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AHHOTALMUA. MNnockas ctatudeckn onpegennvas depma c napannenbHbIMY NosicaMn UMeeT KpecToobpasHyto peLLeTKy 1
onvpaeTcs Ha ABe HeMoABWXHbIE LLapHUPHbIE onopsbl. Lienbio aaHHoW paboTel siBnseTcs pacyeT pepMbl C pasHbIM YACITOM
naHenemn n B aHanuTU4eCcKon 1 YUCNEHHOW hopme. YCUnus B CTEPXKHAX ONpeaensoTcsl B CUMBObHON (hopMe METOAO0M Bbl-
pe3aHus y3rnoB C UCMOMb30BaHNeM CUCTEMbI KOMMbIOTepHOW MaTemaTrkv Maple. [1ns npoBepku peLleHrs ncnonb3yercs Ko-
HEYHO-3M1eMEHTHbIN pacyeT no nporpamme LISA 8.0. 3ameueHo, 4YTo Npy HEYETHOM YKCHe NaHenen hepma KMHemMaTu4ecku
n3meHsiema. NprBeaeHa COOTBETCTBYHOLLAA CXeMa BO3MOXHbIX CKOpPOCTen. [Ins nonyyeHns aHanuTn4eckon 3aBMCcMMOCTH
npormba oT Yucna naHenen MCnonb3oBaH MeTod UHAYKUuM n popmyna Makceenna-Mopa. [ins onpeaenexusi obwmx yne-
HOB MocrnefoBaTenibHOCTeN KO3 ULMEHTOB 3aeiCTBOBaHbI ONepaTopbl COCTaBMNEHUS U PELLEHNS PEKYPPEHTHbBIX ypaBHe-
HWIA. MonyyeHbl popMyrnbl ANSt yCUnuii B Hambornee cxaTbiX CTEPXKHAX (hepMbl.
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ABSTRACT. A flat statically determinate parallel-chord truss structure has a cross-shaped grid and rests upon two rigid
pin-bearing supports. Loads in bars are determined in a symbol form using the method of joint isolation by the computer
mathematics Maple system. The peculiarity of the considered truss structure is its external static indeterminacy. In fact, all
efforts and reactions of supports can be determined from the equilibrium conditions. But the inconvenience is necessary
to consider the equilibrium of all the nodes of the truss. The Ritter cross-section method is not applicable to this truss
structure. The sections that cut the truss into two parts and pass through the three rods, here exist only for several rods of
the extreme panels. The purpose of this paper is to calculate a truss structure with a different number of panels in analytical
and numerical form. Finite element calculation method with the use of software LISA 8.0 is applied. It's noted that a truss
structure is kinetically changeable when the number of spans is odd. The corresponding plan of probable velocities is given.
In order to receive analytic dependence of deflection on the span number, the induction method and Maxwell-Moor formula
has been applied. The operators of the compilation and solution of recurrence equations are involved in determining the
general terms of the coefficient sequences. The formulas for calculation of loads in the most compressed bars of a truss
structure were received.
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CyH.[eCTByIOTpaSJ'II/I‘IHBIe OAXOAbI K OIITUMHU3AIIUN IS 0oJiee TOYHOTO BLI60pa ONTHUMAJIBHOI'O PCIICHUS,

CTEpKHEBBIX KOHCTpYKIMHA. B mocnennee Bpems OypHO
pasBuBaroTCs HelipoceTeBble Mojenu [1], renernueckue
anroput™Msl [2—10] 1 MeTOABl TUHEHHOTO MPOrpaMMHU-
poBanus [11]. Ilpu 3TOM OCTaroTCsl aKTyalbHBIMH pac-
YeT ¥ ONTHMH3AIMS Ha OCHOBE TOUHBIX aHATUTHYCCKIX
penieHuii. M3BecTHO, UTO MOITyYeHHE TOUHBIX (HOPMYI
C MIMPOKNM JANAra3oHOM IPHMEHEHHUs, HeOOXOAUMbIM

© KupcaHoB M.H., CyBopos A.l1., 2017

BO3MOYKHO UTS PETYIBIPHBIX TIepHOIIUeCcKuX Gepm [12]
C WCIIOJIBb30BAaHMEM METO/Aa MHIYKIMH U CHCTEM CHM-
BONBHBIX TpeoOpa3oBanmii [13—19]. 3amedeHo Takke,
YTO JJISI HEKOTOPBIX MEPHOANYECKUX KOHCTPYKIHUH Cy-
IIECTBEHHBIM (DAaKTOPOM SIBJISETCS] YETHOCTh UYHCIIA T1a-
HeJIeH WK ISTMMOCTD 3TOTO YHCIIA Ha HEKOTOPOE YHCII0
win gucna. I oJHMX dYuceN MaHelned KOHCTPYKIHS
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KMHEMaTHYEeCKU HEeU3MEHsIeMa, JUIs IpyTUX OHa IpeBpa-
IIaeTCs B MTHOBEHHO M3MEHAEMBIN MexaHu3M [20-24].
B mociennem cimydae HEOOXOAMMO 3aMEHHUTH pacdeT-
HYIO MOJIENTh KOHCTPYKIIUH C MIapHUPAMH, JJIsI KOTOPOH
MOYKHO TTOJTYYHTh aHAJTUTHYECKOE PEIIeHIe, Ha (hepMy ¢
JKECTKUM COCIMHCHUEM CTeP)KHEH B y3JIaX M PacCUUTHI-
BaTh MOCJEHIO YK€ YHCIEHHO C MPUMEHEHHEM CIie-
LMATN3UPOBaHHBIX Tporpamm. [Ipumep Takoro pacuera
TMIPE/ICTABIICH B HACTOSIIIEH padoTe.

