpUpYET TOYHOCTh M BEIYUCIUTEIBHYIO 3(Q()EKTUBHOCTD B ONpEIEIeHNH Helu-
HEMHOr0 NOBEJEHNUS CTAIbHBIX KOHCTPYKLIUH.
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Annomayus

Lens viccnenoBaHys — U3ydeHHE U3MEHEHUs TMHAMUYECKON )KECTKOCTH CBaii-
HOro (hyH/JaMeHTa OT PacCTOSHMS MEXIy CBasMH NPH BEPTUKAILHBIX KOJIEOAHUSIX
C HCIIOIb30BAaHUEM 3KCIIEPUMEHTAIBHBIX JTAHHBIX W3 JIMTEPATYPHbIX UCTOYHUKOB U
pelIeHnsT BOJHOBBIX MOJIEJIEH, ONMCHIBAIOIINX BEPTHKAJIbHBIE KOJIEOAHUS TOHKOM
IJIaCTHHBI ¢ KPYIIIBIMU BeIpe3aMu. Memoowt. []11s IpOBEPKHU TOCTOBEPHOCTH pellIe-
HUH BOJIHOBBIX MOJIEJIel, ONMUCHIBAIOIINX N3MEHEHNE JTUHAMUYECKUX JKECTKOCTEH
IIPY BEPTUKAIBHBIX KONEOaHUSX CBAHHBIX (yHIAMEHTOB, HCHOJIB3YIOTCS JaHHBIC,
MIOJTyYEeHHbIE B HKCIIEPUMEHTaX 110 OIPEeNICHHI0 COOCTBEHHBIX YaCTOT CBSA3aHHBIX
pocTBepKaMu Ipymi 3X3 BUCSYMX CBail C Pa3IMUHBIMU PACCTOSIHUSIMU MEX/Ty HUMHU.
Taxke UCIOIb30BaHbI JJAHHBIE, TIOy4YE€HHbIC IPH BBIHYXK/IEHHBIX BEPTUKAIbHBIX
KoJieOaHHUAX CBSA3aHHBIX POCTBEPKAMU I'PYIIT CBai 2X2 MpH pa3lIMYHbIX HArpy3Kax U
paccTOsIHUAX MeXy cBassMU. [Ipr 00paboTKe HMEIOIMXCS aMILIUTY THO-9aCTOTHBIX
KPUBBIX peraeTcst oOpaTHast 33/1a4a ¢ MCIOIb30BaHUEM TEOPUH HEMMHEHHBIX KOJIe-
OaHMil 111 ompeneseHus] TMHAMUYECKOl xKecTKOCTH. OIeHMBAeTCsS COOTBETCTBUE
MEXIy W3MEPEHHBIMH M MPOTHO3UPYEMBIMHU JAHHBIMU TIPU ONHMCAHUHU MOBEICHUS
CBaHO-TPYHTOBOW CHCTEMBL. Pe3ynibmamol. Y CTAHOBIIEHO, YTO COOTHOIICHUS, YIH-
THIBAIOLIME B3aHMHOE BIMSHUE BHCSYMX CBail B KycTe, MOJyYeHHbIE B paMKax pe-
LIEHWH BOJHOBBIX MOJENEH M NMpPUMEHsAEMBbIE Ul pacyera JIMHAMHUYECKUX JKECTKO-
CTel NP BEPTUKATIBHBIX KOJIEOAaHMSX CBAHHBIX (hYHAAMEHTOB, IO3BOJIIIOT MOJTY4aTh
YJIOBJIETBOPUTEINBHBIE PE3YJIbTaThl 10 TOYHOCTH. OTKIIOHEHHE Pe3yJIbTaToOB pacue-
TOB OT JIJAaHHBIX HKCIIEPUMEHTAIIBHBIX CCIIEOBaHNI He mpeBbuaet 15 %.

Kniouesvie cnoea: cBaiiHblil ()yHIAMEHT, B3aUMHOE BIIMSHHE CBail B IpyIIIE,
PACCTOSIHUE MEKY CBasIMHU, CBAHHO-TPYHTOBAsl CHCTEMA, BOJIHOBAs MOJIEIb
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LVHAMUKA KOHCTPYKLIWIA 1 COOPYXEHUM

NoxHseT. B cnydasx, Korja pacCTOsSHAE MKy CBasIMU
BEJIMKO, TPYTIIOBYO KECTKOCTh MOXHO OIIEHUTH TPO-
CTBIM CYMMHPOBaHHEM >KECTKOCTEM OT OJJMHOYHBIX CBai.
OpHako cBau, HaXOJAIINUECSA HA OJIM3KOM PACCTOSHUU
JIPYT OT JpyTa, HMEIOT 3HAYUTEIhbHOE B3aUMHOE BIIH-
STHHE, W B PE3yJIbTaTe UX d3PPEKTHUBHOCTH MOYKET CHITLHO
MEHAThCA. {711 OLICHKM JWHAMUYECKOrO B3aUMOJICH-
CTBUS CBail Kak MeXJ1y cOOOM, TaK ¥ C TPYHTOM HE0O-
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XOJIUMO CO3/IaHHE TEOPUM, OMHUCHIBAIOIINX MPOLIECCHI
1 DKCIIEPUMEHTAIILHBIC MCCIICIOBAHMS ST TPOBEPKHU
WX IPUMEHAMOCTH.

OtMmeTnM, 4TO pabOoTHI IO OMPECICHUIO aMILTH-
TYJIHO-YaCTOTHBIX XapaKTEPUCTUK CBAlHBIX (pyHIaMEH-
TOB BEIYyTCS MPOIODKUTEFHOE BpeMsi, HO MTOKa JaIeKn
OT CBOETO 3aBeplieHus. TouHOe TeopeTHYecKoe pere-
HHUE TPOOJIEMBI TUHAMUYECKOTO B3aHMMOJICHCTBUS CBaU
Y TPYHTa OCJIOXKHSETCS] HEITMHEHHOCTRIO TIpoIiecca, IMo-
ATOMY HCHOJB3YIOTCS MPUOIDKEHHBIE METOBI. B dacT-
HOCTH, MOXKHO YIIOMSHYTb TOIXO/IbI, MPEIIOKEHHBIC B
[9—-12]. MHorue uccnenoBaHus MOCBSIIEHBI B3aUMO-
JICUCTBHUIO C TPYHTOM OJHOM CBau MpU JUHAMHYECKOHN
Harpy3Ke, HO Hapsay ¢ 3THUM aHAJTU3UPYETCs MOBEe-
HUE W TPpyNN cBail. /{7 mony4YeHus ONEeHOK AWHAMU-
YECKOT0 COCTOSHHUS CBAaHBIX COOPYXXEHHUH B CIIOXK-
HBIX YCIIOBUSX JKCIUTyaTalldy IMIMUPOKO MPUMEHSIOTCS
METOJBl YHUCJICHHOTO MOJICIUPOBAHUS C HCIIOJIb30Ba-
HUEM KOHEYHBIX WJIH FPAHUYHBIX 31eMeHTOB [16—-19].

B OGompmmHCTBE MH)KCHEPHBIX 3a7ad, B3aUMOICH-
CTBHE CBaW U TPyHTa OOBIYHO XOPOIIIO ONKMCHIBACTCS B
paMKax TEOpHH YIIPYTOCTH, U, KaK TTOKa3bIBaIOT MHO-
THe TEOPETUYECKHE M IKCIIEPUMEHTAJIbHBIE MCCIIENO-
BaHMWSI, BOJTHOBBIC MOJICIH JTOCTATOYHO TOYHO OTpaka-
0T TIpoliece kojeOanuii GyHIaMeHTOB B rpyHTE [1-5;
14; 25]. AHanu3 peakiuy yHpyroro IOJyIpocTpaH-
CTBa, BO30YKJAEMOT0 MEPHUOTUICCKON BEpTUKATBEHOM
CHJION, NEUCTBYIOLIEN BAOJb BEPTUKAJIBHOM OCH, BBI-
nonHeHHBIH [ JIamGom B 1904 T. sBIIsieTcst IepBbIM UC-
CITeToBaHUEM B 3TOM oOnacTw [26]. B HacTosimiee Bpemst
MY OTPEACTICHUH aMILTUTYTHO-YaCTOTHBIX XapaKTepu-
CTUK CBaWHBIX (PyHIaMEHTOB MOA ACHCTBHEM IHHAMH-
YEeCKHX Harpy30K YCIIEITHO HCIIOJB3YIOTCS PElIeHHUS,
TOJTy4eHHBIE U1 3a[a4 KoJjieOaHusi OECKOHEUHOH Iuia-
CTUHBI C KpYyTJbIM BbIpe3oM [14]. OpgHako mpakTHue-
CKAW WHTEpEC MPEACTaBISIOT 000OIIEHUs 3TOTO pe-
3yJbTaTa Ha CIy4au, KOrJa BHIPE30B OOJbIlE OJHOTO.
st onpeneneHus CBsi3ed MeXAy MEPEMEIICHUSIMH U
peakusaMu Ha OOKOBOW MOBEPXHOCTH MOTPYKEHHBIX
TBEPIBIX TEN, PACIOJOKECHHBIX JTHOO B psi, JTHOO B
Kycte, B [16; 27; 28] mpeanioxkeHo pelieHre 3a1aqu O
BEPTHKAIBHBIX KOJEOaHUSIX TUIACTHHBI C HECKOJIBKH-
MU KPYTJIBIMH BBIPE3aMH H MTOyYEHBI (OPMYIBI IS
OMPEICTICHUS KECTKOCTHBIX M JIEMITUPYIOIIUX XapaK-
TEPUCTUK CUCTEMEHI (cM. cxemy Ha puc. 1). Ho ocraet-
Csl OTKPBITBIM BOIIPOC O JIOCTOBEPHOCTH M TOYHOCTH
MOJTyYEHHBIX PE3yJIbTaTOB.

B cBsi3u ¢ 3TUM HacTosias padoTa MOCBAIIEHa UC-
CIIE/IOBAaHUIO M3MEHEHUH NWHAMHYECKUX KECTKOCTEH
TIPHU BEPTUKATBHBIX KOJeOaHUSIX CBAWHBIX (DyHIaMeH-
TOB C YUETOM PACCTOSHUS MEXKIY BUCSUYUMHU CBASIMU
C HCIIOJIb30BAaHUEM TEOPETUYECKUX OLIEHOK, MOITYUYECH-
HBIX B [27; 28], ¥ X COMOCTaBIICHHIO C IKCIIEPUMEHTAIh-
HBIMHU JaHHBIMH U3 JTUTEPATYPHBIX UCTOYHUKOB [7-9;
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29; 30]. 3a oCHOBY B3STHI pe3yJbTaThl CEPUU IKCIIE-
PUMEHTOB Ha MOJIMTOHE C TPYIIaMH BUCTYMX CBaif 3x3,
CBSI3aHHBIX POCTBEPKOM, IO ONPEAETICHUI0 COOCTBEH-
HBIX 9acToT pyHmamMeHnToB (s/d = m = 2,3,5; d — nna-
METp CBaH, § — PaCCTOSIHUE MEXTY LIEHTPAIbHBIMH OCS-
MH COCEITHHX CBaii), NPOBEJCHHBIX W OMUCAHHBIX HAMH
B [29; 30]. Hapsiny ¢ 3TUM HCIIOJIB30BANNUCH PE3yJIbTa-
ThI SKCIIEPUMEHTOB Ha NPUHYAUTEIbHYIO BEPTUKAIBHYIO
BHOpAIMIO TPYNI CBal 2X2, 00beTMHEHHBIX POCTBEP-
KoM, mipu s/d = 2,3,4, nojydeHHbIE B MOJCBBIX YCIIO-
BUSIX IIPU pa3IMYHbIX Harpy3kax [8; 9].

MeToanka uccjaegoBaHui

O1eHNBaNIOCh COOTBETCTBHE MEKITY M3MEPEHHBIMU
Y POTHO3UPYEMBIMH JaHHBIMHU TIPH ONIMCAHWH HEJTMHEH-
HOT'O MOBEJICHUS CBAHO-TPYHTOBOM cucTeMsl. [1s1 onpe-
JEeHUs] TUHAMUYECKON JKECTKOCTU U 3aTyXaHMs pe-
nrajack oOpaTHas 3ajada ¢ UCIOJIb30BaHUEM TEOPUH
HEJIMHEHHBIX KOJIeOaHU! Mpr 00pab0oTKe UMEIOIIHXCS
B [7; 8] aMIUINTY AHO-9aCTOTHBIX KPHUBBIX.

L]

Iy

A

nr; i,

|
|
|
|
|
S

+++++ [ojlo
_____ [o}l©
00

Puc. 1. Cxema pacnono>xeHus BbIpe30B
B KOJICOJIOLIEHCS TOHKOH IIaCTHHE:
a — IBYX COCEIHUX; 6 — 10 cxeme 3x3
[Figure 1. The arrangement of cuts in a wavering thin plate:
a — two neighboring; 6 — according to the 3x3 scheme]

B pabote [14] mpu paccMOTpeHUH ACTIaHAIIOH-
HBIX OCECUMMETPUYHBIX KOJIeOaHU OECKOHEYHO TOHKO-
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TO CJIOSI C OJJHUM KPYTJIBIM BBIPE30M, MMEIOIIUM Da-
JIUYC o, OMIACHIBAEMBIX YPABHCHUEM JIBU)KCHHS YIIPY-
TOW cpejibl IPU OTCYTCTBHU OOBEMHBIX CHII B I[HITUH-
JIPUYECKON cucTeMe KoopauHat (7,¢) B BHIE

wo ow é’zw
r or ﬁr ﬁtz

C 'PaHUYHBIM YCJIOBUCM Ha KOHTYpPEC
w(r, ) = wye™

OIIPENIeNICHO, YTO PEAKIMs CJI0s TPyHTa €IMHUYHOM TOJI-
IIMHBI, MPUIOKEHHas K OOKOBOM MOBEPXHOCTH CBaH,
OIUCBIBACTCS KaK

{014 1013 .
S,0(ag)woe™ = puwoe'™ (S,1.0 +iS,2,0) »

rzie IeHCTBUTENBHYIO Syi0 U MHUMYIO Sy20 Oe3pazmep-
HBbIE YacTH Sy0 MOXKHO IIPEACTaBUThH B BUE

Jo () (a,) + Yy (@)Y (a))

Swl,o (a,)) =2ma,

Jo @)+ () ’
4
S o (a) = (1)
T S+ (@)
3mecwy J,,,Y, — dynkmum beccens nepsoro u BTO-

poro pona; w= w(r,t) — nepemMenieHre BI0Jb OCH Z;
p — IUIIOTHOCTb; W, — aMIUINTyAa KoiaeOaHuil; M —

YIJIOBast 4acToTa KoyieOanuii; L — koaddument Jlame,

SKBUBAJICHTHBIN MOy It0 casura G, dg = 1y / \JIW/p —

Oe3pa3MepHas 4acToTa.

B pabote [16] paccMOTpeHBI AeIIaHAOHHBIE
KoJie0aHus CJI0A ¢ HECKOJNIBKUMHM KPYTJIBIMH BBIpE3aMu
B Psill, UIMEIOIIUMHU PayChl ¥y, HEHTPHI KOTOPBIX pac-
TIOJIOKEHBI HA PACCTOSHUU § = 27/ WIN m AUaMeT-

poB Ipyr ot npyra, m>1 (cM. cxemy Ha puc. 1, a), a
TaKKE IJId BHYTPEHHETO U3 BBIPE30B, YIIOPAAOUCHHBIX
MO cCXeMe, MPEACTaBICHHON Ha puc. 1, 6, 11 KOTOPOTO
peaKuus Cjosl TpyHTa €IUHUYHOH TOJIIMHEI, MPUMBI-
Karomero K OOKOBOH MOBEPXHOCTH CBaH, COTJIACHO
[27] 3anuceIBaeTCS Kak

S, (ay,may)we™ = Hwoeiwt(s +iS,,,), (2)

wl,1

roe S S\,01 — JleHCTBUTENBHBIE U MHHMMbIE 0e3-
b

wl,1»

pa3MepHbIe 4acTu S,,; MOXKHO IPEICTABUTH B BHIE

3

Soi(ag,may) =S, Soicor (A9, May),
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SwZ,l (610, mao) = Swz,o __Swzcor (aoa mao)a

Swlcor (aO’maO) =

_ Jo(ao)Jl(mao)+Yo(ao)Y1(mao)C

= TCCZO ) 2 5
Jo(ay) + 1 (a,)

SWZC()r (aO ’ maO) =
= 7a, Yy (ay)J; (Znao) + J(;(ao)Y] (may,) C,
Jo(ay)+Y; (ay)
o (ao)[anfz (@)1, (ao)] -
Y, (ao)]
Y, (mao)] -

2,1(ma0)]

; Y, 1(%)[ 202 (ay) —
2 2n1(a0) 2na (May) —

Y, 1(%)[ o (May) —

C =

n=

31ech B oTnn4ue OT (1) MOSBUINCEH AOMIOTHUTEIHHBIC
YJIEHBI, YYUTHIBAIOLINE BIUSHUE COCETHUX BBIPE30B.

