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AHHOTALIUA

BBepeHue. PaccmaTpuBaetcs paspaboTaHHas MeTogmka pacdeTa MOCTOBbIX KOHCTPYKLMIA U3 antoMUHUEBbBIX CMNaBoB, pa-
GoTaloLmX B YCNOBUAX MHOTOLIMKIIOBOTO HarpyXeHusi, Ha BbIHOCIIMBOCTb, U NPeAnoXeHHasi ANl COBEPLUEHCTBYEMOW B Ha-
cTosiLee BpeMS HOPMATVBHOW JOKYMEHTaLMU MO pacyeTy aBTOAOPOXHbIX MOCTOB M3 antOMUHUEBBIX CrraBoB B P.
Martepuanbl u metoabl. MeToaMKa OCHOBaHa Ha pesynbraTtax KOMMIIEKCHbIX abopaTopHbIX UCMbITAHWIA psifa nepcnek-
TMBHbIX A4S NPOM3BOACTBA MOCTOBbIX KOHCTPYKUMIA antoMuHueBbix cnnasos 1915T, A35 T1, 15654M, EN AW-6082 T6.
B xoge cTaTnyeckmx ucnbiTaHnii 06pasLoB AaHHbIX CNNaBoB 40 pa3pyLUeHUs 1 YCTanoCTHbIX UCMbITaHUA Ao obpa3oBaHust
YCTanoCTHbIX TPELMH MpY Pas3nnyHbIX 3HA4YEHUAX KO3ddULMEHTA aCUMMETPUM LMKMa norny4veHbl hr3nKo-MexaHnyeckme
1 YCTanoCTHbIE XapakTepUCTuKn. B TeopeTnyeckyto OCHOBY METOAMKM NMOMNOXEHbI OTEYECTBEHHbIE Pa3paboTku No pacyeTy
BbIHOCIIMBOCTY CTarnbHbIX KOHCTPYKUMIA U 3apy6exHble HoOpMaTUBHbIE MaTtepuarbl MO pacyeTy BbIHOCIMBOCTA MOCTOBbIX
KOHCTPYKLUIA U3 antoMUHWEBbIX CMaBOB.

PesynbraThl. [locToBEpHOCTb pa3paboTaHHON METOAMKN NMPOBepPsiNach B MPOLECCe CTaTUYECKMX M YCTanoCTHbIX UCTbITa-
HWIA HaTypHOrO neLuexofHoro MmocTa u3 cnnasa 1915T n opToTponHbeix NnT u3 cnnasa EN AW-6082 T6, cnpoekTnpoBaHHbIX
HWNY MI'CY n nsrotoBneHHbIx 3aBogamm B PO «C-Pesepsy, «KpaM3» n «Cecnenb» ¢ NOMOLLbI0 COBPEMEHHbIX MHHOBaLU-
OHHbIX TEXHOMOMMIA 3KCTPYAUPOBAHUS U CBApKU TPEHWEM C NepemeLlMBaHMeM. PacxoxaeHuns 3KCnepuMeHTarnbHbIX pesyrb-
TaToB C pe3ynbrataMu pacyeTa Mo NpeasioxkeHHoN MeToamke HaxoasaTes B npeaenax 5—20%.

BbiBoabl. Pa3pabotaHHas MeToamka MOXET ObITb TakKe NPUMEHMMA K APYTMM TUNaM KOHCTPYKLMIA, BbINOMHEHHbLIM U3 anio-
MUWHMEBbLIX CMIaBoB, — pe3epByapaM, TpybonpoBoaam, BbICOTHbIM COOPYXXEHWUSIM, Y UCTIbITbIBAIOLLMM MHOTOKpaTHbIE Ln-
Knn4yeckne Bo3aencTaus.

KNIOYEBBIE CIIOBA: moCT, anioMVHWEBbIA CNMaB, Hecyllas KOHCTPYKLMSA, BbIHOCIMBOCTb, YCTanoCTHas MPOYHOCTb,
MeToAMKa pacyeTa, ucnblTaHne obpasua, HanpsikeHue
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ABSTRACT

Introduction. The author has developed a method for the fatigue resistance analysis of bridge structures made of aluminum
alloys subjected to polycyclic loading. The author suggests that this method should be introduced into the currently en-
hanced regulatory documentation focused on the analysis of highway bridges made of aluminum alloys.