Jlnst uccnenoBanus ObuTa BeIOpaHa (epma, Tormo-
JIOTHS KOTOPOW MoKazaHa Ha puc. 1. depma cocTouT u3
JBYX THIIOB TTaHENEH: KpaeBBIX W IIEHTPANbHBEIX. J[Be
KpaeBbIe TAHETH PACIoJararloTcs MO KpasM (epMBI
MMEIOT 110 YeTHIPE CTEPIKHS U HETIOIBIKHYIO IIapHUP-
HyI0 onopy. LleHTpaibHbIE MaHeIH TakKe UMEIOT MO
YeThIpEe CTEPIKHS: J[BAa TOPU3OHTAIBHBIX CTEPIKHS I10-
SICOB U JIBa packoca. Packochl pacronoKeHbl B pa3HbIX
IUIOCKOCTSIX W HE COCAMHCHBI MKy coOoi. llenbio
JIAHHOW paboThI sIBIsieTCs pacdeT (epMbl C Pa3HbIM
YUCJIOM IHaHeJled 7 B aHAJIUTHUYECKOHM M YHUCIEHHOM
¢dopme. Ha puc. | mokazana gepma C MECThIO TTAHENS-
Mu. Ecim neHTpanbHBIe TAaHEeTH OTCYTCTBYIOT, TO TIO-
JTy4anM (pepMy ¢ BCETo ABYMsI MaHEISIMH.

[MonHeli nposiet (hepMbl BBIYHUCISETCS MO JUTHHE
BEPXHETro Mosica ¥ IpUHUMaeTcst paBHbIM L. Takum 06-
pa3oM, JUTMHA OJTHOM MaHeNn a BBIYHCIAeTCS Kak

a=Lin. (1)

Beicora depmbl paBHa /. Onopsl B KpaiftHUX maHe-
JISIX PAcIoIaratoTCsl Ha PacCTOSIHUU //2 OT BEPXHETO U
HIDKHETO Tosica.

OCOOEHHOCTh pacCcMaTPUBAEMOH (epPMBI COCTOUT
B €€ BHEILHEH cTaTUuecKol Heonpeaenumoctu. Ha ca-
MOM [IeJIe BCE YCHIIUS M PEAKIHH OIOP MOKHO OIIpe-
JeIINTh U3 YCIIoBHH paBHOBecus. Ho HeynoOcTBO 3a-
KJIFOYAeTCs B TOM, UTO JJIsI OTIPeIeNIEHUs PeaKLnii Omop
HEOOXO/JIMMO PAaCCMOTPETh DPaBHOBECHE BCEX Y3JIOB
(dbepmnl. K 310l hepMe HEMPUMEHUM M METO]] CEYCHHUI
Putrepa. Ceuenus, paccekaronyie pepmy Ha JIBe 4aCTh

U [IPOXO/ISIIIE YePe3 TPU CTEPIKHSI, 3/1€Ch CYIIECTBYIOT
TOJIBKO JIJIsl HECKOJIbKUX CTEPXKHEH KpalHUX IMaHeeH.
JlomycTiM, 4TO paBHOMEPHO-pacIpe/ieieHHas Ha-
rpy3Ka IpIJIOKEeHa K BEpXHEMY Mosicy depMbl. ITa Ha-
rpy3Ka pacrpe/esseTcs MEeX/1y y3JIaMH BEpXHEro rosca
10 U3BECTHOMY IIpaBUILY: K KpaliHUM y3J1aM IIPUKIIa/Ibl-
BaeTcs cuia P/2, a ko BceM OCTalIbHBIM y3JIaM BEPXHETO
mosica MpuKIaasBactes cwia P. Takum obpazom, mod-
Hasl pe3yJIbTUPYIOLIas cuila R, MpUIIoxKeHHas K dpepme,

R=Pn, 2)
a 3Ha4YeHHE PAaBHOMEPHO-PACHPEACICHHON Harpy3Ku (
MOJKET OBITh BHIYUCIICHO KaK

q=R/L. 3)

[Mpeanonoxum, YTO CTEpPKHU (EepMbl HUMEIOT
OJIMHAKOBOE cedeHue. TakuMm o00pa3oM, >KECTKOCTb
BCEX CTEP)KHEH — MOCTOsIHHAS BeanyrHa. O003HAYNM
JKECTKOCTh 3JIEMEHTOB (h)epMbI Ha pacTshKEHHE/CKaTHe
Kak EA.

Ecnu unciio maneneit n 4etHoe, TO U GepMbl C
IIAPHUPAMH B y3JIaX MOTYT OBITh ITOJy4EHBI aHAJIUTH-
yeckne (popMyIibl, B 4aCTHOCTH TSI OTIPEEIICHUS TTPO-
THOOB CepeMH HIDKHETO M BEPXHEro IMosica M yCHUIIHH
B KPUTHYECKHX (Hambomee CXKaTbIX M PACTIHYTHIX)
cTepkHAX. Eciu ke 4Mcio maHened n HEYeTHoe, TO
(depma ¢ mapHUpaMu B y3J71aX CTAHOBHUTCSI KMHEMAaTH-
yeckn u3MensieMoit. Ilpu pacuere 3T0 mposBisieTcs: B
PaBEHCTBE HYJIIO ONPEJCIUTENS CUCTEMBl YpaBHEHHUH
PaBHOBECHS 1 TTOITBEP)KAACTCS HATMIMEM HETPOTHBO-
PEUNBOI CXeMBI BO3MOKHBIX CKOPOCTEH y3I110B (pHC. 2).

Taxum 00pa3zom, Jijist pacueTa pepmbl C HEUETHBIM
YHCIIOM NaHes e IapHUpHast MOJIeb (pepMbl HeTpuMe-
HUMa, U 3/1eCh HAJ0 MCIOJIb30BaTh APYTYI0 MOJEIb, B
KOTOPOH yUHMTBIBACTCsl HEHYJIeBast N3TMOHAs )KECTKOCTh
B y3i1ax ()epMbl M HEHYJIeBasi U3rNOHAs )KECTKOCTh ca-
MHX CTEpKHEH (epMbl. AHATUTHYECKHUE PE3yJIbTATHI B
9TOM CiIydae MOJYyYUTh 3aTPYJHHUTEIBHO, U TOITOMY
JUISL pacdeTa MOYKHO HCIIOJIb30BAaTh METOJ KOHEUHBIX

iP

£l

hi2

hi2

Puc. 2. Bo3aMokHBIE CKOPOCTH H3MeHsieMol pepMbl (1 = 3)
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aseMeHTOB. Takke pacueT epMbl C HEYETHBIM YHCIIOM
MaHeneidl MOXKHO MPOU3BOJMTH MO Je(opMHUpPOBAHHON
cXeMme, T.e. C YUYeTOM FeOMETPUUECKON HEeTMHEHMHOCTH,
OJIHAKO 3/IeCh 3TOT METOJ HE pacCMaTpUBAETCS.