B pabote [28] ObuTM MONyYeHBI BBIPAKEHUS,
ONUCHIBAIOIINE PEAKLHUIO CJO0S TPyHTAa T'PAaHHMYHOIO
(He yrmoBoro) BeIpe3a (CM. cxeMy Ha puc. 1, 0)

S,2(ay, mao)woelmt = “Woeiw(Swl,z + iSwz,z ),

S,1.(ag,may) = Sw],o(ao) == e (@y, may),

Sw2,2 (ay,ma,) = Swz,o (@) ==S,200r (@g,ma,)

Y YTJIOBOTO BBIpE3a

S, (a,, may)w,e" = mvoe’“”(SWl s+iS,55),

Sw1,3 (ay,ma,) = Swl,O (@) == S, 1cor (@9, may),

Sw2,3 (ay,ma,) = Swz,o (@9) == S, 2c0r (@9, may).

8

Takum 00pa3om, TMHAMHYECKUE JKECTKOCTH SWJ
(=1, 2, 3) onuChIBAIOTCSI KOMIUIEKCHBIMU (DyHKIIHS-
MH, 3aBUCSIIMMHU OT YacTOTHI KojeOaHWil ®, pas-
MEpOB BBIPE3a 1}, @ TAKKE IUIOTHOCTH P U MOJYJIs
CABUTA Cpenbl . Peakmum omepexarT COOTBET-
CTBYIOLIME NEPEMELICHUSI HA BPEMEHHBIE WHTEPBAJIbI

A j» KOTOpBIC ONpENENAIOTCS U3 COOTHOLICHUH

A =arctan(S,,, ; /S, ;

3YIOIIHAE aMIUTUTYTy TepeMEeNIeHu, MOKHO OIICHUTH

) . [lapameTpsl, XapakTepH-

U3 cooTHOWeHUH A; = (SWI J +SW2])
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Puc. 2. VI3MeHeHre OTHOCHTETBHON )KECTKOCTH
niput ao= 0,05 (wumpuxosuie kpuseie) u ao= 0,35 (cnrownsie Kpuseie)
OT PacCTOSTHUST MEKITY CBAasIMH 1 MIX TIOJIOXKEHHSI B KyCTe

o(j=1), A (=2),M(=3)
[Figure 2. Variation of the relative stiffness
at ao= 0,05 (dashed curves) and ao= 0,35 (solid curves) from
the distance between the piles and their position in a group

(=1, A(=2),0(=3)]

Puc. 2 wmrocTpupyeT n3MEHEHHE OTHOCHTEITLHOM

JIMHAMUYECKOH JKEeCTKOCTH S j /'Sy0-7=1,2,3 npu

ay =0,05; 0,35 B 3aBUCHMOCTU OT PACCTOSHHS MEXK-

JIy CBasIMHM M HX IOJIOKEHHUS B KyCT€ COTJIACHO CXEMe
Ha puc. 1, 6. I3 npeacraBieHHbIX pe3yJbTaTOB Cle-
IYEeT, YTO IPU COKPALICHUH PACCTOSIHUS MEXIY CBa-
SIMH ’KE€CTKOCTh MOXKET yMeHbIIatbes 10 40 %.

g mpoBepkH MpeACcTaBICHHBIX TEOPETUIECKUX
OLICHOK JAMHAMHYECKOTO B3aUMOJAEHUCTBHS CHCTEMBI
«cBas — IPYHT — CBash» UCIOJIb30BaHbl PE3YJIbTAThI CEPUU
TIOJIEBBIX SKCIEPUMEHTOB CO CBS3aHHBIMH POCTBEPKAMH
rpynmnamMu BUCSYMX CBait 3x3 (cxembl Ha puc. 3 u 1, 6)
MO OTIpPEJEeNICHUIO COOCTBEHHBIX YacTOT (PyHIaAMEHTOB,
omyoOnukoBaHHbIe B [29; 30]. Bee Tpu ombITHEIX QyH-
JaMeHTa ObLIN BBIIOJIHEHBI B BUJIE MOHOJIUTHOTO Ke-
J1e300€TOHHOTO POCTBEPKA ¢ TabapuUTHBIMU pa3Mepa-
mu 1,0x1,0%0,2 M, onuparomerocst Ha I€BITh KECTKO
3aKpETUICHHBIX CBail 1uaMeTpoM d = 76 MM (ro = d/2)
¢ paboueit mmuHON 1,4 M, H3TOTOBJICHHBIX U3 METaJ-
JMYECKUX TPYO ¢ TommuHON cTeHkH 3,5 mMm. Paccro-
STHAE MEXIy OCSIMH CBaii paBHsUIOCh 2d, 3d u 5d. Macca
M xaxmoro n3 pyHmaMeHTOB cocTaBisura 690 kr. Po-
CTBEPK C TPYHTOM He colpukacaics. Bennunna 3army6-
JIeHus cBau B TPyHT A = 1,25 M. MirynibcHOE Harpy-
’KEHHUE IPOU3BOANIOCH CTAIIBHBIM I'PY30M, UMEIOIINM
(dopMy mapaiienemnuiea Maccod 6 Kr, KOTOpPBIA CBO-
00IHO Maja Ha MOBEPXHOCTH Ka)IOTO UCIBITYEMOTO
¢yHmamenTa ¢ BeICOTHI 0,5 M.

I'pyHT ombITHOrO MONMIOHA N0 TIIyOHHBL 9,3 M co-
CTOSUT U3 JIECCOBUIHON MAJIOBJIAXKHON CYIECH C IIOTHO-
cthio P = 1,7 T/m’ u Momrynem nedopmaru E = 14 MI1a,

TIOAICTANIAEMOH TIOTYyTBEPABIMU CYTIIMHKaMH. | pyHTOBBIE

212

BOJBI HA MJIOMAAKE OTCYTCTBOBAJIN. 3HaueHue CKOpO-
CTHU TOIMNCPCUYHBIX BOJH IJI TPYHTA OIIBITHOI'O ITOJIMTOHA

OBLIO YKCIIEPHIMEHTAIIBHO OMpeieieHo Kak V, = 146 m/c.

Pesynbrater uccnenosanuii [29; 30] Ha ONMBITHOM
TMIOJIUTOHE TIO OTPEJIeTICHII0 COOCTBEHHBIX 4acToT (yH-
JAMEHTOB MIPECTaBJICHBI Ha puc. 4 1 B Ta0. 1.

|1‘_| Q=0kr
JaTunk =

g -
g I Z
b v
e
ol
T
=

‘md md

1000

Puc. 3. Cxema SKCHIepIMEHTAIBHBIX UCCIICIOBAHUI
OMBITHBIX (DYH/IAMEHTOB
[Figure 3. Scheme of testing foundations experimental researches

1101

N 100

O @D

sN

90- .

80+

3 4
m=s/d

Puc. 4. CoGCcTBEeHHBIE YaCTOTHI CBAIHBIX (yHIaMEHTOB 33
IIPU Pa3IMYHBIX S/d:
O — SKCIIEPUMECHT; ® — CPEAHEE 3HAUCHUC
[Figure 4. Natural frequencies of the pile foundations 3x3
at different s/d-

0 — experiment; e — average value]

Tabnuya 1
H3MepeHHBbIE YaCTOTHI
[Table 1. Measured frequencies]

Paccrosinue mexny ceagmu  M3mepenHast yacrora f;, I'n
[Distance between piles] (cpenHee 3HaYeHMe)
[Measured frequency f;, Hz
(average value)]

2d 82,90
3d 91,36
5d 101,05
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CoOCTBEHHBIE YaCTOTHI )\’z IIpHU BCPTUKAJIBHBIX

Konebanuax (yHIaMeHTOB U kecTkoctu K npu

HaJIM4Yu I[eMH(l)I/IPOBaHI/ISI CBs3aHbI COOTHOIICHUAMU

A =2nf, ~\JK. M, K. =AM,

rae M — macca Bceil KOHCTPYKIIUH.

XKecTkocTu TpyIIl cBaid IPU Pa3IMYHbBIX BEJIMYU-
HaX § ObUTU OMpPEJENICHBI C UCIOIb30BAaHUEM PE3YJIb-
TaTOB U3MEPEHUH, MPEICTABICHHBIX B Ta0d. 1, u dop-
MYJIBI

KE(m)=[2nf,(m)’M . 3)

CormacHo [2; 27], ¢ UCIIOJIb30BAHUEM COOTHO-
mieHus (2) Juisl ONpPENeNICHUsT PeakIMK CIIosl TPYHTa
TOJIIIMHON /1, IPUMBIKAIOIIETO K OOKOBOM IMOBEPXHO-
CTH CBail, OJyYECHBI TCOPETHUECKHUE OIEHKH YKECTKO-
CTH 110 OOKOBOW OBEPXHOCTH TPYIII CBak:

KZ(m) = phsSj (ay, may) , “)

OTKyJla CJIEIyeT, YTO 3HAYeHUEe Kod((UIIUEHTA KeCT-
KOCTU CBail B KycCTe S;gvl CBsI3aHO C Oe3pa3MepHO
4acTOTOH KojeOaHui @, M pacroJOKEHUEM CBail B
poctBepke. [l paccMaTpuBaeMbIX (pyHIaMEHTOB U3
3x3 cpait h = 1,25 M u S;gvl oTipenessieTcs COTIacHo
cxeme Ha puc. 1, 6 o ¢popmyie

S (ay,may)=S,, (a,,ma,)+

+ 4Swl’2 (a,,ma,)+ 4Swl,3 (a,,ma,),

e ay =ory /\JWp, o =2xnf,, u=V’p — monyns

CABHIaA, V — CKOpPOCTb NOINEPCUYHLIX BOJIH B I'PYHTC.

N

B paccmarpuBaeMbIx citydasx 6e3pa3zMepHas da-
crora KojneOaHui @, M3MEHAETCSA B JMANa3oOHE OT

0,13 nmo 0,17. Ilpu oneHKe U3MEHEHUS XKECTKOCTHU
CHCTEMBI OT PACCTOSHHS MEXIy CBAsMH HCIIOIH30Ba-

nock ag =0,15.

Pe3ynbTathl, monydeHHbIE TIPH TIPOBEJCHUN WHIKE-
HEPHBIX PaCUETOB C MCIOJIb30BaHueM (Gopmyi (3), (4)
Npe/ICTaBICHBI Ha pUC. 5. PacyeTHast KpuBas U TOUKH,
COOTBETCTBYIOIIHE PE3yJBTATAM H3MEPEHUH, WILTFOCTPH-
PYIOT U3MEHEHHUE JKECTKOCTeH OTHOCUTEIbHO 3Haue-
HUs npu s/d = 5. BennuuHbl, MONTyYeHHBIE C UCIONb-
30BaHUEM (OPMYIIHI (4), IMEIOT MaKCHUMalbHOE pa3-
JIMYYe C OTBITHRIMU TaHHBIMH, He TipeBbimaromiee 14 %.
[pencraBneHHblid pe3yabTaT MOATBEPXKIAET, YTO pac-
YeThl B paMKaX HMCIOJIb3YEMbIX MPUOIMIKSHUH MO3BO-
JSIFOT TIOJYYHTh YIOBJIECTBOPHUTEILHOE COBIAJICHHUE C
IKCTIEPUMEHTAILHBIMH JaHHBIMH.

LVHAMUKA KOHCTPYKLWIA 11 COOPYXEHUM

1,04
o /,'/"
4 °
£ 0,51
¥
0,04— :
2 4

m=s/d

Puc. 5. 3meneHne »eCTKOCTH CUCTEMBI OT PACCTOSIHUS MEXKITY CBAsIMHU:
CIIJIOLIHAS JIMHUSA — PE3YJILTAThl PACUETOB; ® — SKCIIEPUMEHT
[Figure 5. Changing in system stiffness depending on

distance between piles:
solid line — result of calculation; ® —experiment]

Tabnuya 2

Pe3oHaHCHBIE YACTOTHI fres U AMITUTYABI A res
[Table 2. Resonant frequencies fr.s and amplitudes Aes]

Mele, s/d=2 s/d=3 s/d=4

KI'M A ress ﬁes, A ress _fres, A resy ﬁes,
[kg-m] |vv [mm] i [Hz] mv [mm] T [Hz] My [mm] T [Hz]

0,0187 | 0,0358 29,61 |0,0317 3545 |0,0262 38,21
0,0278 | 0,0510 29,22 | 0,0422 34,41 | 0,0381 36,71
0,0366 | 0,0633 28,95 | 0,0589 33,35 | 0,0501 35,18
0,0450 | 0,0832 28,46 | 0,0707 32,73 | 0,0619 33,50

B kauecTtBe JOMOJHUTENBHON MPOBEPKU COOTHO-
LICHUH A7l TONMYyYeHUs] TEOPEeTHYECKHX OLIEHOK HC-
MOJIb30BaHBI PE3yNIbTAThl TUHAMHYECKUX HCIBITAHUN
B TOJICBBIX YCIOBUSX IO ONPEICIICHUIO PE30HAHCHBIX
YacTOT U aMIUTUTY/ ()YHIAMEHTOB IIPY Pa3IMYHBIX YPOB-
HSIX BEPTUKAIBHOTO TapMOHUYECKOTO BO30YKIACHUS C
pocTBEpKaMU [ TPy BUCSYHX cBai 2x2 [7-9; 31].
Bce onbiTHBIC DyHIAMEHTHI OBLTH BBHITIOJTHEHBI B BHJIC
MOHOJIUTHOTO KEJIe300€TOHHOTO POCTBEpKa ¢ rabapuT-
HeIMU paszMepamu 0,57x%0,57x%0,25 M, onuparomerocs
Ha YeThIPE HKECTKO 3aKpeIicHHbIe OeTOHHbIe cBau. J{ua-
MeTp cBaii d = 100 MM, paccTOsTHIIE MEXKITy OCSIMH CBAM §
paBHsTOCh 2d, 3d n 4d. PoCTBEpKHU C TPYHTOM HE CO-
npuKacanuch. BenuunHa 3arnyOsieHus cBail B TPYHT
h = 1,5 m. MctibITalus TPOBOIMIIACH TIPH PA3TUIHBIX

OKCLEHTPUYECKUX MOMeHTax m,r, = 0,0187; 0,0278;
0,0366 n 0,0450 kr-m, e m, — Macca >KCIEHTPUY-

HOM Bpamalomeﬁca 4acTu B I'CHCPATOpPE, a 7, — IKC-

HEHTPUCUTETHI MacChl. METO0I0THST BHOPAIIHOHHBIX
ucmpITaHui onucana B [8]. Macca kaxmgoro u3 QyH-

namenToB M =1200 kr, BKIHOYas MacCy Bpamlaro-

mieiics yactu. [lJig rpyHTa OMBITHOTO TIOJIMTOHA OTIpe-
JIeNIeHbl 3HA4eHHs MOAyJs caBura | ot 14 10° mo

26-10° H/mM* u ckopocTH TonepeuHbIx BonH V, B ua-

213



Kolesnikov A.O., Popov V.N., Kostiuk T.N. Structural Mechanics of Engineering Constructions and Buildings, 2020, 16(3), 209-218

na3zoHe 95-150 m/c, KoTopbIe 3aBUCAT OT TIIyOUHBI [9].

Pe3ynbTaThl OnpeaeneHus Pe30OHAHCHBIX YacTOT f,.,q

1 aMIUTATY ] Ares MIPEICTaBIICHEI B TA0. 2.

[Ipu sKkcTIepMEHTaNBHBIX UCCIEOBAHUAX YACTO
MIPUXOIUTCS pelIaTh 0OpaTHBIE 3a7a9u TEOPUHN KoJle-
Oanwmii [31]. CHavana Mo U3MEPEHHBIM AMILIUTYIHO-
YaCTOTHBIM KPHUBBIM OTIPEAestoTcs d((heKTUBHAS Mac-
ca, JKeCTKOCTh U JeMI(HUpOBaHUE CBAHHO-TPYHTOBOM
CHCTEMEI. 3aTeM, C MCIIOIh30BaHNEM HaWIEHHBIX 3HA-
YCHUI MapaMeTpoOB, B paMKaX TEOPUU KOJICOaHHI BbI-
YHUCISIOTCS aMILTUTY THO-4YaCTOTHBIE KPUBBIE M Pe3yJib-
TaThl CPABHUBAIOTCS C PE3yJIbTaTaMU UCIIBITAHUN.

Paccmotpum BozneiicTBre Ha pyHAAMEHT rapmo-
HUYECKH MEHSIOIIEHCS CUIIBI C aMILTUTYIOH, IIPOIop-
IMOHAIBHON KBaJPaTy YaCTOTHI O :

_ 2
P, =r,m,0n",
TOrJla YpaBHEHUE NBUIXKEHHUS JJISl paccMaTpuBaeMoil
CUCTCMbI MOKHO 3alucCaThb CJICAYIOIINUM 06pa30M:
M+ ®K 2+ K,z =m0’ sinof .