Materials and methods. The method is based on the results of integrated laboratory testing of a number of aluminum al-
loys 1915T, AD35 T1, 1565hM, EN AW-6082 T6 that have good prospects in terms of the production of bridge structures.
Physical-mechanical and fatigue characteristics were identified in the course of the static testing of specimens of these
alloys before the fatigue cracking at different values of the cycle asymmetry coefficient. The theoretical fundamentals of
the method stem from the domestic research on the fatigue resistance analysis of steel structures and foreign regulatory
materials on the fatigue resistance analysis of bridge structures made of aluminum alloys.

Results. The reliability of the new method was verified in the course of static and fatigue testing of a full-scale pedestrian
bridge made of 1915T alloy and orthotropic plates made of EN AW-6082 T6 alloy, designed by NRU MGSU and manu-
factured by the Russian plants GS-Reserve, KraMZ and Sespel using advanced innovative technologies of extrusion and
friction stir welding. Discrepancies between the experimental findings and the results of the analysis, made pursuant to
the proposed methodology, are within 5-20%.
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Conclusions. The proposed method can also be applied to other types of structures made of aluminum alloys, such as
tanks, pipelines, high-rise structures, and other items that are subject to multiple cyclic effects.
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BBEJEHUE

B ocHOBe COBpEMEHHBIX TEHAEHUUMN pa3BUTHUA
CTpPOUTENbHON oTpacau PD, u B TOM 4uciie B MOCTO-
CTPOCHUU, — BCe 0oJIee pacIIupsIOIIeecs IPUMEHCHHE
MHHOBAllMOHHBIX TEXHOJIOTHI U MaTepuaioB. B uuncie
MIEPBBIX K TAKUM MaTepuagamM, HECOMHEHHO, OTHOCHUTCS
QITIOMHUHHI, IUPOKO UCTIONB3YIOLIUHCS BO MHOTHUX Ce-
pax MPOMBIIIICHHOTO MPON3BOJCTBa — aBHAIIMOHHOM,
AIIEKTPOTEXHUIECKOM, aBTOMOOHIBHOM, TPAaHCTIOPTHOH,
CTpoUTeNbHOM 1 ap. [1].

[IpumeHeHre aTOMUHUEBBIX CIUIABOB MIPU MPOU3-
BOJCTBE KOHCprKI_II/Iﬁ Pa3INYHOTO HAa3HAYCHUSA UMECT
PSI BOXKHBIX TIPEHMYIIECTB [0 OTHOIICHHUIO K TPaIHIIHU-
OHHBIM Matepuaiam [2—4]:

* HU3KHUH YIEIbHBIN BEC CPAaBHUTEIBHO C JAPYTH-
MU METaJIaMH,

* BBICOKas y/eJbHasl MPOYHOCTH, MPEBBIMIAIONIAS
VACTBHYIO IPOYHOCTh CTaJIM U OCTOHA;

* OTCYTCTBHE TEHICHIMH K XPYIIKOMY pa3pylie-
HUIO TIPH TIOHIKEHUN TeMIIEPaTypHI;

* MOBBIIIEHHAs] CEHCMOCTOMKOCTh KOHCTPYKLHM
3a CYeT MEHbIIEH MacChl;

* BBICOKAasi KOPPO3MOHHASI CTOMKOCTh pAJia CIUIa-
BOB,

* TEXHOJOTUYHOCTH M3TOTOBICHUS KOHCTPYKTHB-
HBIX JIEMEHTOB pa3HO0Opa3HON (HOPMET,

* JIETKOCTHh TPAHCIIOPTHPOBKH M MOHTa)ka KpyTI-
HOra0apUTHBIX (ParMEHTOB.

B 10 e BpeMsi KOHCTPYKIIMH U3 aTIOMUHHEBBIX
CILUTaBOB 00JIaIa0OT PSIIOM HEOCTATKOB:

* TOBBILICHHOH /1e()OPMATHBHOCTHIO U3-32 MTOHU-
YKCHHOTO MOJYJISl YIPYTOCTH;

* OTHOCHTEIIFHO HEBBICOKO COMTPOTHUBISIEMOCTEIO
YCTaJOCTHBIM pa3pyLICHUSIM;

* PHUCKOM raJIbBAaHUYECKON KOPPO3UH B 30HAX KOH-
TakTa ¢ APYyruMH MaTepHaiaMHu.

Jns psina cTpOUTENbHBIX KOHCTPYKLMM U3 allto-
MUHHEBBIX CIIaBOB, UCTIBITHIBAIOIINX MHOTOKPaTHBIC
IUKINYECKUE BO3ACHCTBUSA (MOCTBI, BRICOTHBIC CO-
OpY>KCHHS, pe3epBYaphl, TPYOOIIPOBOIBI), BO3HUKAET
HEO0OXOIMMOCTh 00CCIICUCHHS YCTAIOCTHON MPOYHO-
CTH B T€UEHHE 3alJJAHUPOBAHHOTO CPOKa IKCIIyara-
nuu [5].