[IpuBOAMM aHAINTHUYECKOE PELICHHUE Ui MPOTU-
0OB cepeMHbl HIKHETO 1osca Ui (epMbl ¢ YETHBIM
YHCIIOM TIaHelNel 1 ¢ mapHupamu B y3nax. O003HaunM
nporu0 kxak A. Torga

A ABA A +C \/(1+h?/a%)?
RL 2n*(h*/a?)

rae A' — HOPMHPOBaHHBIN, Oe3pa3MepHBIil MPOruo, a
koo puumenTsr A, n C, BEIYUCIAIOTCS B COOTBETCTBHH
¢ popmymamMu

k=n/2,

C, = k(k—1)/2,

5k* —10k® + 4k* +

“

1
A =5 (5

#RA-3CD) + () -1 |

Kosdpuumentsr A, mosmydeHsl 0000LIIEHHEM T10~
craenoBatenbHocTH 0; 2; 30; 116; 332; 742; 1466; 2600,
4312; 6730; 10070; 14492; 20260; 27566 ¢ moMOLIbIO
omeparopos rgf findrecur u rsolve crermanusupoBas-
Horo nakera genfunc cucremsr Maple [25] kak pemre-
HUE PEKYPPEHTHOTO YPaBHCHHS

Ak = 3A1<71 - Ak72 +5Ak—3 +
+ 5A1<-4 + Ak—S _3A1<-6 + Ak—7 .

KoaddprmmenTst Ck 0000IIAar0T TOCIIEN0BATEND-
Hocth 0; 1; 3; 6;10; 15;21; 28; 36;45; 55;66;78;91 u
SBIISIOTCS pEeIICHHEM yYpPaBHEHHUS

C,=3C,,-3C,,+C, ..

AHaJIOrM4HO BCPTUKAJIBHOC CMCIUICHUEC CPCIHECTO
Yy3Jia BEpXHETO MMOsICa BhIPpAKACTCS 11O qupMyne

_AEA A +C.\J(L+h?/a%)?

A!
RL 4n®(h? /a%) ’

(6)

a xoopuumenter A, u C, BHIYUCIAIOTCS B COOTBET-
CTBHH ¢ HOpMyJIaMU

k=n/2,
C =kk—1)+1,
5k* —10k® + 4k? +

1
A =3 @)

+ k(1+3(—1)")+g(1+(—1)k”)

OnHOBpEMEHHO ¢ porubom B cucreme Maple mo-
IyT OBITh MONYYCHBI AHATUTHYCCKUC BBIPAKCHHS IS
OPOIONBHBIX YCHITHN B cTepiKHAX. O003HAYNM yCHITHE
kak S. Torja ycunue B CpeTHEM CTEPIKHE BEPXHETO T0-
sica, 0003HaYeHHOTO Ha puc. 3 nudpoit 3, MoxKeT ObITh
HaiiieHo 1o opmyIie

S, __ki-k-1a

S =To = —, k=n/2 8
« =R o n/2, (8

rae S’ — HOPMHUpPOBAHHOE, O€3pa3MEpHOC YCHITHUC.
Kak cnenyer m3 atoit hopmyiisl, Ipu 1 =2 CTEPXKHU
BEPXHEro T0sca, SBISIOMINECS CPEAHUMH, PACTSIHYTHI
W TPOJOJIBbHBIC CHJIBI B HUX paBHbl S! = L/(8h). IIpn
n=4S! =-L/(32h),anpun=6 S, =-5L/(72h).

VYcunane B KOPOTKOM HAaKJIIOHHOM CTEp)KHE IpH
orope, 0003HAYCHHOTO Ha puc. 3 HOMepoM 14, MoxeT
OBITH BEIYUCIICHO TI0 (hOpMYJIC

S 1 a2
5':—ﬁ:——4/1+—. 9
PR 4 h? ©)

Ipu n = 2 s10 yeumme S, =—L/(4h)W1/4+h? /17,
HO yXe€ TpH n = 4 3T0 yCUINE NPUMEPHO B /IBa pa3a
MeHbIIe u paBHO S =—L/(4h)V1/16+h* /L*.

Ilpumep 1. B xadecTBe NepBOro mpumepa pac-
CMOTPHM KMHEMaTHYECKU U3MEHsIeMYy0 epMy ¢ miap-
HUpPaMH B y3JIaX M C YUCIIOM TIaHENIeH, paBHBIM TPEeM
(cm. puc. 2). ITokaxem, uro 3ta epMa KHHEMATHYC-
CKU m3MeHseMas. [l MpoCTOTHI MPEANONI0KHUM, YTO
a/h =1, T.e. pacKoChl UMEIOT YIroJI HAaKJOHA, PaBHBIN
45°, Jlnst y3ioB aToit pepmsbl 1, 2, 3,4, 6 1 7 MOXKHO cO-
CTaBUThH 12 ypaBHEHHH PaBHOBECHS OTHOCHUTENBHO 12
HEM3BECTHBIX YCHIINIL B CTEPKHSX hepMmbl. OiHAKO JUIst
JTOM CUCTEMbl YPAaBHEHUN MOXXHO HAWTU HEHYJIEBOE
penieHue (HeHyIeBbIe 3HAUCHHSI YCUIIHI), KOTOPBIE CO-
OTBETCTBYIOT HYyJIEBOIl Harpyske (OTCYTCTBHUIO MPHIIO-
JKEHHBIX BHEIIHHUX cui1). Hanmpumep, TakuM perieHueM
MOJKET SBJISITHCA CIIEAYIOIIEE PEIICHHUE:

S172 = S175 = S374 = 8473 =0,
S,5 =555 =5;4=5;4=1,
S,7=S35=-1.8,,=5.,=2. (10)

W3 3TOr0 B 4aCTHOCTH CIEIYET, YTO OIpEJeNIn-
TeNb CUCTEMBI paBeH Hyio. [loaToMmy mpu mpuioxe-
HUM HEHYJIEBOM BHEIIHEH Harpy3ku pelleHue ypaBHe-
HUW paBHOBECHs HE OyJIEeT €IMHCTBEHHBIM.