3neck M — addekTuBHas Macca, KOTopasi BKIFOUaeT
My ¥ Maccy IPUCOETHHEHHOTO TPYHTA, KOJICOIFOIIErocst
BMecTe ¢ pyHIaMeHToM; K, — KecTKOCTh, @ — MOIyIb
3aTyxaHus. PelieHne 3Toro ypaBHEHHs 3alHChIBACTCS
B BH/IC

z = Asin(wt + 9J),

oK. /M
tg(d) =~
K /M-o
Te aMIuInTyaa A onuchiBaeTcs (popmystoi
2
Y= m,r, ® 5)

M (K. /M -0*) +(@oK. I M)

U3 (5) cnenyer, yTo aMITUTy/Aa 3aBUCUT OT 4a-
CTOTHI BBIHYXJaromen cuibl. [lpu pexxnme koneba-
HUW Ha OOJBIIMX YacTOTaX, korma kodddumment au-
HAMHYHOCTH OJIM30K K €IMHUIIE, aMIUIUTYJia Koeba-
Huit Oyner pasHa A, =m,r, /M . Jlo BeIXxozma cu-

CTCMbI B PCKUM KoJieOaHMM Ha OOJNBIIMX YacTOTaX
BO3MO’KHO BOSHHMKHOBCHHUEC PE30HAHCA C aMHJ'IPITyILOfI

4
res = Z ©)
O\(K, | M)(1- K, /4M)

A

IIpu 4aCTOTEC

K.IM

W,QZKZ/M<2. (7)
_®’K, /2M

(Dres -
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Cootnomenus (6), (7) MO3BOJSIOT OLICHUTH 3HA-
uennst @ u K, /M , ecnn nipu npoBeeHNN n3Mepe-
HUAU Ha KaKOM-ITN00 00BeKkTe OBLIM OmpeeIcHBI Be-

MAnHbl Ayog 0 freg (Opgs = 2 0):
2 2
KZ/M:(Dres 1_(A00/Ares) ’

ol 2—2\/1—(/100/Am)2
res \/1—(AOO/AreS )2

Ha puc. 6, a mpencTaBieHsl SKCTIEpUMEHTAIbHBIC
YaCTOTHBIE KPUBHIE JUIA TPYIIGI CBail ipu § = 4d s

Pa3IMYHbIX 3HAYEHUI m, 7, [8].

Ilpu u3BecTHBIX M, 7, , cornacHo [28], addexTus-
HYI0 Maccy M MOYKHO OLICHHUTb, HCIIONb3Ys DKCIEPH-
MeHTalbHble 3HaYeHus it A, — M =m,r,/ Ay,

a 3aTeM YTOYHHTH MPHU MOCICAYIOIUX pacueTax. [lo-
JMy4deHHas TakuM o0pa3oM Beinu4yuHa M COCTaBisieT
3200 xr, 9TO HAMHOTO OOJBIIE MACCHl KOHCTPYKIIHH

M, =1200 xr.
Hcnonb3yst naHHbIe U3 TaON. 2 ¢ PE30HAHCHBIMU
dactoTaMu f,,, U ammmrygamu A, (s =4d ), onpe-

JeTSFOTCs 3HaueHnst K $ /M Juis rpymimbl cBail IpH pas-

JIMYHBIX 3HAYeHUsIX s. Pesynbrarel pacuetoB K& /M u
@ npescraBieHsl B Ta0. 3. HemiHeliHbIE aMILTUTYIHO-
YACTOTHBIE KPUBBIC, PACCUUTAHHBIE C ONPENEICHHBIMU
M, K/Mu ®, uzobpaxensl Ha puc. 6, a. B kaue-
CTBE JIOMOJIHUTEIBHOM IPOBEPKH BBINOIHEHBI PACUETHI
st s =2d npu tom ke 3Hauennn M =3200 kr u
COOTBETCTBYIOIIHMX 3TOMY BapHaHTy BenmunHax K& /M

u @ (puc. 6, 6). [IpuBeieHHBIE TaHHBIE WILTIOCTPU-
PYIOT, YTO TEOPETHUYECKHE PE3yJIbTaThl YJOBIETBOPH-
TEJIBHO COTJIACYIOTCS C JAHHBIMH M3MEpPEeHUi, NMero-
HIMMUCS B JOCTYIHBIX JINTEPATYPHBIX HCTOYHUKAX.

Tabnuya 3

Pe3yabTatel pacueroB K f /M u®

[Results of calculations of K zg /M and @ |

Miele, s/d=2 s/d=73 s/d=4
KM O] g (0 g (0]
K¢ /Mm, > K5I M, > |\ KfIMm, ’
[kg'm] |7z cls] | = cls] | ¢ ¢ [s]
1/¢? 1/¢? 1/c?
[1/s2] [1/s2] [1/s2]
0,0187 | 3,41-10 089103 4,88-10* 0,84-103 5,62:10 095103
0,0278 | 3,32-10 094103 4,57-10* 0,97-109 5,1810* 1,00-103
0,0366 | 32510* 1,01-103 431-10* 094103 47110 1,05-103
0,0450 | 3,15-10* 096103 4,14-10* 098103 531-10* 1,10-103
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6

Puc. 6. DxcriepuMeHTalIbHbIC M PaCYETHbIC YaCTOTHBIC KPHBbIC
rpynnsl cBait 2x2 npu s = 4d (a), s = 2d (6), U1 pa3IUIHBIX
sHauenuit reme= 0,0187 (V), 0,0278 (), 0,0366 (&),
0,0450 (M), xr-M [7; 8] (kpuBBIE — pe3yJIbTAThl PACYCTOB)
[Figure 6. Experimental and calculated frequency curves of
the pile group 2x2 at s = 4d (a), s = 2d (0), for different
values reme=0,0187 (¥), 0,0278 (e), 0,0366 (&),
0,0450 (M), kg-m [7; 8] (curves — results of calculations)]

K2(m) IK°(4)
on

0,0

w4

m=s/d

Puc. 7. 3MeHeHNE OTHOCUTENBHOM KE€CTKOCTU IPYIIIIBI CBail 2x2
OT PACCTOSIHUSI MEX]Ly CBasIMU B KyCTe: SKCIIEPUMEHT
TIpH pasin4HbIX 3HaueHUsX reme= 0,0187 (¥), 0,0278 (o),
0,0366 (&), 0,0450 (M), xr-M [8], KpHBBIEC — pE3yJIbTATHI PACYCTOB
[Figure 7. Variation the relative stiffness of a group piles 2x2
from the distance between the piles in the group: the experiment
at different values reme= 0,0187 (), 0,0278 (o), 0,0366 (&),
0,0450 (M), kg-m [8], (curves — results of calculations]

LVHAMUKA KOHCTPYKLWIA 11 COOPYXEHUM

3uaueHust K /M s TpyIiisl CBaii MO3BOJISIOT
OLICHHTH COOCTBEHHBIC YaCTOTBI A, IIPH BEPTHKAIBHBIX

KoseOaHusIX (DYHIAMEHTOB M HAMYUH AeMII(pUPOBaHIS —

A, =K, /M . W3 mpencraBneHHbIX B TabI. 3 pe-

3yJIBTATOB CJICYET YMEHbBIICHHE COOCTBEHHBIX YaCcTOT
MPH YBEITUYECHUU WHTCHCUBHOCTH BO30YKIIEHHS, YTO
corjacyercs ¢ BolBogamu u3 [31] o HeauHeitHOM mo-
BEJICHUH PACCMaTPUBAEMOU CHCTEMBI «CBaW — TPYHT».
Moayns 3aTyXaHUs U3MEHSIETCS Cl1a00, U €ro CPETHSS
BemuKHa onenuBaercs kak @ ~0,97-107 ¢. CpapHenue
C SKCHEPUMEHTOM IOITBEPIKAACT, UYTO AaHAJMTUYCCKHE
METO/IBI TTIO3BOJIAIOT OMTUCHIBATH OCHOBHBIE OCOOCHHO-
CTH aMIUTUTYAHO-YaCTOTHOTO MOBEIEHUS TPYIII CBait
MPU MaJIbIX BEPTHKAILHBIX BUOPAIIMOHHBIX BO3JICHCTBH-
ax. B paccMoTpeHHBIX ciy4asx 3¢ ¢deKkTuBHAsS Macca U
JeMIipUpOBaHUE COXPAHSIOT CBOW BEJIMUYHHBI TIPH YBe-
JIMYCHUH MHTCHCUBHOCTH BO30YyXaeHHUs. V3MeHeHue,
OTIPEJIEIISIEMOM 10 Pe3yJIbTaTaM SKCIICPUMEHTOB U~
HAMHUYECKOH JKECTKOCTH OTHOCHTEIHHO MaKCHMallb-
HOTO 3HaYeHUs MPH §/d = 4, IPEJCTaBICHO Ha pUC. 7.

CornacHo [2], TeopeTuyecKkas OleHKa )KeCTKOCTU
1Mo OOKOBOW MOBEPXHOCTH TPYIIIBI CBail TOIyYeHA C
WCTIIOJIb30BaHUEM COOTHOIICHHS

K% (m)=4phsS, ,(a),ma,),

rae s — BeMnIuHa 3ariTyOJICHUs CBal B TPYHT.
OmnpenesneHo, YTO B pacCMaTPUBAEMBIX CIIydasx
MPH UMEIOIIUXCS 3HAUCHUSIX pajinyca CBau, CKOPOCTH
MOTIEPEYHBIX BOJH U ONPEJCTICHHBIX PE30HAHCHBIX 4a-
CTOTaxX BO3MOXKHBIC 3HAUEHUS Oe3pa3MepHON YaCTOTHI

Konebanuit a, =rw/V,, ®=2nf,, u3MeHAOTCI B

nuanaszone ot 0,06 mo 0,1. Ilpu omneHke M3MeHEHHs
JKECTKOCTH CUCTEMBI OT PACCTOSIHHS MEKTy CBAsMH HC-

nonb30Banock dg= 0,08. bIM3K0 pacroNoKeHHbIE KPH-

BBIE Ha pHC. 7 WUTIOCTPUPYIOT U3MEHEHNE PacCUUTaH-
HBIX JKECTKOCTEH OTHOCHUTEIHFHO MaKCHMAaJILHOTO 3Ha-

YEHUS TIPH s/ d =4 s pasnuyHBIX M7, .

N3 cpaBHEHUS TEOPETUYECKOU OLIEHKH C 3KCIIE-
PUMEHTAaMHU CIIEAYET, YTO PACCMaTPHUBAEMBIN aHaJIH-
TUYECKUH METOJ, MO3BOJSAET MPOTHO3UPOBATh OCHOB-
HbIe 0COOEHHOCTH AMHAMUYECKOT'O B3aMMOACHCTBUS
MEXTy CBasMH B rpymne. MakCUMalbHOE OTIIMUHME MEXK-
Iy 3KCIIEpUMEHTAIbHBIMU PE3yNbTaTaMH H TEOPETH-
YEeCKUMH OLICHKaMH, KOTOpbIe YMEHbIIAIOT 3(EeKT B3a-

UMOZEHCTBUS, TIPU S/ d =2 cocrasuster okono 15 %,

a TP BeNWYMHE MapameTpa S/ d =3 pesynbrarsl pas-

JMyaroTcs He 0oliee ueM Ha 5 %. Bmecrte ¢ TeM HeOO-
XOIUMO OTMETHThL, YTO HAMW HE YYHUTHIBACTCS B3aW-
MOJCHUCTBHE MOJ KOHIIOM CBaid, KOTOPOE SBISETCS CY-
miecTBeHHBIM. OJTHAKO B pe3yJIbTaTe MOXKHO CHAENaTh
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BBIBOJ] 00 Y/IOBJICTBOPUTEILHOM COBIIAJICHUH, XOTS OUe-
BUJIHO, YTO pa3paboTKa TEOPETHUECKUX OIIEHOK B3au-
MOJCHCTBHS TPYIITHI CBAl MEXKITy COOOM M TPYHTOM Tpe-
OyeT MaNbHEHIIero COBEPIICHCTBOBAHMS C TPUBJICUE-
HUEM SKCIIEPUMEHTAIIBHBIX JaHHBIX, TONYYEHHBIX MPU
WCTIBITAaHUSX TIOTHOPAa3MEPHBIX CBAWHBIX (YHIAMEHTOB
B ITIOJIEBBIX YCJIOBUAX.

3akiouenune

IIpoBeneHo cpaBHEHHE TEOPETHYECKUX PE3YJIbTa-
TOB C JIaHHBIMHM IKCIIEPUMEHTOB IO KOJIUYECTBEHHOMN
OLICHKE B3aMMOJEMCTBHS CBA3aHHBIX POCTBEPKOM BHCS-
YUX CBail PH BEPTHUKAIBHBIX KonebaHmsx. Vcnonp3o-
BAJIMCh TMOJTYYEHHBIE paHEe aHATMTUUYECKUE BHIPAYKEHUS
JUISL PAaCYETOB JUHAMUYECKOM MKECTKOCTU CBail B rpyIIe
B 3aBUCHUMOCTHU OT UX PACIOJIOKEHHUSI U PACCTOSHUS
Mexay Humu. [lo pesynbTaTaMm MpoBeJAEHHBIX HCCIIE-
JIOBAaHUH YCTAHOBJIEHO, YTO COOTHOLIEHHUS, MOJIYUYEH-
HBIE B PaMKaxX BOJHOBBIX MOJEJEH, YUYUTHIBAIOIINX
B3aUMHOE€ BIMSIHHE CBail B KyCTe, IPUMEHSIEMbIE IS
pacuera TMHAMHUYECKHUX >KECTKOCTEH MPH BEPTUKAIIb-
HBIX KOJICOAHHSIX CBAHHBIX (PYHIAMEHTOB, TIO3BOJISIOT
MOJIy4yaTh yJIOBJIETBOPUTENbHBIE PE3YNbTATHI MO TOY-
HOCTH, YTO TMOJTBEPKIAETCA UX CpPaBHEHHEM C JaH-
HBIMHU 3KCIIEPUMEHTAIIbHBIX UCCIIE0BaHUN.

CHHCcoK JUTepaTyphl

1. Prakash S., Puri V.K. Foundations for machines:
analysis and design. NY: J. Wiley & Sons, 1988. 656 p.

2. Chowdhury I., Dasgupta S.P. Dynamics of Struc-
tures and Foundations: A Unified Approach: Fundamen-
tals: 1. CRC Press, 2008. 882 p.

3. Ilameykuii B.M., Anexcanopos B.K., Casunos O.A.
CoBpemeHHbIe (yHIAMEHTBI MAIllMH M UX aBTOMATHU3UPOBAH-
Hoe mipoekTtupoBanue. M.: Ctpoitnzaar, 1993. 416 c.

4. Casunos O.4. CoBpeMeHHbIe KOHCTPYKIHMU (yH-
JTAMEHTOB IO/ MAIIMHBI U UX pacueT. Jlenunrpan: Ctpoii-
uszar, 1979. 200 c.

5. Guo W.D. Theory and practice of pile foundations.
CRC Press, 2013. 576 p.

6. Novak M., El Sharnouby B. Evaluation of dynamic
experiments on pile group // Journal of Geotechnical Engi-
neering. 1984. Vol. 110. Issue 6. Pp. 738-756.

7. Rashidifar M_A., Rashidifar A.A., Abertavi A. Non-
linear characteristics of the pile soil system under vertical
vibration // Universal journal of engineering science. 2016.
Vol. 4. Issue 4. Pp. 59-65.

8. Manna B., Baidya D.K. Dynamic nonlinear response
of pile foundations under vertical vibration — Theory versus
experiment // Soil Dynamics and Earthquake Engineering.
2010. Vol. 30. Pp. 456-469.

9. Das SK., Manna B., Baidya D.K. Prediction of pile-
separation length under vertical vibration using ANN //
14" Asian Regional Conference on Soil Mechanics and Ge-
otechnical Engineering 2011. Hong Kong, China. Curran
Associates, Inc, 2013. Vol. 2. Pp. 887-892.

216

10. El Naggar M., Novak M. Nonlinear axial interaction
in pile dynamics // Journal of Geotechnical Engineering
ASCE. 1994. Vol. 120. Issue 4. Pp. 678-696.

11. Matlock H., Foo S.H.C., Bryant L.M. Simulation
of lateral pile behaviour under earthquake motion // Proc.
ASCE. Specialty Conf. on Earthq. Eng. and Soil Dyn., XI.
1978. Pp. 600-619.

12. Novak M., Sheta M. Approximate approach to con-
tact problems of piles / Proc: Dyn. Response of Pile Found:
Analytical Aspects. NY: ASCE. 1980. Pp. 53-79.

13. Veletsos A.S., Dotson, K.W. Vertical and torsional
vibration of foundations in inhomogeneous media // JI. of
Geotech. Eng., ASCE. 1988. Vol. 114. Issue 9. Pp. 1002-1021.

14. Bapanos B.A. O pacyere BBIHYXIICHHBIX KOJICOaHHH
3arayONeHHoro (yHAaMeHTa // Bompocs! TMHAMUKY 1 TIPOY-
HOcTH: Tpyasl Pikckoro ITH. 1967. Ne 14. C. 195-2009.

15. Hyowcoun JI.B., 3abvinun M.HM. YKecTKoCTh B JeMII-
(hupoBaHNE BEePTUKAIBHBIX KOeOaHNH cBaifHOTO (hyHIaMeH-
Ta B cJIOMCTOM ocHOBaHuu // V3B. By30B. CTPOHUTENILCTBO U
apxutextypa. 1990. Ne 12. C. 36-41.

16. Hyoicoun JI.B., T'enze I1.A., Ilonos B.H. Ouenka
JIMHAMHUYECKHUX PEAKLIMK HAa KOHTYPAaX HECKOJbKUX KPYIJIbIX
BEIpE30B B OeckoHewHO# mactuHe // M3B. By30B. Ctpou-
tenbeTBo. 2005. Ne 4. C. 47-53.

17. Wu W., Wang K., Zhang Z., Leo C. Soil-pile inter-
action in the pile vertical vibration considering true three-
dimensional wave effect of soil // International Journal for
Numerical and Analytical Methods in Geomechanics. 2013.
Vol. 37. Issue 17. Pp. 2860-2876.