B HacTosiee BpeMsi B HOpMaTUBHOM TOKyMEHTa-
un PO 110 IpoeKTUPOBAHUIO CTPOUTETHHBIX KOHCTPYK-
IUH U3 ATIOMUHUCBBIX CIUTABOB OOIIEro Ha3HAYCHUS
METOAMKa pacyeTa Ha BBIHOCIUBOCTH (yCTaJlOCTHYIO
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MPOYHOCTH) OTCYTCTBYeT'. B crienuann3npoBaHHOM st
MOCTOCTPOCHUS U IIMPOKO MCIIOIb3YEeMOH HOPMATHB-
HOIl TOKyMEHTAaIlUU 10 NMPOEKTUPOBAHUIO MOCTOBBIX
COOPY)KEHUH N3 TPaIUIMOHHBIX MaTepHalioB (CTalb,
XKeNe300eTOoH, IepeBo) pas3ziel M0 MPOEKTHPOBAHUIO
MOCTOB U3 aTIOMUHHUEBBIX CILUIABOB, KaK U METOJUKA UX
pacdeTa Ha BBIHOCIMBOCTb, TAKIKE OTCYTCTBYIOT .
OCHOBHOI NMPUYUHOHN CIOKUBIIEHCS CUTYyallH
SIBJISIETCS] HEJOCTATOYHbIH 00beM HAy4HBIX HCCIIENO-
BaHUH 10 U3yUEHUIO YCTAIOCTHONH pabOTHI MOCTOBBIX
KOHCTPYKIMH M3 allOMMHHMEBBIX CILUIaBoB [6]. ITpu-
HaATeIA B 2019 . cBOX MpaBUiI’ MO MPOEKTHPOBAHUIO
MOCTOB W3 aJIOMHHHMEBBIX CIUIABOB IIPOMOJIKAET CO-
BEPILIEHCTBOBATLCS, IPUBECHHASL B HACTOSIILEH cTaThe
METOAMKA pacueTa MOCTOB U3 aJIOMHHHMEBHIX CIIJIABOB
Ha BBIHOCIIMBOCTD YCTPAHIET yKa3aHHYIO IIPOOIeMy.

MATEPHUAJIBI U METO/JbI

Oco0eHHOCTH MPOEKTHPOBAHUS MOCTOB

U3 AJIIOMMHUEBBIX CILIABOB

[MoBeimieHne dKOHOMHYECKOH 3(DeKTUBHOCTH
CTPOUTENHCTBA MOCTOB M3 AJIOMHHHEBBIX CILIABOB
C Y4ETOM HX TOBBIIICHHOH J1e()OPMATUBHOCTHU U TIepe-
YUCJIICHHBIMH BBIIIE OCOOCHHOCTSMU W OTIMYUSIMU
(M3HKO-MEXaHMYECKHUX CBOICTB CIUIABOB OT CTalCH Ha-
JIararoT JOTOJIHUTEIILHBIC YCIOBHS Ha BEIOOP KOHCTPYK-
TUBHBIX PEILICHUH TIPH POSKTUPOBAHUHM, & UMEHHO:

* TPaTUIMOHHBIC OAJIOYHBIC PEIIICHUS MPOJICTHBIX
CTPOCHHI OKa3bIBAIOTCS HEAP(HEKTUBHBIMU IO MPH-
YUHE 3HAYUTEIbHON HEJOTPYKEHHOCTH MaTepHuaia
n3-32 HEOOXOIMMOCTH 00ECIIeYeHHUs )KECTKOCTH KOH-
CTPYKIHUi (MakCHMaJIbHBIX MPOTHOOB), U TpebyeTcs
MPUMEHEHHE MPOCTPAHCTBEHHO PAa3BUTHIX KOHCTPYK-
TUBHBIX CXeM — (DePMEHHBIX U aPOYHBIX PEIICHUI;

* J1JIs1 aBTOJIOPOXKHBIX MOCTOB ¥ OT/IC/IbHBIX HHTEH-
CHBHO 3arpy)KEHHBIX MEIIEXOJHBIX MOCTOB, UCIIBITHIBA-
IOIIMX B MPOLIECCE IKCIUTyaTal[id MHOTOKPATHO MOBTO-
PSIIOIINECS IUKITMYSCKUE BO3ICHCTBUSI, OTPEACIISIOIM
yCIIOBHEM 00eCIieueHrss HOPMaTUBHON HECyIIeH CIo-
COOHOCTH B TEUEHHE 33/IaHHOTO CPOKa CITyKOBI BBICTY-
[aeT yCJIOBHE BBIHOCIUBOCTH, IIPH 3TOM, KaK IPaBUIIO,
ABTOMATHYECKH YIOBIECTBOPSIETCS YCIOBUE KECTKOCTH,

'CIT 128.13330.2016. AntoMHHHEBbIE KOHCTPYKIKH. AKTya-
nusupoBanHas pepakuust CHull 2.03.06-85.