Tenepp paccmoTpuM (GepMy CO CTEP)KHSIMH, KO-
TOpBIE UMEIOT HEHYJIEBYI0 U3TMOHYIO JKECTKOCTh, U C
JKECTKMMHU COEMHEHUSMHU CTepKHEH B y3JlaX BMECTO

Puc. 3. Koneuno-aneMenTHast MOJesb ()epMBI C [IECTHIO MAHESIMU (HOMepa KOHEYHBIX JIEMEHTOB ITOKa3aHbI Lu(pam)
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mapuupoB. s pacuera Takoi Qepmbl Oynaem wc-
M0JIb30BaTh KOHEYHO-JIEMEHTHYI0 mporpammy LISA
8.0. HaznaunM 1no opHOMy 0ajo4HOMY DJIEMEHTY Ha
KaXJIbli CTep)KeHb. M3rHOHYI0 KECTKOCTh OalouHBIX
9JIEMEHTOB BBIOEPEM B COOTBETCTBHU CO 3HAUCHHSIMHU,
B3SITBIMHU M3 COPTaMEHTa JIBYTaBpOB (B YaCTHOCTH, JUIsI
JIByTaBPOBOTO CeucHHsi ¢ HOoMepoMm mpoduis 2361).
Takum o0Opazom, M3rHOHas KECTKOCTh HE MpPUHHMA-
€T CJIMIIKOM OOJIBIINX HepealbHbIX 3HaueHuil. Hano
OTMETHUTb, YTO Jake HeOOJbIIOe 3HAUCHHUE W3TMOHOU
JKECTKOCTH J00aBJISICT JIMIIHUE CBSI3H, NpEBpallaeTt
(epMy B MHOTOKpPaTHO CTaTHYECKH HEOMPEACIUMYIO
U KMHEMaTHYECKH HEM3MEHSEMYIO KOHCTPYKIIMIO, JUIs
KOTOPO MOKHO HaWTH YHCIEHHOE perieHue. Takxe
HaJI0 OTMETHTh, YTO PELICHUE MPH ITOM MAJIO 3aBUCHUT
OT KOHKPETHOT'O 3HAYCHUS NPUHATONW M3THOHOI kKecT-
KOCTH, €CITM 3HAUCHHUs KECTKOCTH BBIOMpATh B Tpejie-
Jlax, yKa3aHHBIX B COPTAMEHTE.

[TpuBosum pemenue aiast GepMbl ¢ Tpems Ta-
HeJsSIMU B Buje TaOuuipl. Pernenue moiydeHo Juist
(dbepMBI C OTHOIIICHUEM BBICOTHI K TIpONeTy h/L, paB-
HbIM 1/9, 1 OTHOIIEHUEM pajuyca UHEPIUU CEYCHHUS
crepxHeii k BeicoTe i /h paBHbiM 0,0238. Beuny cum-
MeTpuH (hepMbl U Harpy3KH KOJIMYECTBO CTEPIKHEH M
y3JI0B cOoKpamnieHo. HopmupoBanue nporudos u mpo-
JOJBHBIX YCHJIMH IPOU3BOAMIIOCH B COOTBETCTBHU C
bopmymamu (4) u (8).

Ilpumep 2. B kauecTBe CIEAyIOUIETO MpUMepa
paccMoTpuM (epMy ¢ OTHOIICHHEM BBICOTHI K IpoJie-
Ty h/L, paBHBIM 1/9, 1 OTHOIIEHHEM pajinyca HHEPIHN
ceuenus crepskHel k BeicoTe i /h, paBHbiM 0,0238 (110~
ClleJIHEE OTHOILICHHME UCIONb3YEeTCsl, €CIU yUUTHIBACT-
sl I3TMOHAsT )KECTKOCTh). PaccMOTpuM, Kak MEHSIOTCS
MPOTUOBI U ycWinsl B 3TOH (pepMe B 3aBUCUMOCTH OT
yyciia naHeneH.

Puc. 4 moka3sbIBaeT 3aBUCHMOCTh HOPMHPOBAHHO-
ro nmporuba A' OT yucia maHeJaeH Ui Takoi (epMmbl.
KpykamMu moka3aHbl TpPOTHOBI, MOJCYUTAHHBIE MO
¢dopmynam (4) u (6) I YETHOTO YMCIIA TaHeNeH n =
2,4, ... ns cayvast n > 6 mporuObl CepeiiH HIKHETO
W BEPXHETO TOSICOB NMPAKTHUECKH COBMAIAIOT, OJHAKO
MOJKHO 3aMETHUTh, UTO eciiu nn = 0, 10, 14, ... , To mporud
CepelIMHbI HIDKHETO T0sica HEMHOTO OoJible mporuda
cepellMHbI BEpXHEro mnosica, a ecnu n = 8§, 12, 16, ..., To
Haobopor. li1st n =2, 4 nporud cepeMHbI HUKHETO T10-
sica (CHHMH 1IBET) CYIECTBEHHO MEHbIIe mporuda ce-

peauHBI BEpXHETo Mosica (3eJeHbIN I[BET), a KOTIa Ync-
JIO TIaHeJIeH paBHO JABYM (1 = 2), TO IPOrHO CepeIrHBI
HYDKHETO T105iCa CTAHOBUTCS PaBHBIM HYJIIO.