18. Medina C., Aznarez J., Padron L., Maeso O. Ef-
fects of soil-structure interaction on the dynamic properties
and seismic response of piled structures // Soil Dynamics
and Earthquake Engineering. 2013. Vol. 53. Pp. 160-175.

19. Allani M., Holeyman A. Numerical evaluation of ef-
fects of nonlinear lateral pile vibrations on nonlinear axial re-
sponse of pile shaft // Soils and Foundations. 2013. Vol. 53.
Issue 3. Pp. 395-407.

20. Khalil M.M., Hassan A.M., Elmamlouk H.H. Dy-
namic behavior of pile foundations under vertical and late-
ral vibrations // HBRC Journal. 2019. Vol. 15. Issue 1.
Pp. 55-71. DOI: 10.1080/16874048.2019.1676022.

21. Amiri A.M., Ghanbari A.A., Derakhshandi M.
An analytical model for estimating the vibration frequency
of structures located on the pile group in the case of floating
piles and end-bearing pile march // Civil Engineering Jour-
nal. 2018. Vol. 4. Issue 2. Pp. 450—468. DOI: 10.28991/cej-
0309105.

22. Biswas S., Manna B. Experimental and theoretical
studies on the nonlinear characteristics of soil-pile systems
under coupled vibrations // Journal of Geotechnical and Geo-
environmental Engineering. 2018. Vol. 144. Issue 3. Article
number 04018007. DOI: 10.1061/(ASCE)GT.1943-5606.000
1850.

23. Biswas S., Manna B., Baidya D.K. Experimental
and theoretical study on the nonlinear response of full-scale
single pile under coupled vibrations // Soil Dynamics and
Earthquake Engineering. 2017. Vol. 94. Pp. 109-115. DOLI:
10.1016/j.s0ildyn.2017.01.012.

24. Gazetas G., Markis N. Dynamic pile-soil-pile in-
teraction. Part I: Analysis of axial vibration // Earthquake

DYNAMICS OF STRUCTURES AND BUILDINGS



KonecHukos A.O., Monos B.H., Koctiok T.H. CTpontensHas MexaHuka MHXEHEPHbIX KOHCTPYKLmiA 1 coopyxeruit. 2020. T. 16. Ne 3. C. 209-218

Engineering and Structural Dynamics. 1991. Vol. 20. Issue 2.
Pp. 115-132. DOI:10.1002/eqe.4290200203.

25. Novak M. Dynamic Stiffness and Damping of Piles //
Canadian Geotechnical Journal. 1974. Vol. 11. Issue 4.
Pp. 574-598.

26. Lamb H. On the propagation of tremors over the sur-
face of an elastic solid // Philos. Trans. Roy. Soc. London,
Ser. A. 1904. Vol. 203. Pp. 1-42.

27. Konecnuxog A.O., Ilonos B.H. OueHka nuHamMHde-
CKUX pEaKLUii Ha KOHTYPaX HECKOJbKUX KPYIJIBIX BBIPE30B
npH KojeOaHusix 1miacTunbl / CTponuTeNnbHas MEXaHUKA HHIKe-
HEPHBIX KOHCTPYKIMII 1 coopykenuit. 2014. Ne. 3. C. 37-43.

28. Konecnukos A.O., Ilonogé B.H. [luHamudeckue peak-
MM HA KOHTYPaX KPYTOBBIX BBIPE30B C YUETOM HX B3aHMHOI'O
PACITOJIOKEHUS TIPU KoNeOaHUAX IIacTUHH // V3BecTus
BHUUI umenu B.E. Beneneesa. 2017. T. 283. C. 3-10.

29. Konecnukos A.O., Ilonos B.H., Kocmiox T.H. Vc-
ClIeIOBaHUE BIMSAHUS 3ariyOJeHHs U PacloJIOKEHHs CBail

Ha COOCTBCHHBIC YaCTOTHI ITPH KOJIEOAHUSIX (QyHIaMEHTOB //
W3Bectus By30B. CtpoutensctBo. 2019. Ne 5. C. 39-52.

30. Konecnuxoes O.A., Kocmiok T.H., Ilonos B.H. Pacuer
BEPTHUKAJIHHOH JKECTKOCTH CBaHOTO (PyHIAMEHTA C YIETOM
B3aMMHOTO BIUSHHA cBail // CTpouTenbHass MEXaHWKA WH-
KEHEPHBIX KOHCTPYKLuUi u coopyxkenuil. 2019. T. 15. Ne 3.
C. 229-336.

31. Manna B., Baidya D.K. Nonlinear vertical dyna-
mic response of pile groups // Proceedings of the 17% Inter-
national Conference on Soil Mechanics and Geotechnical
Engineering. 2009. 10S Press. Pp. 1128-1131. DOI: 10.3233/
978-1-60750-031-5-1128.

32. Novak M. Data reduction from nonlinear response
curves // Journal of Engineering Mechanics, ASCE. 1971.
97(EM4). Pp. 1187-1204.

33. Lorenz H. Elasticity and damping effects of oscil-
lating bodies on soil / Symposium on Dynamic Testing on
Soils, ASTM STP. 1953. No. 156. Pp. 113-122.

RESEARCH PAPER
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Abstract

The aim of the work — to research changes in the dynamic stiffhess of pile foun-
dations from the distance between the piles during vertical vibrations using experi-
mental data from literature sources and solving wave models describing the vertical
vibrations of a thin plate with round cuts. Methods. To verify the reliability of solutions
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of wave models describing changes in dynamic stiffness during vertical vibrations of
pile foundations, it is used data obtained in experiments to determine the eigenfrequen-
cies of 3x3 groups of friction piles with different distances between them. Also the data
obtained from forced vertical oscillations of 2x2 groups of friction piles connected by
pile-caps at different loads and distances between piles was used. In the processing of
available amplitude-frequency curves for determining the dynamic stiffness the inverse
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problem is solved using the theory of nonlinear oscillations. The correspondence be-
tween the measured and predicted data is evaluated, when describing the behavior of
the pile-ground system. Results. It is established that the relations that take into account
the mutual influence of piles in the group, obtained in the framework of wave models
solutions and used for calculating dynamic stiffness in vertical vibrations of pile foun-
dations, allow us to obtain satisfactory results in accuracy. The deviation of the calcula-
tion results from the experimental data does not exceed 15%.
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HEJTMHEWHBIX MMPOCTPAHCTBEHHBIX IUIACTHHYATHIX CHCTEM SIBIISIETCS aKTyaJIbHOW TeMOU
KaK IMpY JICHCTBUM CTaTHYECKUX, TaK M JMHAMUYECKHX Harpy3ok. Ho, HecMotps Ha
3HAUUTEIIbHbIE JIOCTKEHUSI B 3TOM 00/1aCTH, MMEETCs €1le MHOTO HEpEILEHHbIX IIPO-
Omem. Tak, 3ampochl BBIIEYKa3aHHBIX OOJAcTell NPUMEHEHWsT TOHKOCTEHHBIX IPO-
CTPAHCTBEHHBIX CHCTEM TPEOYIOT JATbHEHIIIEr0 MCCIIEIOBAHUS CTATHYECKOM 1 IMHA-
MH4ECKOH ycToiturBocTu. Ifens — pa3paboTka METOA pacueTa Ha YCTOMUMBOCTh Ie0-
METPUYECKH HENMHEHHBIX IUIACTHHYATBIX CHCTEM THIIA MPHU3MAaTHUECKUX 00O0IOYeK
O/ IEVCTBUEM MHAMUUYECKHX CKMMAIOIIMX Harpy3ok. Memoosl. PaccmatpuBaercs
IUIACTUHYATas CUCTEMA, Ha KOTOPYIO B IPOJIOJIBHOM HAIpaBJIeHWH JEHCTBYIOT JAMHA-
MHYECKHE C)KUMAFOIINE HArpy3KH. YUUTBIBAIOTCS THote3bl Kupxroda — Jssa. I'eo-
MeTpUdecKasi HeTMHEHHOCTb BBOAKUTCS Yepe3 COOTHOLIECHHS MeXIy AedopMarsivMu u
niepemertieHusiMu. Jlnarpamma nedopmupoBanus Matepraia — auHerHas. [lepemertie-
HHE TOYEK B HOPMaJILHOM HAIIPaB/IeHUH K CPEIMHHOMN IIOCKOCTH TUIACTHH OTIpe/ers-
eTcs B BUJIE pasioxeHs o BiiacoBy. JIist perneHuyst 3a1adu UCTIONb3yI0TCSI SHEPreTH-
YeCKUH MEeToJ M BapUAIMOHHBIM MeTox BracoBa. DKcTpeMalibHOE 3HAUSHHE MOJTHON
SHEPruy ONPEAEISIeTCs ¢ UCTIONb30BaHNEM ypaBHEHN Jitnepa — Jlarpamxka. B pesyb-
TaTe MOJTYYeHa CUCTEMA OCHOBHBIX HENMMHEHHBIX AU (GepeHIIMaTbHBIX ypaBHEHUH I
HCCIIEZIOBAHUS TIOTEPH YCTOMYMBOCTY IUIACTUHYATON CUCTEMBI 101 ISWCTBUEM JMHA-
MHYECKUX CKUMAIOIINX HArpy3oK. Pesynvmamot. Pa3paboTaHHbIi METO IPUMEHSIECT-
Cs UL pacyeTa Ha yCTOMYMBOCTD TEOMETPHYECKH HETMHEHHOMH MPU3MaTHIecKol 000-
JIOUKH C 3aMKHYTBIM KOHTYPOM IONIEPEYHOr0 CEYEHHUsI IPH LIEHTPAIBLHOM CHKaTHH I10]T
JICHCTBUEM TMHAMUYECKOi Harpy3ku. Kpast o6osouku onvparorcest Ha muadparmel. Mc-
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BBenenune

Jlis pacuera Ha yCTOWYHMBOCTH IIACTHH U 000IT0-
YeK WCTOIB3YIOTCS Pa3NYHbIe aHATUTHYECKUE, YHC-
JIEHHO-aHATTUTHYECKUE U YUCIIeHHbIe MeToAbl. K unc-
JICHHBIM METOJIaM pacueTa OTHOCHTCS METOJ KOHed-
HBIX 3JieMeHTOB (MKD3), KOTOPHI COBEpIICHHO He-
MPUTOAEH JJI1 Py4YHOIO cueTa. BapuanuoHHbIA METO
B.3. Brnacosa [1; 2] oTHOCHTCSI KO BTOPOMY BHIy Me-
TOJIOB pacuera, e B omane oT MKD koHeuHbIe ypas-
HEHUSI MOKHO Pealn30BaTh B 3aMKHYTOM BUJIE. JlaHHBIN
MeTol1 AP (PEKTUBHO MPUMEHSETCS JJIsl pacyeTa IIacTHH
1 000JI0Y€K Ha MPOYHOCTh KaK MPU CTATHYECKUX, TaK
Y TIPYU JUHAMHYIECKUX Bo3neicTBusIX [1]. Takxke oH mpu-
MEHSETCSl U TIPU UCCIEAOBAHMIX Ha YCTOWIUBOCTH [1;
3], mokaspiBaronux, uro meton B.3. Brnacosa nocra-
TOYHO 3 DEeKTUBEH I W3yUYeHUS (PU3NICCKU U T€O-
METPUYECKH HEIMHEWHBIX MJIaCTUHYATHIX CHCTEM.

Tema, cBA3aHHAs C UCCIIEOBAHUEM YCTOMYNBOCTU
MPOCTPAaHCTBEHHBIX TUIACTUHYATHIX CHCTEM, SBISETCS
OJTHOW M3 BOXKHEUITUX MPOOIIeM MeXaHUKH nedopmu-
pyemoro TBepaoro Tena. [Ipu IBHKEHUU TaKUX CUCTEM
B JKUJIKOCTH WJIA BO3IYIIHOW cpefie (HarpumMep, TpH BO3-
JICCTBUM BETPOBOW HATrPy3KH) MOXET BO3HUKATH JTH-
HaMH4ecKas MmoTepsi ycroluusocty [5; 6]. B Hactos-
niee BpeMsi B 00JIaCTH PacyeToB Ha YCTOWYMBOCTH TOH-
KOCTEHHBIX KOHCTPYKIUH UMEeTCs T0OCTaTOYHO OOIb-
moe 4ucio myonukaruii [6—15]. Anamusupys yka-
3aHHBIC CTaThH, MOXHO CIIENaTh OOIINUE BHIBOABI. Ta-
KOTO BHa paboThl ObUTH BEITONHEHHI panee A.C. Bomb-
mupoM [5; 6] u I1.A. Jlykamem [13] Toapko Oe3 mpu-
MeHeHust merona MKD. [/lannast paborta omm4aercs: ot
crareid [14; 15] TeM, 4To 34€Ch HE ONPENETSIETCA BEPXHSIS
W HIDKHSS KPUTHYECKUE CHJIBI U HE pelraeTcsl CTaTH-
yeckas 3aga4da. Kpuruueckoe 3HaueHHe AUHAMUYECKON
CWJIBI ONPEJICNICTCS. U3 YCIOBUS OYPHOTO BBITYyYHBa-
HUsl. Bpumcsiercs OTHOIIGHHE TUHAMHYECKOH Harpys-
KM K CTaTU4E€CKON KPUTHUUECKON HarpysKe.

1. PazpaGoTka MaTeMaTH4eCKOii MoaeIu

B otmmuwme ot pabot [3; 4] HacTosIas crarths 1O-
CBSIIIEHa MCCIIEIOBAHNIO YCTOWYMBOCTH ITACTHHYATHIX
cucTeM (TUIAa TMpU3MATHIECKUX 000JI0YeK) moj JcH-
CTBUEM JIMHAMUYECKON Harpy3ku P(f) ¢ ydeToM reo-
MeTpHYECKOU HemmHeHHOCTH (pHC. 1).

Yepes u = u(x, s, 1); v =v(x, s, t); w = w(x, s, 1)
(t — Bpemst) 0003HAUYMM TIepeMelIeHUs Touku M cpe-
JMUHHOW TIOBEPXHOCTH OOOJIOYKH B HAIPABICHHH KOOP-
JMIMHATHBIX OCEH X, s, z (puc. 1). ['eoMeTpudecKyro HelIH-
HEWHOCTh BBOJIUM Ye€pe3 U3BECTHBIC COOTHOMICHHUS [ 1]:

o0, 1 R N
8x _ex +ex_ZXx’8s _es +ev ZXS’

s :e)(c)s +ejlcs_2zxxs’ (1)
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rae

egzal’-e?:@,~e§_:6l+@,.i l(aiw) ei l(aiw)
ox ~ 0O0s — 0Os Ox 2 Ox © 2 0s

o _Owow 9w 9w 0w

® ox 0Os e ox? s os? s ox0s

AN

Puc. 1. O0mas cxeMa MHOTOCBSI3HOHU IIACTUHYATOH CHCTEMBI
[Figure 1. The general diagram of a multi-connected plate system]

OHpe)lCJ'H/IM IMOJIHYO SHEPTHIO L cucreMsl:
L=I+K, )

COCTOSIIEH M3 MOTEHIHAILHON [/ U kuHeTudyeckou K
SHEPrui:

My +My +2M  + w’
_” +P(t) == | dxds;
+N.e +Ne +2N e 2
prl
=gjg(uf+vf+wf)dt. 3)

BryTtpennue ycumus (M3rudaromme MOMEHTHI M,
M, nelCTBYyIONINE COOTBETCTBEHHO B IPOJIOJIBHOM X
U TIOTIEPEYHOM § HANPABJICHUAX, KPYTALIUE MOMEHTHI
M., HOpManbHbIe Ny, Ny U caBuraroniue Ny CHIIBI)
OTIPENIEIIAIOTCS MO CeAyomuM Gopmynam [1]:

N =K/|u +=w’|;
2
MS = _D(WS‘S + VWX)C);

1
Ns‘:Kl VS+EWYZ ’

st = Msx = _D(l _V)pr
N =Go(u,+v +ww,), @
rae B Gopmynax (3) u (4) UHAEKCH TPU TepeMerie-

HUSX U, V, W 0003HAYAIOT YACTHBIC MPOU3BOJHBIC IO
MIePEMEHHBIM X, S, f:
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_ 0 1, 0 1. _ 0 1.
ex—ex+ex, es—es-l-es, €XS—€XS+€xS,

E§’ Ed

D=—r—— K =
12(1-v2)

1-v?
3necs E, G — MOIyJH yIPYTOCTH MEPBOTO U BTO-
poro poja; 6 — ToNIIMHA TUTACTHH O00JIOYKH.