2CII 35.13330.2011. MocTbI U TpyOBI.

3CII 443.1325800.2019. MoCTBI ¢ KOHCTPYKIUSIMH U3 &0~
MHHHEBBIX CIUIaBOB. [IpaBuiia NPOEKTHPOBAHUSL.
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a o MpOYHOCTH IpU 0aIOYHBIX PpCHICHUAX npnoGpeTa—
CTCs MHOFOKpaTHLIﬁ 3arnac B COTHU MPOILCHTOB.

BuIHOCIMBOCTD 2JIIOMIHHEBBIX CIIABOB

Vcrionb3oBaHKe aTIOMUHHEBBIX CIIJIABOB IS IIPO-
W3BOJICTBA KOHCTPYKIMH, HCTIBITHIBAIOIINX MHOTOKpPAT-
HBIE NTEPEMECHHBIE BO BPEMEHH BO3JCHCTBUS IMKIIH-
YECKOT0 XapakTepa, 00yclIaBIUBaeT He0OX0JUMOCTh
obecrieueHns UX BHIHOCIIMBOCTH B TEUEHHUE 3aJJaHHOTO
cpoka ciryx0bl. JI1st MoJOOHBIX KOHCTPYKIIMKA OH MO-
JKET COCTABISITh HECKOJIBKO JIECATKOB JIET, & KOIHYe-
CTBO LIMKJIOB HAIPYXXECHHUS 328 CPOK CIIY)KOBI JOXOAMTH
10 10°-108 iuksios u Gonee [7, 8].

C 1eTbI0 MPEACTaBICHUS! OCHOBHBIX TOJOKEHUN
pa3paboTaHHON METOIMKU pacyeTa MOCTOBBIX KOH-
CTPYKLIMH W3 aJIIOMHHHMEBBIX CINIaBOB Ha BBIHOCIIH-
BOCTh CJEyeT pAacCMOTPETh KJIIOUEBbIE IOJOXKEHUS
pacyeToB Ha BHIHOCIMBOCTh KOHCTPYKIHUH U3 IPYyTUX
MarepuasoB, B YaCTHOCTH CTalIH.

I'maBHBIE TTapaMeTphl NUKINYECKOTO Harpyxke-
HUSl — MaKCUMaJIbHO€ ¥ MUHHMaJIbHOE HaNpPSIKCHUS
uuKna 6, , o . . OnpenenseMble Ha HX OCHOBE aMILIU-
Ty/la M CPE/THEE HATIPSKEHME KA G , G, , & TAKIKE KO-
3 PUIHEHT aCHMMETPHUH IIMKJIA 7, CBSI3aHBI BEIPAXKEHH-
SIMU:

G = 6max - Gmin
a >
2
Gm — Gmax ; Gmm’ (1)
r= Gmin
(&)

BriHOCTHBOCTE (ycTallOCTHAas MPOYHOCTH) Me-
TAJUIOB NPH PA3JIMYHBIX YPOBHAX HUKIMYECKH H3-
MEHSIOIIUXCS HANPSIKEHUW ONHUCHIBAETCS KPHUBOM
YCTaJOCTHON NMPOYHOCTH, OTYy4aeMOH B XOA€ LIUKIIU-
YECKHUX MCIBITAHNI Ha BBIHOCIMBOCTh IIIAAKUX 00pas3-

A
log o,

™\

2-10°
1 1 1 >

104 10° 10° 107 logN
a

o (kpuBas Bemnepa — puc. 1) [9]. [Ipencrapnsemas
B cucTeMe kKoopauHar logo —logN (6, — ammaTyna
uKiIa; N — 4YUCIIO IUKIIOB HArPyXKEeHUs) KpUBasi UMe-
€T JIOMaHy10 (opMy, COCTOSIIYIO U3 TPSMOIHHEIHBIX
yuacTioB [10].