CIUTONIHBIMY JIMHUSIMH TIOKA3aHbI MIPOTHOBI, I10-
JIy4YEHHBIE C MOMOIIBI0 METO1a KOHEUHOTO JIEMEHTOB.
Jnst monmydeHust pe3ysibTaroB KOHEYHO-3JIEMEHTHOTO
aHanmu3a ObUIa ucmonb3oBaHa mporpamma LISA 8.0.
KoneuHo-31meMeHTHas MOJienb, CO3JaHHas 3TOH Mpo-
rpamMMOM, Juisi ciaydast (pepMbl C IIECTHIO IMaHEISIMU
Obuta rokaszana Ha puc. 3. Eciu uucno naneneit n —
YEeTHOE 4YHCIIO, TO OBLIM MCIOJIb30BaHBI (hepMEHHBIC
KOHEYHBIE 3JIEMEHTHI C MIaPHUPAMH B y3i1aX (EpPMBI.
Ecnu ke unciio manesuei 7 HEYETHO, TO ObUIM HCIIOJIb-
30BaHbl OAIOYHBIE DIIEMEHTHI C KECTKUMHU COS/IMHEHU-
sIMU B y31ax (epmax. ['pannunsle ycnoBust st pepMel
C IIApHUPAMU B y3JIaX U C KECTKUMH COCJIMHECHUSIMU B
y351aX OBUIM TPUHSTHI OJJMHAKOBHIMU B COOTBETCTBHHU
¢ puc. 1.

Kax BuaHo u3 puc. 4, nporu0sl HUXKHETO Tosica
MOHOTOHHO PACTyT TIPH YBEJIIMYCHHU YHCIIA TaHeNeH,
a Juisl ciydast Korja 7 = 2, 9TOT MpOTrud paBeH HYJIIO.
[Tporu® cepeanHbl BEpXHETO IMOsca HE SIBISETCS MO-
HOTOHHOH (YHKIMEH Yuciia maHenei, U 3TOT Mporud
MIPUHUMAET MHHUMAJIBHOE 3HAUCHUE NIPH 1 = 3, TAe OH
MIPAaKTHYECKH COBIIAAAET C MAaKCHUMAJILHBIM IPOTHOOM.
Ecni orpaHUuYMTHCS TONBKO YETHBIMH 3HAUCHUSIMHU 71,
TO Nporu0 Oy eT MUHUMAJIBHBIM TIpH 11 = 4.

Puc. 4 taxxe ImokaspIBaeT MaKCUMajbHbIE MPO-
THOBI Y37I0B (hepMBbl, TTOJIyYEHHBIE C TOMOIIBIO METO/A
KOHEYHBIX 27ieMeHTOB. Kak BuaHO U3 puc. 4, npu n > 4
MaKCHMaJIbHbIE TIPOTHOBI JOCTUTAIOTCS JINOO B cepeu-
HE HIKHETO I10sica, JIM0O B CepeaMHe BEPXHETO Mosica.
[Tpu n = 2, 3 MakcuMainbHbIe POrUObI OyayT HAOIIO-
JIaThCsl Ha KOHIIAX BEPXHETO Mosica, a Mpu 7 = 2 Mporu-
OBl KOHIIOB BEPXHET0 MOsICa CTAHOBSITCS CYIIECTBEHHO
0oJbIie TPOTHOOB CEpPEeIUH MOSCOB. MaKcUMallbHBIC
poruObl MUHUMaNBHBI 1pu 71 = 3. Taoke Ha puc. 4 1o-
KazaH Nporu0 cepeanHbl OaliKu, 3arpy>KeHHOW Takou
)K€ PaBHOMEPHO-PACIIPEICICHHOW HArpy3kou, 4To M
(depma. PaccrosiHue Mexty onopamu Oajku paBHO L —
a =L — L/n. MoMeHT uHepuuy ceueHnsi OAIKH paBeH
CyMME MOMEHTOB MHEPIMH BEPXHEr0 M HWXKHETO I10-
sicoB pepmbl. be3pazmephsblii mporud Takoi Oaku BbI-
YHUCISICTCS 10 (hopMyJIe

;10 (LY, 1) 1(LY(n-1)1
AN=—o|=||1-=] - = =| | =] =.
384\ h n 32\ h n ) n?

)

bespasmepHbIe NPOIOJIBHBIE YCUIIHS M NPOruObl 1 hepmbl (n =3, A/L =1/9,1 /h = 0,0238)

CrepaxeHb Yeunus S’ V3en IIporu6 A'
1-2 0,485 1 0,692
2-3 —0,157 2 0,555
1-5 —-0,514 6 0,267
2-5 —0,858
2-7 —-0,179
5-6 0,177
6-7 0,337
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Buano xoporiee coBrnazeHue NporuooB TaKoH K-
BHUBAJICHTHOW OAJIKM ¥ HWYKHETO Tosica epMBI.

Puc. 5 moxasbIBaeT 3aBHCUMOCTBH CHKMMAIOLIMX
YCWINH B CTepXKHSX (epMBbl OT umcia naneneil. dep-
Ma UMEET OTHOIICHKE BBICOTHI K TPOJIETY, paBHOE 1/9.
Yewunus, BeruuciaeHasie no Gopmynam (8) u (9), moxka-
3aHbl KpyKkamu. Kak BUHO U3 puc. 5, yCcuius B cpell-
HEM CTEPKHE BEPXHETO I10sica PacTyT MPH YBEINICHUH
YHCIIa MaHeNeil 1 MUHUMAJIBHBI TIPU 71 = 4, a ycunus B
KOPOTKOM HAaKJIOHHOM CTEp>KHE NPH OMope yOBIBAIOT,
HO MIPUHUMAIOT OOJIBIIIE 3HAYCHUS TIPH 11 = 2.

Pe3ynbraThl Takke ObUTH MOJTYYEHBI C MOMOIIBIO
METO0/1a KOHEYHBIX 3JIeMeHTOB. Kak n npexne, 1i1st uet-
HOTO YHCTIa MaHelNel ObUTH UCTIONb30BaHbl (PepMEHHEIC
3JIEMEHTHI, a AJIsI HEUETHOTO Ynciia TaHened — Oanod-
HBIC DJICMEHTHI.

Kak BunHO U3 puc. 5, npu n > 5 MakCUMaJbHbIE
YCUJIUSL CXKATUSI COBMAJAIOT C YCUIMSIMH B CpEIHEM
CTEp’KHE BEpXHEro mosica, a npu n = 2, 3, 4 ycunus
ckaTHs OyIyT MaKCUMAJIbHBI B KOPOTKOM HAaKIOHHOM
CTEpIKHE TIPH OTIOpE.