Bce nepemenenus 3anuiuemM B Buae psaa [1; 2]:
u(x,s,t) = zUi(t)(Pi(an);
V(5,0 = 3V (O, (%,5);
k

w(x,s,0) = Y W, (0) f,(x,5);
(i=12,...mkd=12..n), (5)

rae Udt), Vi(f), Wai(t) — o00OIIIeHHbBIE TTepeMeneHus,

KOTOpBIE 3aBHCAT TOJBKO OT BPEMEHH M ONPEACIISIFOT-

cs U3 pelieHust 3a1aunt; Qi(x,s), Wix,s), fax,s) — QyHK-

UM paclpeesieHus], KOTopble 3a1atoTces 3apaHee [1; 3].
Yucno 0000IIeHHBIX TIepeMenIeHI MOXKHO COKpa-

THUTh, UCTIONB3Ysl YCIIOBUSI COBMECTHOCTH AehopMaIiiii

B Y3JIOBBIX TOUKax KOHTYpa MOMEPeuHOro cedeHus 000-

nouku, u ipu d = k [1]

Wd(t) = Vk(t). (6)
C yderom cooTHoIIeHH (6) onpeaeaTuM MUHUMYM

¢dynkmuonana (2) [1]:

oL d oL oL d oL

—0, —-— = -0, (7
oU; di oU;, oV, dt vy,

B passepnyToii popme ypaBHeHus (7) mpuHHMA-
10T CIIEAYIOIUHI BUL:

Z(Ylaﬁ _bﬁ)Ui _chk Ve _Lzaﬁ Ui,n :(Dj;
i k 8G4

V1€ ;(t) ®)
« P .
Z +7}lk+%ehk_ V;(+ZCMU[_giG;dhk Veut O =Dp3

%
i

G, j=123m; kh=123,..n),

rae vy =y/(1 —Vz), vy=E/G — oTHOIICHHUE MOIYJIs
ynpyroctu E x Mmonymo cneura G, G = E/[2(1+ V)] ;

BEJIMUMHA d — JUTMHA KOHTYPa MONEPEYHOTO CEUSHHUS
0007109KH, Ha KOTOPBIN MEHCTBYET TMHAMHIYECKas Ha-
rpy3ka P(f); Harpy3ka QO MO3BOJSICT YUHTHIBATh Ha-
YaJIbHOE HECOBEPIIICHCTBO 000JIOUKH.

B cucreme ypasnenwii (8) B pynkmuax U, , V,

it

U, V), MHIEKCH NOCTIe 3aNATOH YKa3hIBAIOT Ha (-

(hepeHIIMPOBaHUE 110 BPEMEHH 7.
Koadhduuments! ypaBHenuii (8) umerot Buza [1; 3]:

a,=[o,.0, ddsdx:
b, = j j 0,0, 5dsdx;
Cy = jj 0, v, Sdsdx;
Cn = H V)@, Odlsdx;
Cu = }}Jﬁ,mﬁ(,xxdsdm
Ty = H VW Sdsdx;

dhk - J.J-(Jf‘hvxxj;f,xx + \Vk\VhS)dex;

e = [ [ oty wdlsx;
Ry = “. Siss S ssdsdx;

3
J:f—z. )

B Boipakennsix (9) ¢;  =0¢;/0x, ¢, =0¢;/0y,
Siwe =02 Syl 0%, .

[IpaBeie wactu @; u D, ypaBHenuil (8) UMeEIOT
clenyoLnN BU;

CD]. = _’YIJ.ZI/kfk,xZI/kfk,xx(Pdes +J.Zl/kf;c,le/kﬁ(,x(pj,38ds;
s k k s Kk k

3
q)h = _yl [J-ZUi(pi,)ocZ ka;f,xf;deS + IZUi(Pi,xZka;c,xxf;ISdS +5J.(Vk-f;c,'c )2 Z ij;f,xx-fh ] -
s i k s i k s k
_J.[ZUi(Pi,xsZV;cﬁc,x + Zl/kwk,xeka;c,s + ZV;cf;f,xZVlcf;c,sszf;c,xs +Z V;(ﬁf,xx (Z Vk-f;c,s)z]f;tSdS -
s i k k k k k k k k

[V 2 Vi 2 Vi fr e 2 Vi i)W, 3.
s Kk k k k

LVHAMUKA KOHCTPYKLWIA 11 COOPYXEHUM

(10)
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[omyuena obmwas cucrema (m + n) auddepeHin-
IBHBIX ypaBHeHHH (8). JlaHHbIE ypaBHEHHUS IPUTOAHBI
JUTSL ICCIIEIOBAHUS YCTOMYMBOCTH TIPU3MATHUECKHX 000-
JIOYEK MOJI AEWCTBUEM AMHAMUYECKHX Harpysok P(f),
KOTOpBIE MOTYT M3MEHSTCSI MO Pa3IW4HBIM 3aKOHaM [6].
A.C. Bonbemup B pabote [6] ormeuaeT: «I"oBOps 0 He-
TIPEPBHIBHOM YBEJIMUEHNH HAarpy3KH, MbI IMEEM TIPH 3TOM
B BUJY, YTO BaXKHBII I Hac MPOLECC MPOIICIKHBA-
HUSI 000JIOYKH MPOUCXOIUT HA BOCXOMSIIEM y4YacTKe
JuarpamMMbl Harpy KeHHs; JaJbHEHIIUM MOBEACHUEM
KOHCTPYKLIMM MBI HE UHTepecyeMcs». Pemmaromee Bim-
sHHE Ha OypHOE BBITy4ynBaHHE OOOJIOYKH OKAa3bIBACT
CKOPOCTh BO3pacTaHus Harpy3ku. Janee sto Oyzer npo-
JIEMOHCTPHPOBAHO Ha MpUMeEpe pacueTa Mpu3MaTHyde-
CKOM CHUCTEMBIL.

2. AJIrOpUTM pelieHus 3a1a41

YpaBuenus (8) 1 peuieHuss KOHKPETHON 3a/a-
Y1 MOXKHO PEeajin30BaTh IByMs CIIOCOO0aMU.

Ilepeulii cnocod 3akmovaeTcss B HENOCPEACTBEH-
HOM HMHTETPUPOBAHHUH 110 BPEMEHU HEJIMHEHHBIX TU]-
(epeHIIANTbHBIX YPaBHEHUH TPU 3alaHHON Harpyske
P(f), m3mensirometicss Bo BpemeHu. llpu noctmwkeHnn
KPUTHUYECKOI0 3HAUECHHS1 BPEMEHU ¢ KOJIeOaTeNbHBIH Mpo-
1ecC HapyUIaeTCs, MPOUCXOIUT PE3KOE YBETHUYCHHE
aMIUTUTY bl KoJieOaHHi, YTO COOTBETCTBYET OypHOMY
BBINTyYUBaHUIO 000s0uKku. Jlanee onpenensercs cooT-
BETCTBYIOIIEE 3HAUYECHUE NWHAMHYECKON Harpy3KH IO
¢dopmyne, koTopas 3anana st P(?).

Bmopoii cnoco6 3akmovaeTcst B UCTIONb30BaHUU
HOBOI TIepeMeHHOi1 ¢ [6], KOTOpas CBA3aHA C BPEMEH-
HOHM cxxMMaroliel Harpyskoi P(f) u DinepoBoil KpH-
TUYECKON Harpy3kou Py, clenyrolel 3aBUCUMOCTBIO
' = P({)/Pyy. A.C. Bonsmup [6] otmeuaet: «Ilox Be-
JIMYMHON Ky TIOHUMAETCs] OTHOLIEHUE JUHAMHYECKON
“KpUTHUYECKOI Harpy3Kku K BepXHel cTaTH4ecKol KpH-
TUYECKOM Harpy3Ke, BBIYMCICHHOW IJIs UIeanbHOMI
000JIOUKH WM TIJIACTUHKU C TEMH K€ IapaMeTpamm».
Hanee mo mpeoOpa3oBaHHBIM YPaBHEHHSIM CTPOSITCS
rpadUKH 3aBUCHMOCTH TIPOTH6a OT £ .

J1st 9ucIeHHOT0 MHTETPUPOBaHus AU dhepeHITH-
aJbHBIX YpaBHEHUH Hcronb3dyem Meron Pynre — Kyr-
Ta 10 MPOrpaMMe, COCTABIEHHOH Ha si3bIke DopTpaH.

3. Ilpumep pacuera

[IpumenuM BTOpOH COCO0 perIeHus Mo MoJyyeH-
HBIM YpaBHEHUAM (8) i UCCIIEOBAaHUS TUHAMHUe-
CKOM YCTOMYMBOCTM OJHOCBSI3HOM NPU3MAaTHYECKOM
000JIOYKH TIpH TIeHTpaTbHOM Ckatud (puc. 2) [1]. O60-
JIOYKa OMHUpAaeTCs TOpLaMu Ha auadparMmbl, KOTOpPHIC
CUMTAIOTCS aOCOIIOTHO KECTKUMH B CBOCH INIOCKOCTH
1 a0COMIOTHO THOKUMH U3 TJIOCKOCTH.

[IpuHATHI crexyomye TeoOMeTpUIecKue mapaMeT-
PBI 3aMKHYTOH NPU3MaTHYECKOW 000I0UKH: @ = 2,4 M;

222

b=16wm 6 =01 wm [ =314 wm Kodpdumuent
Ilyaccona marepuaina 060109k v = 0,2; 00bEMHEII BeC
Martepuana p = 20 kH/m>.

[onoxwuM, 4TO AMHAMHUYECKAs HATPy3Ka H3MEHs-
eTcs [0 INHEHHOMY 3aKOHY:

P(t)=k-t-a -8, (11)

rae k — BelnMYuHa, KOTopas XapaKTepu3yeT CKOPOCTh
*

W3MEHEHHSI COKIMAIOIIETO HANPSDKeHUS; @ — TepUMETP

KOHTYpa IOTIIEPEYHOTO CEUCHUSI.

Puc. 2. OnHocBs3Hast IpU3MaTHYecKast 000J104Ka:
a — cxema 000JIOUKH MO/ IeUCTBHEM AUHAMUYECKOI HArPy3KH;
6 — ONEePEeYHOe CeYCHHE 000JIOYKH
[Figure 2. The single-connected prismatic shell:
a — the diagram of shell under the action of dynamic load;
6 — the cross section of shell]

Jlns maHHOM 3aMKHYTON 00OJIOYKM MU MOTEPE
YCTOMYUBOCTU OT LIEHTPAJIbHOTO CXKaTUSA MO Kpy-
THJIBHOHN (OpMe IepeMeneHIsI MOXKHO IPEACTABUTH B
Bune [1]

u(x,s,t) =U, (1) ¢,(x,5);
v(x,5,0) =V (0) W, (X, 9) + V5 (0) W, (x, 9);

w(x,5,0) = W () f,(x,5) + W, () /(. 5), (12)

rae Ui(?), Vi(?), Va(t), Wi(t), Wa(f) — oboOIeHHBIE
NepeMelIeHns] B HalpaBlICHUH Oced X, s, z; Qi(x,s),
vi(x,s), Wa(x,s), fi(x,s), f(x,s) — KoOpaWHATHBIE (YHK-
WM, KOTOPBIE 33]Ial0TCsI TIPU KPYTHJIbHOM popme motepn
YCTOWYMBOCTH B TIOTIEPEYHOM HarpaBlieHuH (puc. 2, a, 0).

st maHHOM 000JI0YKM B CITydae IMOTEpH yCTONYH-
BOCTH IO CHHYCOHWJIC B HAIpaBICHHU OCH X KOOPIH-
HaTHbIe (PYHKIMM MOKHO 3amucarh CICAYIOUINM 00-
pasom:

Q,(x,5)=0,(s) cos Ax; y,(x,5)=wy,(s) sin Ax;
W, (x,8) =Wy, (s) sinlx; f,(x,s) = f,(s) sin Ax;
£, (x,8) = f,(s) sin Ax, (13)

rae A = mn/l, | — nuHa 000JI0YKH; M| — YUACIO TIOY-
BOJIH.
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Oyukimu pacnpenencaus Qi(s), yi(s), va(s), fi(s),
f>(s), 3aBHCSIIME OT MEPEMEHHOMH § (pHcC. 2, 6), Tpea-
craBieHB B padote [1]. O6xom 3aMKHYTOrO KOHTYpa
BEJIIETCST HAYMHAS C JIEBOTO BEpXHETO yria (puc. 2, 6).
Ucnione3yst nanHbie GyHKIMU 1o dpopmynam (9) ¢ yde-
oM (13) ompenensiem ko3 duUIEHTH ypaBHEHUS (8).

JduddepeHunanbHble ypaBHEHHsT YCTORYUBOCTH (8)
JUTSL TAHHOM MPU3MATUIEeCKOM 0O0JIOUKH TOJ| ACHCTBH-
€M JMHAMHYECKOH HAarpy3KH MPHUHUMAIOT BUJL

Y .
(v, —b DU, —c, )V, — ¢,V +—a11U1’” =0,
gG
2, 2
|:”11+ 2 mn_b -4 P(t):|V1+
1+v
)
ot 27 mll_b a P(t) V2+
1+v 4
p .
+ CllUl +g_G(d11V1,tt +d12V2,tt) = (1)2,
2y b*—a’
v, +——m,, — P(@) |V, +
|:21 1+ 4 ()} 1
2y b*+a’
+ r22+1+vm22_Y1n22_TP(t) V,+
U+ (d V. +d Vv, \=d.; 14
+ ¢y 1+gG( Ve Tan 2,n) 35 (14)

3necy @, ©,, @3 yUUTHIBAIOT TEOMETPUUECKYIO
HEJIMHEWHOCTh CUCTEMBI M OIIPEIEISIOTCS 0 PopMy-
mam (10)mpui=1;k, h=1, 2.

Ypasuenus (14) MOXHO PEIIUTH MTEPBBIM CIIOCO-
00M, HEMOCPEACTBEHHO UHTETPUPYS UX 110 BPEMEHHU.

Koneunyto peanuzamuio ypasHeHuit (14) mposo-
UM, HCIOJB3YS BTOPOM CIOco0, BBOAS CleyIOLIHe
0003Ha4YeHus:

P =0,001348; =20, ¢ N D
Lo 5 5
2 * 2
5=l (15)
P2\ g-G

rre P — BeIMUYMHA CTATUYECKON KPUTUYECKOW HArpy3Ky;
* — 6e3pa3MepHBbIil mapaMeTp BpeMeHH; { — OTHOCHUTEb-
Has BeNMYMHA TIPOru6a MIacTUH obosouku; S — mapa-
METpP CKOPOCTH M3MEHEHNs! HallpshKeHus (Harpy3ku) [1].

IIpenebperaem aeriananyeid 060JI0YKH, BBOIUM
HOBYIO TIEpEMEHHYIO ¢, ¢ yueToM (15) mocie HekoTo-
pBIX TIpeoOpa3zoBaHuil ypaBHeHUs (14) mpuBoaMM K
CIIEAYIOIIEMY BUAY:

LVHAMUKA KOHCTPYKLIWA 1 COOPYXEHUM

66,242 (0,0549 — )¢, +25,478-(0,0607 — )¢, +
+8°(13,65C .. +4.78C, . )+ 0, = D,(,.5,);
25,478-(0,0607 — ), +66,242-(0,0549 — )¢, +
+8T(4.78C ., 13,650, )+ 0, =, (G,5,).  (16)

d*¢,

Lt T 20
dt

Cp e = d2€2 .
2,t't dt*z

Ilo pe3ynprataM YMCIEHHOTO MHTETPUPOBAHUH JH(-
(epeHnmanbHBIX ypaBHeHHH (16) ¢ moMomp0 MeTona
Pynre — KyTTa noctpoeHs! rpauku 3aBUCIMOCTH TIe-
pemeteHus { = v/0 y370BOH TOYKH IMOMEPEYHOTO Ce-
YEHUs], PACIIOJIOKEHHOTO B CEPEAMHE IpoJieTa, OT Ia-
pameTpa BpeMenH ¢ = P(1)/Py, (puc. 3).

Ha puc. 3 rpaduku /, 2, 3 mOCTPOCHBI COOTBET-
CTBEHHO JJI5 CKOpOCTEeH S"=10, 50, 100 nuzmenenus
CKUMAIOIIEH Harpys3Kd IIPH NOTEPE YCTOMYMBOCTH IO
OJTHOM TOJIyBOJHE CHUHYCOMABI mi = 1 M mapamerpy,
YUHTBIBAOIIEMY BETMUMHY HAYaIBHOTO HECOBEPIIEHCTBA
obonouku Q) = O» = 0,1. I'paduk 4 COOTBETCTBYET
napamerpy S° = 50 mpu m; = 1, 01 = Q> = 0,01. I'pa-
duk 5 moctpoen mna S =50 mpu my =2, Q1 = 0> =0,1.

rae C

¢
0 2 4 I3 8 10 12 1

Puc. 3. I'paduku 3aBuCUMOCTH IepeMeIeHus
OT mapaMeTpa BpeMeHH ¢ *
[Figure 3. Graphs of the displacement
against the time parameter #*]

U3 ananuza rpadukoB clieiyeTr, 4TO ¢ yBelU4e-
HUEM CKOPOCTH JIeHCTBHS Harpy3ku S BeIMYUHA JU-
HaMm4eckoro kodpduumenta K, = { BO3pacTaer 3Ha-
ynutenbHOo (cM. rpaduku I, 2 u 3). [lpu yBenumueHun
YHCIIa IOIYBOJH 71; BenyrHa K Takke 3HaYNTEeITbHO
BO3pacTaeT (BUIHO M3 CpaBHEHHUS rpadukoB 2 u J).
ITpn yMeHbIIEHHNH Ha4aJbHOI'O HECOBEPIIEHCTBA 3HA-
yenue K yBennuuBaetcs (cM. rpaduku 2 u 4).

Jnst cpaBHEHHS BBIIIOJHEH pPacdyeT U IIEPBBIM
crrocobom. Oba crrocoba TaroT OIM3KHE pe3yIbTaThL.

3akiaouenne

Pa3pabotana mMaremaTrdeckasi MOJEb pacuera Ha
YCTONYHMBOCTh IIIACTHHYATBIX CHCTEM IPH ACHCTBHU
JMHAMUYECKON HArpy3KU C y4ETOM IeOMETPUUYECKOMN
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HenuHelHocTH. [lomydeHa cucTeMa HEMMHEWHBIX AUQ-
(hepeHIINANBHBIX YPaBHEHUH IJIsl UCCIIEOBAHUS UHA-
MUYECKON YCTOHIMBOCTH MPU3MATHIECKUX 000JI0OUCK.

IIpenoxeH anropuT™ KOHEUHOU pealu3alii ypas-
HeHWH nByms criocobamu. [lpeamodreHre oTmaHO BTO-
poMmy croco0y, Tak Kak e€ro MCIONb30BaHUE CPasy BbI-
SIBIISIET, BO CKOJIBKO pa3 IMHAMHYECKasi Harpy3Ka mpe-
BBIIIAET CTATHUECKYIO KPUTHUYECKYIO HArpy3Ky (Ha oc-
HOBE BEJIMUHUHEI £ ).

B xadectBe mpuMepa BBITIOIHEH pacyeT Ha yCTOM-
YHBOCTh 00OJIOUKH 3aMKHYTOTO KOHTYpa MpH JICHCTBUN
JUHAMUYECKON Harpy3KH, U3MEHSIIOIICICS N0 JUHEN-
HOMY 3aKOHY. PaccMOTpeHO BIMSIHHME CKOPOCTH H3Me-
HEHUS CXKMMAIOIIECTO HAMPSDKEHUS, HAYaLHOTO HECOo-
BEpIICHCTBA O0OJIOYKH W YKCIa TOJTYBOJIH Ha KpHTe-
puii TMHAMIYECKOH YCTOHIHMBOCTH O00TOUKH.
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systems is an urgent topic. But, despite significant achievements in this area,
there are still many unsolved problems. Thus, the requests of the above-mentioned
areas of application of thin-walled spatial systems require further study of the issue
of static and dynamic stability. The aim of the work — development of a method
of the dynamic stability analysis of geometrically nonlinear plate systems such as
prismatic shells under the action of dynamic compression loads. Methods. A plate
system, which is subject to dynamic compression loads in the longitudinal direction,
is considered. Kirchhoff — Love hypotheses are taken into account. The material
stress-deformation diagram is linear. The displacement of points in the normal
direction to the median plane of the plates is determined in the form of the Vlasov
expansion. To derive the basic differential equations of stability, the energy method
and the variational Vlasov method are used. The extreme value of the total ener-
gy is determined using the Euler — Lagrange equation. As a result, a set of basic
nonlinear differential equations for studying the buckling of the plate system
under the action of dynamic compression loads is obtained. Results. The developed
method is used to stability analysis of a geometrically nonlinear prismatic shell
with a closed contour of the cross section, under central compression under the action
of dynamic loading. The edges of the shell rest on the diaphragm. The buckling
of the prismatic shell in the longitudinal direction along one and two half-waves
of a sinusoid is studied. The numerical integration of nonlinear differential equa-
tions is performed by the Runge — Kutta method. Based on the calculation re-
sults, graphs of the dependence of the relative deflection on the dynamic coeffi-
cient are constructed. The influence of the rate of change of compression stress,
the initial imperfection of the system, and other parameters on the criteria for
the dynamic stability of the plate system is investigated.

Keywords: dynamic stability, geometric nonlinearity, plate system, prismatic
shells, variation method of Vlasov

References

9. Trushin S.I., Zhuravleva T.A., Sysoeva E.V. Dynamic

1. Ivanov S.P., Ivanova A.S. Prilozheniye variacion-
nogo metoda V.Z. Viasova k resheniyu nelinejnykh zadach
plastinchatykh system [Application of V.Z. Viasov's varia-
tional method to solving nonlinear problems of plate sys-
tems]. Yoshkar-Ola: PGTU Publ.; 2015. (In Russ.)

2. Vlasov V.Z. Tonkostennye prostranstvennye sistemy
[Thin-Walled spatial systems]. Moscow: Gosstrojizdat Publ.;
1958. (In Russ.)

3. Ivanov S.P., Ivanova A.S. The dynamic stability of
physically nonlinear plate systems. Structural Mechanics of
Engineering Constructions and Buildings. 2014;(4):11-20.
(In Russ.)

4. Ivanov S.P., Ivanov O.G., Ivanova A.S. The dynamic
stability of physically nonlinear plate systems under biaxial
compression. Structural Mechanics of Engineering Construc-
tions and Buildings. 2018;(2):132—141. (In Russ.)

5. Volmir A.S. Ustojchivost’ deformiruemyh sistem [Sta-
bility of deformable systems]. Moscow: Nauka Publ.; 1967.
(In Russ.)

6. Volmir A.S. Ustojchivost' deformiruemyh sistem [Non-
linear dynamic of plats and shells]. Moscow: Nauka Publ.;
1972. (In Russ.)

7. Khamitov T.K., Fatykhova R.R. On stability of elas-
tic-plastic cylindrical shell under longitudinal impact. News
of the KSUAE. 2016;(4):490-496. (In Russ.)

8. Trushin S.I., Sysoeva E.V., Zhuravleva T.A. The sta-
bility of nonlinear deformable cylindrical composite shells
under non-uniform loads. Structural Mechanics of Engine-
ering Constructions and Buildings. 2013;(2):3—10. (In Russ.)

LVHAMUKA KOHCTPYKLWIA 11 COOPYXEHUM

buckling of nonlinearly deformable reticulate plates from com-
posite material with different lattice configurations. Nauch-
noe obozrenie [Scientific review). 2016;(4):44-51. (In Russ.)

10. Vescovini R., Dozio L. Exact refined buckling so-
lutions for laminated plates under uniaxial and biaxial loads.
Composite Structures. 2015;(12):356-368.

11. Nazarimofrad E., Barkhordar A. Buckling analysis
of orthotropic rectangular plate resting on Pasternak elastic
foundation under biaxial in-plane loading. Mechanics of Ad-
vanced Materials and Structures. 2016;23(10):1144—1148.

12. Ruocco E., Reddy J.N. A closed-form solution for
buckling analysis of orthotropic Reddy plates and prismatic
plate structures. Composites Part B: Engineering. 2019;(169):
258-273.

13. Lukash, P.A. Osnovy nelinejnoj stroitel 'noj mek-
haniki [Fundamentals of nonlinear structural mechanics].
Moscow: Strojizdat Publ.; 1978. (In Russ.)

14. Kosytsyn S.B., Akulich V.Yu. The definition of
the critical buckling load beam model and two-dimensional
model of the round and two-dimensional model of the round
cylindrical shell that interact with the soil. Structural Me-
chanics of Engineering Constructions and Buildings. 2019;
15(4):291-298. http://dx.doi.org/10.22363/1815-5235-2019-
15-4-291-298 (In Russ.)

15. Manuylov G.A., Kositsyn S.B., Grudtsyna L.E. Nu-
merical analysis of stability of the stiffened plates subjected
aliquant critical loads. Structural Mechanics of Engineering
Constructions and Buildings. 2020;16(1):54—61. http://dx.
doi.org/10.22363/1815-5235-2020-16-1-54-61 (In Russ.)

225



2020. 16(3). 226-232
CTPOMTENBHASA MEXAHUKA UHXEHEPHBIX KOHCTPYKLIMIA U COOPY)XEHWHA

STRUCTURAL MECHANICS OF ENGINEERING CONSTRUCTIONS AND BUILDINGS
HTTP//IJOURNALS.RUDN.RU/STRUCTURAL-MECHANICS

OKCTTIEPUMEHT ANbHBIE NCCNEQOBAHMS
EXPERIMENTAL RESEARCHES

DOI 10.22363/1815-5235-2020-16-3-226-232 RESEARCH PAPER

UDC 691.112

Experimental determination of the limiting flexibility of eucalyptus wood
for axially compressed elements

David Cajamarca-Zuniga'?*, Cristhian Carrasco', Belen Molina!

LCatholic University of Cuenca, Av. De las Americas & Humboldt, Cuenca, 010101, Republic of Ecuador
2Peoples’ Friendship University of Russia (RUDN University), 6 Miklukho-Maklaya St, Moscow, 117198, Russian Federation

*cajamarca.zuniga@gmail.com

Abstract

Relevance. Wood is one of the most widely used building materials throughout
history, and because of its physical-mechanical properties it mainly has been used
in flexed and compressed elements. Eucalyptus was introduced to Latin America
in the mid-19" century and nowadays is one of the most used woods for construc-
tion in the Andean region of Ecuador. To designing slender structural elements under
axial loading engineers usually use the Euler formula, but it is applicable only if
the compression stress does not exceed the proportional limit. One way to de-
termine if the compression stress will be below the proportional limit is by com-
paring of the slenderness of the element with the limiting flexibility of its mate-
rial which allows knowing if the buckling will occur in the elastic zone where Euler
formula applies. The aim of the work — determine the magnitude of the limiting
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flexibility of eucalyptus, since this wood has been the subject of some investiga-
tions, however, no information about the limiting flexibility magnitude for the calcu-
lation of axially compressed elements. Methods. The laboratory tests to determine
the magnitudes of the modulus of elasticity, proportional limit, admissible com-
pression stress and limiting flexibility was carried out. Results. This experimental
investigation shows that the magnitude of the limiting flexibility or so-called
critical slenderness ratio for eucalyptus globulus is 59.
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Introduction originally from Australia. The genus eucalyptus first
was described by the French botanist C.L. L'Héritier
in 1788 [2]. After the introduction of the eucalyptus to
Ecuador, a large variety of forests of this tree appeared

in highlands where the spice eucalyptus globulus do-

Eucalyptus is a fast growing diffuse-porous hard-
wood genus of trees from the Myrtle family [1], there
are about 500 species in the world, most of which are
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minates among others [3]. The Eucalyptus is a widely
used wood in the construction sector in the Andean
region of Ecuador [4], it can reach an height of 20 m
and a diameter of 0.25 m at the age of 5 to 10 years,
while at an older age it can reach a height of 60 m.
This investigation aims to determine the magni-
tude of the flexibility of Eucalyptus since this wood has
not been the subject of investigations like other woods [5]
and the existing investigations about it [5—11] don’t

EXPERIMENTAL RESEARCHES
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give information about the limiting flexibility (critical
slenderness ratio) for the calculation of axially com-
pressed elements.

In this article are presented the results of labora-
tory tests on the definition of the magnitude of admis-
sible compressive stress parallel to grain, modulus of
elasticity and proportional stress with the purpose of
the definition of the value of limiting flexibility (Aiim)
of this material.

For the calculation of axially compressed elements,
the magnitude of the critical force usually is determi-
ned with the Euler formula, however, it is applicable
only when the axial compression stresses do not exceed
the stress of proportionality. Therefore, is necessary
to determine if the compression stresses will be below
the proportional range, by comparing the magnitude
of the slenderness A (geometric characteristic of the
element) with the magnitude of the limiting-flexibility
Aiim (mechanical characteristic of the material), this com-
parison allows to determine if the element has great or
intermediate slenderness, to proceed to the calculation
of the element considering the risk of loss of stability
(buckling).

If the element has great slenderness, the buckling
would occur in the elastic zone and Euler formula can
be applied to determine the magnitude of the critical
load, but if the element has “intermediate” slenderness
the loss of stability would occur in the plastic zone
and the Euler formula is no more applicable, here em-
pirical formulas such as F.S. Yasinskiy (1895) [12] could
be used, however, the problem is determining if the
element has “great” or “intermediate” slenderness, and
the answer to this question is in the magnitude of li-
miting flexibility.

1. Methodology

First, a bending test was performed to verify the ob-
tained results by comparing them with the information
available about the bending mechanical properties of
eucalyptus, then the compression test was performed
on 21 various-sizes samples to analyse their behaviour
according to the variation of slenderness. The expe-
rimental analysis was based on norms and stan-
dards of the “Pan American Standards Commission”
(COPANT 461, COPANT 464, COPANT 555), “Ame-
rican Society for Testing and Materials” ASTM
D143-94 (2000) and “International Organization for
Standardization” ISO 13061-17:2017 [13—-17], which
describe the materials, equipment and procedures to
obtain: the stresses for ultimate bending and compres-
sion parallel to the grain, the average modulus of elas-
ticity, the maximum breaking load and the stress-strain
graph, that permit determine the mechanical proper-
ties of the wood.

OKCNEPUMEHTAILHBIE UCCNEROBAHMA

Figure 2. Flexure test

The compression test (Figure 1) was carried out
according to standards in samples with a cross-section
of 5%5 cm and 20 cm of length [14], the flexure test (Fi-
gure 2) was carried out in samples with a cross section
of 5x5 cm and 75 cm between supports, however
an alternative cross-section of 2x2x30 cm could be
used for samples from trees of small diameter (30 cm
or less) and also when long samples cannot be obtained
due to a bent tree, tilting of grains, knots or other de-
fects [15].

2. Bending test

The flexural testing was carried out on 20 samples,
in accordance with [13; 15—17], the information about
deflextions and loads were recorded, and then the cor-
responding magnitude of bending moment and normal
stress under flexure were calculated in order to obatin
the stress-strain curve and the modulus of elasticity.

The results of the flexure test are shown in the Fi-
gure 3. According to the results of this experiment,
the modulus of elasticity in bending for the eucaliptus
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globulus is £ = 104 180.68 kgf/cm?, the ultimate
strength is 800.46 kgf/cm?, and the proportional limit
is 517.47 kgf/cm®.
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Figure 3. Stress-strain curve for bending, kgf/cm?

Table 1

Flexural mechanical properties

Flexural mechanical properties of eucalyptus globulus

kgfiem? mPa
Modulus of elasticity 104 180.68 10 220.12
Stress of the proportional limit 517.47 50.76
Ultimate strength 800.46 78.53

The obtained results are according with the existing
information about the flexure mechanical properties of
eucalyptus, some of which is shown in [1; 6-9; 18-21].

3. Compression parallel to the grain test

The experiments were performed on 21 speci-
mens based on the standards [14; 16; 17], taking into
account that the COPANT-464 standard specifies
that the cross-section of the specimen for the com-
pression test parallel to the grain is 5x5x20 cm [14].
The standard dimensions, both in height and in the cross-
section, were varied to test different slendernesses.
The dimensions of the analysed samples have shown
in Table 2.

The compression test was performed until the fai-
lure of each sample, and both the longitudinal defor-
mation and the corresponding compression load were
registered to calculate the compression stresses accor-
ding to the cross-sections of each sample and to get
the stress-strain curves (Figure 4).

Table 2

Dimensions of specimens for compression test

ID.N°. Length,cm @max, CM  @min, cm Mass, kg Area, cm? Imin, cm*  imin, cm ). Specific weight, kgf/m?

1 13-¢ 4.10 4.10 3.90 0.070 15.990 20.267 1.13 3.64 1067.74
2 13-a 5.15 4.10 3.90 0.080 15.990 20.267 1.13 4.57 971.48

3 13-b 6.60 4.10 3.90 0.100 15.990 20.267 1.13 5.86 947.56

4 8 9.59 3.95 3.95 0.160 15.603 20.287 1.14 8.41 1069.32
5 20 10.07 2.95 2.92 0.090 8.614 6.121 0.84 11.95 1037.55
6 19 10.16 2.93 2.93 0.090 8.585 6.142 0.85 12.01 1031.84
7 9 10.20 3.99 3.96 0.170 15.800 20.648 1.14 8.92 1054.83
8 18 10.20 2.14 2.06 0.060 4.408 1.559 0.59 17.15 1334.35
9 7 12.30 391 3.89 0.220 15.210 19.180 1.12 10.95 1175.96
10 5 14.57 4.00 3.93 0.230 15.720 20.233 1.13 12.84 1004.19
11 4 15.10 3.93 3.52 0.240 13.834 14.284 1.02 14.86 1148.94
12 1 15.14 3.97 3.97 0.240 15.761 20.700 1.15 13.21 1005.78
13 2 15.26 4.00 391 0.240 15.640 19.925 1.13 13.52 1005.59
14 3 15.30 3.90 3.77 0.230 14.703 17.414 1.09 14.06 1022.42
15 17 19.45 3.99 3.95 0.340 15.761 20.492 1.14 17.06 1109.15
16 10 19.75 3.97 3.96 0.430 15.721 20.544 1.14 17.28 1384.89
17 12 19.90 3.98 3.96 0.390 15.761 20.596 1.14 17.41 1243.46
18 14 19.90 4.04 3.93 0.380 15.877 20.435 1.13 17.54 1202.70
19 16 19.98 3.90 345 0.320 13.455 13.346 1.00 20.06 1190.34
20 21 20.05 2.95 2.90 0.180 8.555 5.996 0.84 23.95 1049.39
21 15 20.10 4.04 3.92 0.350 15.837 20.280 1.13 17.76 1099.52
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Figure 4. Stress-strain curves for compression parallel to the grain

Compression tests parallel to the grain indicate three
characteristic behaviours as a function of the modulus of
elasticity. For slenderness less than A = 20.06, 42.85% of
the samples presented a minimum modulus of elasticity
MOE in = 42 210.42 kgt/cm?* (Figure 4, a), 33.33%
of the samples an intermediate magnitude of MOE;y =
=79 811.58 kgflcm? (Figure 4, b) and 23.82% a maximum
value of MOE,x = 117 781.86 kgt/cm?® (Figure 4, c).
The results are summarized in the Table 3 and Figure 5.
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Figure 5. Stress-strain curves and MOE of eucalyptus
in compression parallel to the grain

Table 3

Grain-parallel compression mechanical properties

Mechanical properties under compression parallel to the grain

Modulus of elasticity, kgf/cm® | Proportional limit, kgf/cm?
Minimum (Emin) 42210.42 277.61
Intermediate (Eint) 79 442.47 296.30
Maximum (Emax) 117 781.86 329.13
Mean value (Ewm) 79 811.58 301.01

OKCNEPUMEHTAILHBIE UCCNEROBAHMA

In this test case, the obtained results are according
with the existing information about the compression
parallel to the grain mechanical properties of eucalyptus,
some of which is shown in [8; 9; 19; 20].