24 T T I I I I
%‘ TporuG cepenMHbI HIKHEro nosica
| ITporu® cepenHbl BEPXHETO NOsSCa
21r N (i MakcHManbHbli nporud depmel
" == = [Iporu® cepeanns danku
’qs [ .i‘ ->
1
1,5 \
2 ¢ |
‘e |
g 2R i "
g ! BespasmepHblit nporud:
=] A'= AEA/(RL)
0.9 hiL=1/9, al
i./h=0,0238.
0,6 7
0.3 Il
0 1 1 1 1
2 4 6 8 10 12 14 16
Umnceno naneneii n
Puc. 4. 3aBucuMocTh MPOruOOB GepMbl OT YHCIIA TTAHENCH
1,2 T T T T T T T
hIL=1/9
! D
MakcumanbHbie
YCHITHA CHKATHA
= 08 4
&
=
=
=
506 1
=
= CrepixeHb
= 04 gpn onope i
CrepikeHb B LIEHTpe )
02t BEpXHEro nosca |
[lpu n = 2 — pacrsaxenue
0 1 1 1 1 1 1
2 4 6 8 10 12 14 16

Yucno nanenei n

Puc. 5. 3aBUCHMOCTD CKMMAIOIINX YCHIIUHA B CTEPXKHIX (PepMBI OT YHCIIa TaHeIeH
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BectHuk MIFCY Tom 12 Beinyck 8 (107)

M.H. KupcaHoe, A.l1. Cyeopoe

MaxkcumanbHble YCHIINS CXKaTus OyAayT MHHU-
MaJIBHBI TIPU 72 = 5, ¥ B 11EJIOM Tpa UK MTOKa3bIBACT, YTO
CKUMAIOIINE yCWIINSI PUHUMAIOT HEOOJIbIINE 3HaYe-
HUSI, €CIIM YUCIIO TTaHeNel PaBHO YeTBIPEM, MATH WU
mecty. Eciin cHOBa 00paTuThest K puc. 4 U 3aMETHTh,

4TO U HpOFI/IGI)I MNpUHUMAIOT HeOOJIBIINE 3HAYCHUS JUIsL
JTHX 3HAYCHUM n, TO MOXHO CJCJIaTh BBIBO/] 00 onTu-
MaJIbHOCTHU (l)epMI)I C YHUCJIOM naHeﬂeﬁ, PaBHBIM YE€ThI-
PEM, IIATHU UIIU HICCTH.

JIMTEPATYPA

1. Mehrjooa M., Khajia N., Moharramia H., Bahreinine-
jadb A. Damage detection of truss bridge joints using artificial
neural networks // Expert Systems with Applications. 2008,
Vol. 35, Issue 3. pp. 1122-1131.

2. Babaei M., Sheidaii M. Optimal design of double
layer scallop domes using genetic algorithm // Applied Math-
ematical Modelling 2013. Vol. 37(4). Pp. 2127-2138.

3. Balling R. J., Briggs R., Gillman K. Multiple opti-
mum size/shape/topology designs for skeletal structures using
a genetic algorithm // Journal of Structural Engineering. 2006.
132(7). pp. 1158-1165.

4. Kalyanmoy D., Gulati S. Design of truss-structures for
minimum weight using genetic algorithms // Finite Elements
in Analysis and Design. 2001. Vol. 37 (5). pp. 447-465.

5. Dominguez A., Stiharu 1., Sedaghati R. Practical
design optimization of truss structures using the genetic al-
gorithms // Research in Engineering Design. 2006. Vol. 17.
pp- 73-84.

6. Finotto V.C., Da Silva W., Valasek M., Stemberk P.
Hybrid fuzzy-genetic system for optimizing cabled-truss
structures // Advances in Engineering Software. 2013.
Vol. 62-63. pp. 85-96.

7. Grierson D.E., Pak W.H. Optimal sizing, geometrical
and topological design using a genetic algorithm // Structural
Optimization. 1993. Vol. 6. Pp. 151-159.

8. Hajela P., Lee E. Genetic algorithms in truss topo-
logical optimization // International Journal of Solids and
Structures. 1995. Vol. 32 (22). Pp. 3341-3357.

9. Kaveh A., Kalatjari V. Topology optimization of
trusses using genetic algorithm, force method and graph the-
ory // International Journal for Numerical Methods in Engi-
neering. 2003. Vol. 791. Pp. 771-791.

10. Kaveh A., Shahrouzi M. Simultaneous topology and
size optimization of structures by genetic algorithm using
minimal length chromosome // Engineering Computations.
2006. vol. 23 (6). pp. 644-674.

11. Stolpe M., Svanberg K. A stress-constrained truss-
topology and material-selection problem that can be solved
by linear programming // Structural and Multidisciplinary
Optimization. 2004. Vol. 27. Pp. 126-129.

12. Hutchinson R. G., Fleck N. A. Microarchitectured
cellular solids — the hunt for statically determinate periodic
trusses / ZAMM — Journal of Applied Mathematics and
Mechanics / Zeitschrift fiir Angewandte Mathematik und
Mechanik. 2005. Vol. 85. No. 9. pp. 607-617.

Iocmynuna 6 peoaxyuio 6 saneape 2017 e.
Ipunama 6 dopadbomannom eude 6 mae 2017 e.
Ooobpena ona nyoruxayuu 6 uione 2017 e.

13. Shipaeva A.S. Calculation of the deflection of girder
beam loaded on the bottom flange in the system Maple //Sci-
ence Almanac. 2016. Ne 5-3(19). Pp. 236-239.

14. Bolotina T. D. The deflection of the flat arch truss
with a triangular lattice depending on the number of panels //
Bulletin of Scientific Conferences. 2016. Ne 4-3(8). Pp. 7-8.

15. Ponamareva M. A. The displacement of the support
trusses with parallel belts under uniform load // Science Al-
manac. 2016. Ne 4-3(18). Pp. 257-259.

16. Voropai R.A., Kazmiruk 1. Yu. Analytical study of
the horizontal stiffness of the flat statically determinate arch
truss // Bulletin of Scientific Conferences. 2016. Ne 2-1(6).
Pp. 10-12.

17. Voropai R. A. Analysis of the deflection of the reg-
ular truss with cross type lattice / Science Almanac. 2016.
Ne 4-3(18). Pp. 238-240.

18. Tunvkos /]. B. CpaBHUTEIBHBIN aHATIN3 aHATUTHYC-
CKHX PCIICHUH 33/1a9H O POrude (pepMEHHBIX KOHCTPYKIIHH //
WuxenepHO-cTpouTenbHbIi xKypHai. 2015. Ne 5(57). C. 66-73.

19. Kuiiko JI.K. AHanmiTH4eckas olleHKa mporuda apoy-
HOM (hepMBbI O] IeiicTBUEM BETPOBOI Harpy3ku / Hay4Hbrii
BecTHHK. 2016. Ne 1 (7). C. 247-254.

20. Kupcaros M.H. 3aBUCUMOCTB IPOTHOa peHieTyaToi
(epmbl oT yncna maneneit / Hayunslit BectHUK BopoHekcko-
ro ACY. CrpourensctBo u apxutekrypa. 2016. No 4(44).
C. 150-157.

21. Kupcanos M.H. Anamu3 nporuba pemerdaron 6a-
JI0YHOH (hepMBI pacropHOro TUMa // IHKeHepHO-CTPOUTEIb-
HbIU xypHai. 2015. Ne5(57). C. 58-65.

22. Kupcanoe M.H. bano4Has ¢epma, 9yBCTBUTEIbHAS
K 4YeTHOCTH 4HCJIa TTaHeNeH // AKTyanbHbIe BOIIPOCH B HAyd-
HOH paboTe 1 00pa30BaTEILHON JICATEIBHOCTH : CO. HAayd. TP.
0 MaT. MeXIyHap. Hayd.-pakT. kKoHd. 30 ampens 2014 r. :
Y. 2. TamboB: Koncanrunroas kommanus IOxom, 2014.
Pp. 52-53.

23. Kupcanoe M.H. CxpbiTas 0COOCHHOCTb M aCHM-
MITOTHYECKHE CBOIMCTBA OJHOHU IUIOCKON 0ano4yHo# depmbl //
CrpownrenpHast MEXaHUKa U pacdeT coopykeHuid. 2014. No 4.
C.9-12.

24. Kupcanos M.H. CTaTuueckuii aHaau3 U MOHTaX-
Hast cxeMa Itockoi ¢epmsl / Bectrux I'ocymapcTBeHHOTO
YHHUBEPCUTETa MOPCKOTO M PEYHOTO (hJIOTa UMEHH aJMHpaa
C.O. Maxkapoga. 2016. Ne 5(39). C. 61-68.

25. Kupcanose M.H. Maple u Maplet. Pemenus 3agay
mexanuku. CI16.: Jlans, 2012. 512 c.

006 aBtopax: KupcanoB Muxanin HukonaeBu4 — IOKTOp (H3MKO-MaTeMaTHUECKUX HayK, mpodeccop, mpo-
(beccop xadeapsl TEOPETHUECKOIT MEXaHUKN 1 MeXaTpoHHKY, HanMoHAJIBHbIN Hcc/Ie10BaTeIbCKHil YHUBEPCHTET
MDBH (HUY MDM), 111250, r. Mocksa, yi1. KpacHokazapmenHnasi, a. 14; C216@ya.ru;

CysopoB Anexcanap IlaBioBuY — KaHIUIAT TEXHUUECKUX HAyK, CTapHInil mpenojaBaTenb, Kadeapa mpu-
KjIaaHoi MaremaTtuky, HanmoHaabHbINH HccienoBaTeIbCKHilT MOCKOBCKHI rocy1apCTBeHHbIN CTPOUTEIbHBINH
yuuepcuter (HUY MI'CY), 129337, r. Mocksa, SIpocnaBckoe mocce, 1. 26; suvora2003@yahoo.com.

874



UccarepoBaHme pAedpopmMaLimil MAOCKON BHELLIHE CTaTUYECKU HEOMPEAEAMMOKN pepMbl

C. 869-875

REFERENCES

1. Mehrjooa M., Khajia N., Moharramia H., Bahreinine-
jadb A. Damage Detection of Truss Bridge Joints Using Ar-
tificial Neural Networks. Expert Systems with Applications.
2008, vol. 35, issue 3, pp. 1122-1131.

2. Babaei M, Sheidaii M. Optimal Design of Double
Layer Scallop Domes Using Genetic Algorithm. Applied
Mathematical Modelling. 2013, vol. 37(4), pp. 2127-2138.

3. Balling R. J., Briggs R., Gillman K. Multiple Opti-
mum Size/Shape/Topology Designs for Skeletal Structures
Using a Genetic Algorithm. Journal of Structural Engineer-
ing. 2006, vol. 132(7), pp. 1158-1165.

4. Kalyanmoy D., Gulati S. Design of Truss-Structures
for Minimum Weight Using Genetic Algorithms. Finite Ele-
ments in Analysis and Design. 2001, vol. 37 (5), pp. 447-465.

5. Dominguez A., Stiharu I., Sedaghati R. Practical Design
Optimization of Truss Structures Using the Genetic Algorithms.
Research in Engineering Design. 2006, vol. 17, pp. 73-84.

6. Finotto V. C., Da Silva W., Valasek M., Stemberk
P. Hybrid Fuzzy-Genetic System for Optimizing Cabled-
Truss Structures. Advances in Engineering Software. 2013,
vol. 62-63, pp. 85-96.

7. Grierson D. E., Pak W. H. Optimal Sizing, Geo-
metrical and Topological Design Using a Genetic Algorithm.
Structural Optimization. 1993, vol. 6, pp. 151-159.

8. Hajela P., Lee E. Genetic Algorithms in Truss To-
pological Optimization. International Journal of Solids and
Structures. 1995, vol. 32 (22), pp. 3341-3357.

9. Kaveh A., Kalatjari V. Topology Optimization of
Trusses Using Genetic Algorithm, Force Method and Graph
Theory. International Journal for Numerical Methods in En-
gineering. 2003, vol. 791, pp. 771-791.