4. Analysis of results

The buckling of a compressed slender-element
can lead to a sudden failure of a structure, and as a
result, special attention must be given to the design of
these elements so they can safely support their intend-
ed loadings without buckling. The well-known Euler
formula (1) usually is used by engineers to designing
slender-structural elements under axial loading, but
this formula is applicable only if the compression
stress does not exceed the proportional limit.

_ TIZ'E'Imin

P;ZI‘ - (IJ»'L)Z . (1)
_ For _ m*Elmin _ T EImin

Ocr = a4 (u-L)2-A - p2-L2-A - (2)

: Imin

Imin = /T (3)

In the formula (2) the length L, the area moment
of inertia /min and area of cross-section A are geometric
characteristics of the element, then the expression (2)
can be written like this:

2.g.j2.
T E"lin

|.12'L2

cr —

“)

In the formula (4) the only geometric characteris-
tics of the element are the radius of gyration imin and
the length L, while the effective-length factor is p.
The effective-slenderness ratio of the element as a func-
tion of geometric characteristics is shown in the for-
mula (5), in consequence the slenderness can be con-
sidered as a geometric characteristic of the element.
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wi

Imin

A=

)

Then, the expression (2) could be been wrote like (6).

(6)

Here we can see that the critical stress is a func-
tion of both a physical-mechanical property of the ma-
terial £ and a geometric characteristic of the element 4,
where E represents the constant of proportionality and
is applicable under stresses that not exceed the pro-
portional limit, for this reason, Euler formula is appli-
cable only for stresses that do not exceed the propor-
tional limit of the material.

From the expression (6) it is possible to obtain
the inequality (7), whose right side represents a physi-
cal-mechanical characteristic of the material known as
“limiting flexibility” (A} )-

E
A>T [— = Nip.
Gpl

Therefore, if we compare the slenderness of
the element with the limiting flexibility of its material
and when A is higher than Aj;;,, then the buckling will
occur in the elastic region and the Euler formula is ap-
plicable, otherwise buckling will have a plastic beha-
viour [22].

We experimentally have determined the physical-
mechanical characteristics of eucalyptus, including

(7

700 +

. Euler
Johnson (E;)
(E3)

500 +

»
o
<3

Stress, o, [kgf/cm?]

w
o
<)

-
Johnson

200 + (E,)

100 +

the value of the “limiting flexibility”. The results are
shown in the Table 4.

Table 4
Experimental results for limiting flexibility of eucalyptus

Mechanical properties of eucalyptus wood
under compression parallel to the grain

Modulus of  Proportional Limiting

elasticity limit flexibility
E, kgf/cm? op1, kgf/em? Mim
Minimum 42210.42 277.61 39
Intermediate 79 442.47 296.30 52
Maximum 117 781.86 329.13 59

The Euler formula for “intermediate-slenderness”
elements will predict very high values of critical force
that do not reflect the failure load seen in practice.
To account for this, a correction curve is used for these
elements. The J.B. Johnson formula has been shown
to correlate well with real buckling failures [23], and is

given by the equation (8) [24; 25].
1 (aam 4\
Ocr,j = Oadm — E (% ' )\) . (8)

Based on the results of the laboratory tests, the stress-
slenderness graph (Figure 6) has been prepared, where
the Euler and Johnson curves are indicated for the mini-
mum, intermediate, maximum and mean value of
the MOE. Consequently, from the graph the magnitude
of the limiting flexibility of eucalyptus has been de-
termined as Ajim = 57.5.

Minimum E1 42 210.42 kgf/em?

Intermediate E. 79 442.47 kgf/cm?

Maximum Es 117 781.86 kgf/cm?

Mean value Em 79 811.58 kgf/cm?

Euler

10 20 30 40 50

Tt
60

70 80 90 100

Slenderness, A

Figure 6. Stress-slenderness graph for eucalyptus wood
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Conclusion

According to [10; 11] the mechanical properties
(MOE and MOR) of eucalyptus wood under compres-
sion parallel to the grain showed a strong correlation
with the basic density and the linear and volumetric
contractions of the tree.

A total of 41 samples were tested. Based on the tests
and the calculations different magnitudes of limiting
slenderness have been determined, i.e. from formula (7)
we have three values 39, 52 and 59 and 57.5 from the Fi-
gure 6 for the average value of the MOE. As we know,
the Euler formula for “intermediate-slenderness” elements
will predict high-values of critical force. For this rea-
son and safety, we consider that the greater value of
limiting slenderness should be assumed. This is 59.

In this experimental investigation, the following
mechanical properties of eucalyptus globulus were ob-
tained (Table 5).

Table 5

Mechanical properties of eucalyptus globulus wood

Static bending
Modulus of elasticity E 104 180.68  kgf/cm?
Proportional limit Opl 517.47 kgf/em?
Ultimate strength Oy 800.46 kgf/em?
Compression parallel to the grain
Modulus of elasticity E 79 811.58  kgf/em?
Proportional limit Opl 301.01 kgf/em?
Admissible stress Oadm 431.90 kgf/cm?
Limiting flexibility Mim 59

Although some research has been performed on
relevant eucalyptus species, the mechanical behaviour
of Eucalyptus wood is far less known compared to
other woods [5], e.g. pine or bamboo [22; 26-32].

In this investigation was determined a novel data
about the limiting flexibility or so-called “critical slender-
ness ratio” for eucalyptus globulus, and it could be con-
sidered Aim = 59. However, there are required more
researches about the physical-mechanical properties
of the eucalyptus.
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B Hacrosimee BpeMsi BO3BpallaeTcs HHTEPEC K MPOSKTUPOBAHUIO U IIPUMeE-
HEHHIO 000JIOUEYHBIX KOHCTPYKIUHA B apXUTEKTYpE U CTPOUTENbCTBE. B cBs3m ¢
IIOSIBJICHHEM COBPEMEHHBIX KOMITBIOTEPOB, YTOUHEHHBIX METOJOB pacyera 000-
JIOYEK, HOBBIX CTPOUTENBHBIX MaTe€pUasoB, pa3BUTHEM I depeHIanbHol reo-
MeTpHU ¥ OYypHBIM POCTOM YHCJIEHHBIX METOJOB paciyeTa BO3HHUKIIA BO3MOXKHOCTh
CO3/1aBaTh apXUTEKTYpHbIE MIENEBPbl U3 000JI0YEK KAHOHMYECKMX Y HEKaHOHU-
4ecKkuX (OpM, KOTOPBIE CTAHOBSATCSI BU3UTHON KapTOUKOW TOpPOAa IIM CTPAHBI.
OTa NpOSIBISIOMIASACS TCHICHLUS Yy MOJIOJIBIX POCCUHCKUX U 3apyOEkHBIX CIie-
LOUAJHCTOB BHYIIAET ONTHMHU3M YUEHBIM, YbH HCCIIEAOBAHUS CBSI3aHBI C TOHKO-
CTEHHBIMHU 000JI0UKaMH. B cTarhe paccMOTpPEHbI HEKOTOpPBIE UTOTH PabOTHI Jie-
IapTaMeHTa CTPOUTENLCTBA VHKeHepHOH akajgeMun POCCHICKOTO YHUBEpPCHTE-
Ta Jpy>KObI HAPOJIOB MO TPHUBJICYEHUIO CTYJCHTOB K apXUTEKTYPHOMY MPOCKTH-

POBaHMIO 1 BOBJICYCHHUIO MaruCTPaHTOB B HAyYHbIE MCCIEIOBAHUS MO0 ApPXUTEK-
Type, TEOPUU pacyeTa TOHKOCTEHHBIX IPOCTPAHCTBEHHBIX KOHCTPYKIMI M HX
MIPUMEHEHHUIO B CTPOMTENbCTBE M apxurekrype. [IpuBoaarcs myOnukanuu cry-
JEHTOB I10 PAacCMaTPHUBAEMOMY HAIPaBIICHUIO.
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cTeil, y4eOHBII IPOIIecC B MaruCTPaType

BBenenue BpaIlleHUs U IIepeHOca OOBIYHO HA3BIBAIOT KAaHOHHMYE-
ckuMH ToBepxHOCTIMHU. OO0TOUKH, OUEPUCHHBIE 110
JPYTUM TIOBEPXHOCTSIM, HAa3bIBAIOT 000JIOYKAMH He-
KaHoHHYeCKOH Gopmbl. B 1960-¢ rr. 3aBemyronuii
kadenpoil conpotuBiecHus marepuanoB Y JH nmern
I1. JlymyMOBI, TOKTOp TEXHUYECKUX HAYK, Tpodeccop
B.T". Pexau co3gan Hay4HYIO KONy MO pacyery TOH-
KHX 000JI0UeK HEKaHOHUIECKOU (POpMBI, KOTOpast akTy-
albHA M B HACTOSIIIIEEC BpEeMs B JICTIAPTAMEHTE CTPOU-
tenscTBa UHxkeHepHoi akagemuu PYIH [1].

Opnako mocite 1963 T. BOIIPOCH! MPUMEHEHUS TOH-
KOCTECHHBIX OOJIBIICIIPOJICTHBIX 000JI0YEK CTaIi CTABUTh-
csl o, COMHEHUE. TeM He MeHee C MOSBICHUEM yTO4-

Kyrmona, cBoibl U HaBechl BIEpBble OBUIM CKOH-
CcTpyHupoBaHsl eule B CpefHre Beka U MOIyYHIN pac-
MIPOCTPaHEHHNE MO BCEMY MHUPY, HO BaKHBIE HHXKEHEP-
HBIE peIleHHs, YTOUHEHHBIE pe3yJIbTaThl pacyera U Me-
TOJMKH BO3BEJCHUSI TOHKMX OOJBLICTIPOIETHBIX 000-
JIoueK nosiBUIIUCH B iepuoA ¢ 1920 mo 1963 r. B To Bpe-
Msl Y Y4EHBIX HE ObIJI0O COMHEHHMH, YTO 3TH KOHCTPYK-
MU HAMIyT MIMpOKoe MpuMeHeHre B Oyaymem. Konu-
YecKue, LIINHIPAIECKHE TTOBEPXHOCTH, TOBEPXHOCTH
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HEHHBIX METOZIOB pacdera 000J0UYeK, a TaKKe HOBBIX
CTPOUTENFHBIX MAaTEPUAIIOB, C pa3BUTHEM TUPepeH-
UaJIbHOM TeOMETPUH U YHCICHHBIX METOJIOB pacyera
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MHTEpeC K MPUMEHEHHIO 000JI0UeK B apXUTEKType U
ctpoutenbeTBe B X XI B. cran yBenmuuuBarbes. Kadenpa
MPOYHOCTH MarepuasioB U KoHCTpykimit PYJIH Huko-
rZla He TpeKpaliaia UcClieOBaHui B 3Tol obnactH [2].

Bce Gounblie cTyA€HTOB CTald WHTEPECOBATHCS
BOIIPOCaMHM HCIIOJIb30BaHUS 000IOUEUHBIX KOHCTPYK-
LU U COOPYXKEHUI B CBOMX JMIUIOMHBIX MPOEKTaX,
MO3TOMY OBUIO PEIICHO CO3AaTh MAarucTparypy MO TMOA-
TOTOBKE CIELMAINCTOB IO ApXUTEKTYpPE, FEOMETPHUHU
U pacueTy OONBIICTIPOJICTHBIX TPOCTPAHCTBEHHBIX CTPYK-
Typ 1 obonoyek [3]. B momomis MarucTpanTam coTpya-
HHMKaMH, [IperojaBaTesiMi U mpodeccopaMu Aenap-
TameHTa crpoutenscTBa PY/IH ObUTH TOATOTOBIIEHBI
MOHOrpahuu, yIeOHUKH U 0030pHBIC CTaThU, HAMPH-
Mmep [4-6].

PaccmoTtpum HekoTopble UTOrH padoTHI AenapTa-
MeHTa crpoutenbeTBa PYJTH no npuBniedeHuto cTyaeH-
TOB B apXUTEKTYPHOE MPOEKTHPOBAHUE W BOBIICUCHHIO
MariucTpaHTOB B Hay4yHBIE HCCIEAOBAHUS MO apXUTEK-
Type, TEOPHH pacueTa TOHKOCTEHHBIX MPOCTPAHCTBEH-
HBIX KOHCTPYKIMH M MX MPUMEHEHHIO B CTPOHUTEIb-
CTBE U apXUTEKTYPE.

1. [IapameTpHryeckasi apxuTeKTypa

ITapameTpuueckast apXUTEKTypa — HOBBIN CTUJIb B
apXUTEKTYpE, OCHOBAaHHbBIN HA aHATUTUYECKUX METOAAX
3a71aHusl TIOBEPXHOCTEN, MAaTEMATUYECKOM U KOMIIBIO-
TEPHOM MOJICIMPOBAHUU. DTOT CTHJIb CHOPMHUPOBAII-
csa B Hayasne XXI B. CaMbIMH M3BECTHBHIMU apXHUTEK-
TOpaMu, pabOTAaBIIMMHU B 3TOM CTHIIE, CUMTAFOTCS 3axa
Xamun u Ilatpux [lymaxep.

N
\\\ \\*\\\\;\\\
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Puc. 1. [TapameTprueckast apXuTeKTypa: GparMeHTHI
JUIUIOMHBIX JUCCEPTAlUil MarHCTPaHTOB-apXUTEKTOPOB
[Figure 1. Parametrical architecture: fragments of
diploma papers of Master’s Degree students in Architecture]
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DTO HalpaBJICHHE TOJIL3YETCs OOJBIION TOMYJISp-
HOCTBIO CPeIl MaruCTPAHTOB-apXUTEKTOPOB. MU ObII
onyOJIMKOBaH PsAIl HAYYHBIX cTaTtel [7; 8] m 3ammie-
HO HECKOJIbKO MaruCTepCKuX amccepranuii (puc. 1).
Jns pacmupeHuss Kpyro3opa CTyIEHTOB IMperoiaBa-
TeNW AemapTaMeHTa TakKe OBLTH BOBJEUEHBI B HC-
CIIeI0OBaHUS 10 3TOH TemaTuke [9].

2. buoHnyeckasi apxXuTeKkTypa

«ApxuTekTypHasi OMOHWKA — HOBOE SIBJICHUE B ap-
XUTCKTYPHON HayKe M MPAKTHKE, U3y4aeT 3aKOHbI (Hop-
MUPOBaHHS U CTPYKTYPOOOPa30BaHUs KUBBIX TKaHEH,
3aHMMAETCS] aHAIIM30M KOHCTPYKTHBHBIX CHUCTEM YKH-
BBIX OPTaHWU3MOB IO TPHUHIHUITY 3KOHOMHUH MaTepua-
J1a, DHEPTUH U 00eCTIeUueHUs HAJS)KHOCTI [5].

e — i~

Puc. 2. buonnueckas apxuTeKTypa: IIpuMep
13 TUIIOMHOM HCCEePTAlMU MaruCTpaHTa-apXUTEKTopa
«YuacTok xuioro paiiona B bpecre» [8]
[Figure 2. Bionic architecture: an example
from a diploma paper of Master’s Degree student in Architecture
“Fragment of residential district in Brest” [8]]

OT0 apXUTEKTypHOE HaIpaBIE€HHUE BOIUIOLIEHO BO
MHOTHX 3[JaHUAX M COOPYKEHHIX MHpPa, IO3TOMY MOJIO-
IIble MarvuCTpaHThbl, UMEsl HAIJLIOHBIC IIPUMEPBI, CTapa-
IOTCSI TIPUMEHATh METO/IbI OMOHUYECKON apXUTEKTYPHI
B CBOMX MPOEKTaX (pUC. 2) U MPEACTABIISIIOT CBOH pas-
paboTKK Ha HaydHBIX KoH(pepeHnusx [10; 11]. Yuu-
ThIBasl 3TO, IPENIOAABATENH IEMapTaMEHTa IIOMOIal0T
UM, yOJIMKYsI CBOM PE3yJIbTAaThl UcclieaoBanuit [12].

3. ToHKkocTeHHbIe 00JIbIIENPOJIETHEIE
CTPYKTYPbl HEKAHOHU4ECKO# (popMbI

B nemaprameHTe cTpouTeNbCcTBAa pabOTAIOT He-
CKOJIBKO TperojaBareneil — MpeacTaBuTene HayqHol
LIKOJIBI IO pacyeTy TOHKUX 000JI0YEeK HEKAaHOHUYECKON
(OpMBI, TIOITOMY CTYACHTHI, €iie o0ydasch B Oaka-
naspuare Muxenepnoii akanemun PY/IH, BeiOuparot
TEMY HCCIIEJOBAHNN IO CBOEMY JKEIAHHUIO.