10. Kaveh A., Shahrouzi M. Simultancous Topology
and Size Optimization of Structures by Genetic Algorithm
Using Minimal Length Chromosome. Engineering Computa-
tions. 2006, vol. 23 (6), pp. 644—674.

11. Stolpe M., Svanberg K. A Stress-Constrained Truss-
Topology and Material-Selection Problem That Can Be
Solved by Linear Programming. Structural and Multidisci-
plinary Optimization. 2004, vol. 27, pp. 126—129.

12. Hutchinson R. G., Fleck N. A. Microarchitectured
Cellular Solids — the Hunt for Statically Determinate Pe-
riodic Trusses. ZAMM — Journal of Applied Mathematics
and Mechanics / Zeitschrift fiir Angewandte Mathematik und
Mechanik. 2005, vol. 85, no. 9, pp. 607—617.

13. Shipaeva A.S. Calculation of the Deflection of Gird-
er Beam Loaded on the Bottom Flange in the System Maple.
Science Almanac. 2016, no. 5-3(19), pp. 236-239.

14. Bolotina T. D. The Deflection of the Flat Arch Truss
with a Triangular Lattice Depending on the Number of Panels.
Bulletin of Scientific Conferences. 2016, no. 4-3(8), pp. 7-8.

15. Ponamareva M. A. The Displacement of the Sup-
port Trusses with Parallel Belts under Uniform Load. Science
Almanac. 2016, no. 4-3(18), pp. 257-259.

Received in January 2017.
Adopted in revised form in May 2017.
Approved for publication in June 2017.

16. Voropai R.A., Kazmiruk 1. Yu. Analytical Study
of the Horizontal Stiffness of the Flat Statically Determi-
nate Arch Truss. Bulletin of Scientific Conferences. 2016,
no. 2-1(6), pp. 10-12.

17. Voropai R. A. Analysis of the Deflection of the Reg-
ular Truss with Cross Type Lattice. Science Almanac. 2016,
no. 4-3(18), pp. 238-240.

18. Tin’kov D.V. Sravnitel’nyy analiz analiticheskikh resh-
eniy zadachi o progibe fermennykh konstruktsiy [Comparative
Analysis of Analytical Solutions to the Problem of Truss Struc-
ture Deflection]. Inzhenerno-stroitel 'nyy zhurnal [Magazine of
Civil Engineering]. 2015, no. 5(57), pp. 66-73. (In Russian)

19. Kiyko L.K. Analiticheskaya otsenka progiba aroch-
noy fermy pod deystviem vetrovoy nagruzki [Analytical
Evaluation of Deflection of Arched Trusses under the Action
of Wind Loads]. Nauchnyy vestnik [Science Bulletin]. 2016,
no. 1 (7), pp. 247-254. (In Russian)

20. Kirsanov M.N. Zavisimost’ progiba reshetchatoj
fermy ot chisla panelej [Dependence of the Deflection of the
Trusses on the Number of Panels] Nauchnyj vestnik Vorone-
zhskogo GASU. Stroitel’stvo i arhitektura.[Scientific Herald
of the Voronezh State University of Architecture and Civil
Engineering. Building and Architecture] 2016, no. 4(44),
pp. 150-157. (In Russian)

21. Kirsanov M.N. Analiz progiba reshetchatoj baloch-
noj fermy raspornogo tipa [Analysis of the Deflection of a
Strut-Type Lattice Girder Truss] Inzhenerno-stroitel nyy
zhurnal [Magazine of Civil Engineering] 2015, no. 5(57),
pp- 58—65. (In Russian)

22. Kirsanov M.N. Balochnaya ferma, chuvstvitel’naya
k chetnosti chisla panelej [Girder Sensitive to the Parity of
the Number of Panels] Aktual 'nye voprosy v nauchnoj rabote
i obrazovatel 'noj deyatel 'nosti. Sbornik nauchnyh trudov po
materialam Mezhdunarodnoj nauchno-prakticheskoj kon-
ferencii: Ch. 2. [Current Issues in Research and Educational
Activities : Collected Scientific Works on Materials of the
International Scientific-Practical Conference : Part 2] 2014.
Tambov, Ucom Publ., Pp. 52-53. (In Russian)

23. Kirsanov M.N. Skrytaya osobennost’ i asimp-
toticheskie svojstva odnoj ploskoj balochnoj fermy [Hid-
den Features and Asymptotic Properties of the Plane Truss]
Stroitel 'naya mekhanika i raschet sooruzheniy [Structural
Mechanics and Analysis of Constructions]. 2014, vol. 4,
pp. 9-12. (In Russian)

24. Kirsanov M.N. Staticheskij analiz i montazhnaya
skhema ploskoj fermy [Static Analysis and Mounting Diagram
of Flat Truss] Vestnik Gosudarstvennogo universiteta morsk-
ogo i rechnogo flota imeni admirala S. O. Makarova. [Bulletin
of the Admiral Makarov State University of Maritime and In-
land Shipping]. 2016, no. 5(39), pp. 61-68. (In Russian)

25. Kirsanov M.N. Maple i Maplet. Resheniya zadach
mekhaniki [Maple and Maplet. Solutions to Mechanics Prob-
lems]. Saint-Petersburg, Lan’ Publ., 2012. 510 p. (In Russian)

About the authors: Kirsanov Mikhail Nikolaevich — Doctor of Physical and Mathematical Sciences, Pro-
fessor, Department of the Theoretical Mechanics and Mechatronics, National Research University Moscow Power
Engineering Institute (MPEI), 14 Krasnokazarmennaya str., Moscow, 111250, Russian Federation; C216@ya.ru;

Suvorov Alexander Pavlovich — Candidate of Technical Sciences, Senior Lecturer, Department of Applied
Mathematics, Moscow State University of Civil Engineering (National Research University) (MGSU), 26 Yaro-
slavskoe shosse, Moscow, 129337, Russian Federation; suvora2003@yahoo.com.

875

(LO)) 8 »2Auiag Z| WO £DIIN ¥MHLODg