3.1. Iquknuueckue 060104KU

Joxrop TexHMueckux Hayk, podeccop B.H. UBa-
HOB SIBJISICTCS M3BECTHBIM CICIHAIMCTOM II0 T€OMET-
pUH M CTAaTHYECKOMY pacueTy MUKINIEeCKUX 000J10-
yek [13], To ecTh 000JI09€eK, CPEAMHHBIC TOBEPXHOCTH
KOTOPBIX OOpa30BBIBAIOTCS JBMIKEHUEM B MPOCTPaH-

THEORY OF THIN ELASTIC SHELLS
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CTBE OKPY>KHOCTHU TOCTOSIHHOTO WJIM MEPEMEHHOTO pa-
Jyca. MaricTepckue IUCCEPTaliH, BBITOIHEHHBIC MO/
€ro PyKOBOJICTBOM, OTJIMYAIOTCS] OPUTUHAIBHOCTBIO U
MPaKTHYECKON HANPaBIeHHOCTHIO (puc. 3) [14; 15].
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Puc. 3. [lukandeckre 000JI0YKU: IPUMEPEI
U3 JUIUIOMHBIX JIMCCEPTALUi MArHCTPaHTOB-CTPOUTENCH
[Figure 3. Cyclic shells: examples from diploma papers of
Master’s Degree students in Civil Engineering]

3.2. ITogepxnocmp Monoica

Pe3nyro nmoBepxHocTh MoOHka MOKHO MOCTPOUTH
KHHEMAaTHUYECKUM METOJIOM KaueHHs 0€3 CKOJIBKCHUS
IUIOCKOCTH C TUIOCKOH JIMHUEH MO pa3BepTHIBAIOLICHCS
noBepxHoCTH. [IpocTeifium npuMepoM MOBEPXHOCTHU
Momka CITyKUT TIOBEPXHOCTh BPAIICHHS, KOTOPYIO MOX-
HO paccMaTpUBaTh KaK BBIPOXKICHHYIO MOBEPXHOCTH
Momnzka. Ilox pykoBoacrsoM B.H. IBaHoBa cTyAeHTHI uc-
CIICIYIOT 3TH KMHEMaTHYeCKUe ToBepXHOCTH Momka [16]
U TBITAIOTCA HAUTH UM NMPUMEHEHUE B apXUTEKTYypeE.
B nmanpHeiimeM HEKOTOpBIE CTYAEHTHI MPOJOIDKAIOT
WCCIIEZIOBAaHMUS B acCTIMPAHTYpe, Pa3BUBAs Pe3yJIbTaTHI,
MoJTy4eHHbIe X pykoBoguTenem [17].

3.3. Bunmoegule u cnupansHbsie 000104KU

O06omoukn B (hopMe BHHTOBBIX M CIUPATBHBIX TI0-
BEPXHOCTEH UCCIICMYIOTCS TOKTOPOM TEXHUYECKUX HAYK,
npodeccopom C.H. Kpuomanko [18] u ero yueHuka-
Mmu [19; 20], koTopsle Takxke paboTatoT B UHxkeHep-
Hol akajgemuu PYJIH, noaToMy MarucTpanTsl UMEIOT
0OJBINON BEIOOpP TEM MO MCCICIOBAaHUIO TOHKHX 000-
Jo4YeK B (hopMe BHHTOBBIX M CIIUPAIBHBIX IMMOBEPXHO-
crelt (puc. 4). CBou pe3yIbTaThl CTYICHTHI TOKIaIbI-
BaJIM HA HAyYHO-TEXHUYCCKUX KOH(EPEHIMSIX U my0-
JIMKOBAJU B HAYUHBIX CTaThsX [21; 22].

TEOPUA TOHKIX OBONOYEK

Puc. 4. Mozenu tuHed4aThIX BUHTOBBIX IIOBEPXHOCTEH
[Figure 4. Models of ruled helical surfaces]

3.4. Tonozpagpuueckue nosepxnocmu

3amaHre MOBEpXHOCTEH aHATMTUIECKUMHU (HopMy-
JIAMA VUTH YMCIIEHHBIMH OTMETKAMH MOKET HCIOJIB30-
BaThCSl HE TOJIBKO B apXUTEKType U CTPOUTEIHCTBE,
HO U B Mapkieiaepckom aene [23]. HekoTopsix cTy-
JICHTOB, OOYyYarIIUXcA B CrieuanuTeTe «MapKiei-
JIEPCKOE JIeNI0», 3aMHTEPECOBBIBAIOT CIIOCOOBI MTOCTPOE-
HUSI TOMOrpa)MuecKUX U HETPEPHIBHO-TOMOrPAITICCKUX
TIOBEPXHOCTEH ITPH IMOMOIIY KOMITBIOTEPHOTO MOJIEIH-
poBaHus [24] wim anmpoKcuMaIus penbeda H3BecT-
HBIMH aHAJIMTUYECCKUMHU TOMOTPa(UUSCKUMHU TTOBEPX-
HOCTSIMHU.

3.5. Topcoevie ob60onouxku

[IpobnemamMu CTaTHYECKOTO pacueTa TOPCOBBIX
ob6omnouex B PYJIH cranm 3aHUMAaThCS MO PYKOBOJ-
ctBoM npodeccopa B.I'. Pexaua B 1964 1. [2]. Bouiu
3alMIICHB] ECTh KAaHTUIATCKUX U OJHA JOKTOpPCKAast
nuccepranuu. JInHeiuaTple CpeIMHHBIE TOBEPXHOCTH
3THX 000JIOUEK MOTYT ObITh Pa3BEPHYTHI Ha IIOCKOCTh
0e3 pa3pbIBOB U CKIANOK [4; 25]. TopcoBbie u3nenus,
MOJTyYeHHbIE MapaboNMIecKUM HM3THOAHUEM TOHKOTO
METAJUTMYECKOTO JIUCTA, HAILIA MIPUMEHEHHE B CYAO-
CTPOCHUU U MamuHOCTpoeHuu. OJHAKO TPUMEPOB
peabHOTO IPUMEHEHHS 3TUX 000JIOYEK B CTPOUTEINb-
CTBE W apXUTEKType HEe OOHapYy>KEHO. YUHTHIBAS TIO-
JIE3HBIE CBOMCTBA TOPCOBBIX MOBEPXHOCTEHN, MOJO/bIE
HCCIIEeIOBAaTENN MPEeAaraloT CBOM PEKOMEHIAINH IO
CO3/IaHHIO0 TOPCOBBIX CTPOMTENBHBIX KOHCTPYKIIHH U
ux pacuety [26].

4. ToHKOCTeHHbIe 00JIbIIENPOJIETHbIE
CTPYKTYPbl KAHOHHYECKOH (DOPMBI

He yrpatnmm cBoeli akTyaaIbHOCTH U 000JIOUKH Ka-
HOHHMYeckuX popM. CucreMa MUITHHIPUIECKUX POPM,
WM Tpymma GpparMeHToB cheprdecKoil (OopMBbI, HIH yC-
TaHOBJICHHBIC OTPEICIICHHBIM 00pa3oM KOHHYECKHE 000-
JIOUKH CO3MIAI0T OYEHb BBIPA3UTENBHBIC apXUTEKTYPHbIC
00pas3bl, KOTOpbIE MOKHO YBHIETh B PEAIbHBIX COOPY-
xeHnsix. OHU CTaJM BU3UTHBIMH KapTOYKAMH COOTBET-
CTBYIOUIUX TOPOJIOB M CTPaH, IIO3TOMY MOJIOJICKb HE
TepsieT K HUM HHTepec.
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Tunapwr 6narogaps cBouM MeToaukaM (Hopmoo0-
pa3oBaHMUs, apXUTEKTYPHOU BHIPA3UTEIILHOCTH M XOPO-
o pa3pabdoTaHHBIM METoJIaM pacuera OyIyT Bcerna
MCIIONB30BaThCSl MHXKEHEpaMH U apxXuTekropamu. Eske-
rogHo Maructpel MuxenepHoit akagemun PYJIH BbI-
OMparoT B KAYECTBE OCHOBBI CBOCH JIHCCEPTAIIH THITEP-
Gonmyeckue napadbosouas! (pyc. 5) WK IUTaHUPYIOT UX
UCIIONTb30BaTh B CBOMX JAIBHEHUIIHNX pa3padoTkax [27].

Puc. 5. 'unap: npumep 3 JUIIIOMHOM JuccepTanuu
MarucTpanTta-crpoutesst (3CKU3 U pacuerHast cxema st MKD)
[Figure 5. Hypar: an example from a diploma paper of
Master’s Degree student in Civil Engineering
(a draft and a calculated diagram for FEM)]

5. OnTuManbHbIe 000109KH BpalleHUus!

CpaBHUTENBHO HEABHO B JENapTaMEHTE CTPOU-
TenbeTBa MHkenepHoii akagemun PYJIH cranu pa6o-
TaTh HaJ MOMCKOM ONTUMAJIBHBIX 000JI04EK BpalleHHs
B 3aBHCHMOCTH OT IPHJIOKEHHOM BHEIIHEH Harpy3Ku
[28; 29]. CTyneHThI 3aMHTEPECOBAINCEH 3TOW TEMATHKOM
Y IPUHUMAIOT y4yacTue B ee pazpadotke [30].

6. MaTepuaJbl 151 TOHKOCTEHHBIX
00JIbIIENPOJIETHBIX CTPYKTYP

Bravasne npoekTupoBaHUs TOHKOCTEHHOI'O 00BEK-
Ta 0053aTEILHO BCTAHET BOMPOC O BBIOOpE €ro (hopMbl
W MaTtepHaa Jjis CTpouTeNnscTBa. HecMoTpst Ha orpom-
HBIN ACCOPTUMCHT HOBBIX CTPOUTCILHBIX MAaTCpUAJIOB,
CTYJICHTHI B OCHOBHOM IPEANOYUTAIOT MeTaj, OCTOH,
JIEPEeBO U peke KOMIO3UTHI WU MOJHMEpPHBIE MaTe-
pHabL.

B oMok cryaeHTam npernoaBaTeasiMy ObLT MO
TOTOBJIEH P57l 0030PHBIX CTaTeH MO 3MaHUSIM, COOPY-
KCHUSIM M KOHCTPYKIIUSIM, BBIMOJHEHHBIM U3 Hanbo-
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Jiee UCIOJIb3YEMbIX CTPOUTENBHBIX MaTepuaios [31; 32].
Hekortopsie 0030pbl OBIIM COCTaBICHBI CTyACHTA-
mu [33-35].

7. BeIBOJbI

Co3aHne MarucTpaTypsl o HarpasieHuto «Crpo-
UTENBCTBOY, CHENUANN3ALMS «APXUTEKTYypa, TEOMET-
pus U pacdeT OOJBIIETIPOTIETHBIX MPOCTPAHCTBEHHBIX
CTPYKTYp» U IO HalpaBICHHUIO «APXHUTEKTypa», clie-
nuann3anus «ApXUTEKTypa 34aHUM U COOPYKEHUH.
TBopUeckre KOHLENLIHUH apXUTEKTYPHOU AESITEIBHO-
cti» B UmxkenepHoit akagemun PY/IH oOycrnosneno
CErOAHAIIHUMY TEHJCHIUSMY B Pa3BUTUU COBPEMEH-
HOT'O apXWUTEKTYPHOTO CTHIIA — Xail-TeKa, OJULETBOPS-
IOIIETO «HOBAaTOPCKYIO apXUTEKTYpy» M IpPEeTeHIYIO-
uiero Ha nfomuHupoBanue B XXI B.

Puc. 6. CTyneHTBI-apXUTEKTOPHI HIKEHepHOTo (axynsrera PYIH
Ha MeXIyHapoIHOH HayYHOH CTyJeHYECKOi KOH(pEpEHINH,
2013 r., Kues, Ykpauna
[Figure 6. Students-architects of the Engineering Department of
RUDN University at the International scientific student conference,
2013, Kiev, Ukraine]

Puc. 7. ActiupanTs! u crynentsl PY/IH.
BBII, IX Bcepoccuiickas BeictaBka HTTM-2009, MockBa
[Figure 7. Postgraduates and students of RUDN University.
VDNH, IX all-Russian exhibition NTTM-2009, Moscow]
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OrtpacneBoit xypHan «CtpoutenscTBo» B Ne 3 3a
2016 r. oTMEUaeT, YTO «CTPOUTEIBHBIM KOMIIAHUSIM,
apXUTEKTypHBIM Oropo 1 mpoekTHeiIM HUW Briopy mpu-
CMOTPETHCS K CTyA€HTaM MarucTparypbl. JTO IITYY-
HBIE CTICHUAIMCTHI, TOIyYaolue YHUKAIbHOE 00pa-
30BaHUE MPAKTUYECKN B UHAWBHIYAIBHOM IOPSIKE».
MarucTpaHThl ¢ yBI€4eHHEM paboTaloT Haja mpobiie-
MO BHeApeHHs: 000JI0YEeK B CBOMX CTpaHax M TOpO-
nax. Crynentka Mapust Canex 3aBoeBaja IepBoe Me-
CTO B KOHKypce MoJoabix yueHbIX PYJIH ¢ npoexktom
«IIpuMeHeHne KOHCTPYKUMH ceTyaThix 00osouek B (op-
MOOOpa30BaHUM TPOTPECCUBHONW apXUTEKTYphD» [8].
E. TynukoBa npejyioxuiia BApUaHT CIOPTUBHO-Pa3BIIe-
KaTelIbHOTO KOMIIJIEKCa ¢ TpeMsl MHHOBAIMOHHBIMU
o0omno4ykamu B popMe BeTapouAaIbHON OBEPXHOCTU
U ABYX 30HTHYHBIX U CTaja MoOeAuTesIeM B KOHKypCe
YMHUK-M®TU. I'pynmoit ctyaeHToB pazpaboTaH mpo-
eKT OpUTHHAIBFHOH KOHCOJILHOW aBTOMOOWIIBHOW 10-
POTH K YaCTHOMY JOMOBJIaIEHHIO B MOCKOBCKOH 00-
nacTH. MOYXHO NPUBECTH €IIe JECATKA OPUTHHAIBHBIX
peleHnii B 00IacTH apXUTEKTyphl U CTPOHUTENBCTBA,
MPEATOKEHHBIX MarucTpantamu. OHM C yJOBOJBbCTBH-
€M Y4JacCTBYIOT B MEXIyHapOJHBIX CTyJCHYECKUX Hay4d-
HBIX KOH(EpeHIHsIX (pHc. 6) 1 pa3IMIHbIX KOHKypcax

(puc. 7).

3akioueHne

OnbIT paboTHI IBYX MarucTpatryp apxXuTeKTypHO-
CTPOHTENHHON HANPAaBICHHOCTH MOKa3bIBAET, YTO TEMa-
THKa, CBA3aHHAs C MIPOEKTHPOBAHMEM M PacyeToM Ha
MIPOYHOCTh U YCTOWYUBOCTH OOOJOUCUHBIX OOJIbIIE-
MPOJIETHBIX CTPYKTYD, BBI3BIBAET OOJBILIONW HHTEPEC Y
MOJIOABIX POCCHMCKHUX U 3apyOEkKHBIX CIICLIHAINCTOB,
YTO BHYIIAET ONTHUMM3M YUYEHBIM, UYbH HCCIICAOBAHUS
CBS3aHbI C TOHKOCTEHHBIMH O0OJOYKaMH, U HaIEKIy
Ha BO3pOXKICHHUE 3apoca Ha CO3JaHNe 3TUX CTPYKTYP
[36; 37]. ABTOp MONHOCTBIO COTJIACEH C MHEHUEM IPO-
deccopa A.JL. Xetidena u coarT. [36], 4TO «co3qaHKe
(opM Ha OCHOBE AaHATUTUYECKUX MOBEPXHOCTEH SIBIIS-
€TCsl CPaBHUTEIBHO HOBBIM aKTYyaJIbHBIM HaIPaBICHUEM
B KOHIENTYaJIbHOM AapXUTEKTyPHOM IPOCKTUPOBAHUM.
TpeOyetcs nanbpHeias HayyHas ¥ METOMYecKas po-
paboTKa HOBOI'O HAIpaBJIeHHs IPUMEHHUTENBHO K IIPaK-
THKE IPOEKTUPOBAHUS U yUEOHOMY IIPOLIECCY».
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Abstract

At present, there is a renewed interest in the design and application of wall
structures in architecture and construction. With the advent of modern computers,
refined methods for calculating shells, new building materials, the development
of differential geometry and the rapid growth of numerical methods of calcula-
tion, it became possible to create architectural masterpieces from shells of canoni-
cal and non-canonical forms, which can be the hallmark of a city or country. This
emerging trend among young Russian and foreign specialists inspires optimism
among scientists who are researching thin-walled shells. The article considers some
results of the work of the Department of Civil Engineering of the Engineering
Academy of the Peoples’ Friendship University of Russia on attracting students
to architectural design and involving undergraduates in researches on architec-
ture, the theory of thin-walled spatial structures and their application in construc-

University. Structural Mechanics of Engi-
neering Constructions and Buildings. 2020;
16(3):233-240. http://dx.doi.org/10.22363/
1815-5235-2020-16-3-233-240 (In Russ.)

tion and architecture. The publications of students in this field are presented.

Keywords: shell, shell architecture, conceptual architectural design, optimal
rotation shell, analytical geometry, analytical surfaces, surface shaping, educa-
tional process in the master's program
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