OcHOBHas XapaKTEepUCTHKA YCTaIOCTHOM POYHO-
CTH MaTrepHaa — MPeeT BBIHOCTUBOCTH S , KOTOPBIH
yCTaHABIMBAETCSI IPH MOCTPOSHUH YCTAIOCTHOW KpH-
BOH W SIBIISIETCS MaKCUMAJIbHBIM HANpPsSDHKEHUEM, HIKE
KOTOPOTO yCTAaJIOCTHOE pa3pylIeHrne B Marepuaie (00-
pa3oBaHHE YCTAJIOCTHOW TPELIMHBI) HE MPOUCXOIMNT,
00 MaTeprai Croco0eH BBIAECP)KATh 3aJaHHOE KOJH-
YeCTBO IIUKJIOB HarpyxeHus [11].

Jia craneit ycramocTHas KpuBas, Kak IpaBHIIo,
MMeEeT JIBa XapaKTepHBIX ydacTka (puc. 1, a), HaKJIOH-
HBIM y4acTOK C KOTAaHIE€HCOM YIJIa HaKJIOHA /11, U TOpH-
30HTAJIBHBIN Y9aCTOK, COOTBETCTBYIONINH 3HAYCHUAM
npejelnia BHIHOCIMBOCTH, JOCTUTaeMOro B AMana3oHe
10%-107 uuks0oB HarpyxeHus [8], mocie KOTOporo cuu-
TaeTcs, YTO yCTAIOCTHOE pa3pyLICHHE HE POUCXOIUT.

JlJis alfOMUHHEBBIX CILIaBOB, B OTJIMYME OT CTa-
nell, naHHas KpuBas nMeeT Ooiyee CIoXKHYI0 (opmy,
COCTOSIIIYIO M3 TPeX y4acTKoB (puc. 1, b), HAaKIIOHHBIE
YYacCTKH MMEIOT Pa3IMYHbIH yToJl HaKJIOHA, BHIPAKEH-
HBIC MIApaMETPaMu m , m, = m + 2, FOPU30HTAJIbHBIN
YUYacTOK JIOCTUTAETCS TO3KE, UeM Y CTaje, NpuOIn3u-
TenpHO TipH 108 1ukiTax Harpyxenus [8, 9].

B oOmiem cnyuae mpu pacyeTax KOHCTPYKIHN
Ha BBIHOCIIMBOCTH KakK JJISl CTaJleH, Tak U JJIsl aJIIOMU-
HHUEBBIX CIIaBOB B Kau€CTBE MpPEZeia BEIHOCIUBOCTH
MPUHAMACTCS HAMpsHKEHHE, COOTBETCTRYomIee 2 - 10°
LUKJIAM Harpy>KeHUsL.

dakTopbl, BIAMSIONIHE HA 3HAYEHHE Tpeneia
BBIHOCJHUBOCTH.

1. Konyenmpayus nanpsasicenuti: yCTaJoCTHOE pa3-
PpYLICHHE, TpeBapsioIeecs: 00pa3oBaHHEM MarkcTpaib-
HBIX YCTAJIOCTHBIX TPEIINH, KaK MPaBHIJIO, IPOUCXOIHUT
B 30HaX KOHIEHTPAI[MX HAIPsDKCHUI Hanbojee Harpy-

log GaA
N
N
N

1
c m,
GD
c, 11

m]
2:10° 5-10°
% (_
1 1 1 1 >
104 10° 10¢ 107 108 10° log N
b

Puc. 1. YcranocTthas kpupas 1ist CTasel (a); yCcTanoCcTHas KpuBast IS aTIIOMHHHUEBBIX CIUIABOB (b): G, — Npees BBIHOCIUBO-

CTH JIJIS CTAJICH M AIIOMUHHUEBBIX CIIJIABOB npu 2-10° IMUKJIax, Cp— TMPEAC BBIHOCIUBOCTHU IJIs1 aJIIOMUHHUEBBIX CIUIAaBOB IIPU

5 - 109 nuKnax; 6, — MpeieN IOBPEKIAEMOCTH JUTs ATIOMHHHEBBIX CMTaBoB 10° nukios
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JKEHHBIX KOHCTPYKTHUBHBIX JJIEMEHTOB COOPY>KEHUS,
1 OTIPENeTIeTCs UX TeoMeTprudeckor (hopmoii u croco-
O6oM coeanHeHHs 2eMeHToB [12].

DaKTUYECKH IEHCTBYIOLIME 3HAYEHUS aMILIIUTY/IbI
U CPEJIHETO HANPSUKEHUS HUKIA 6, ', B 30HE OXKH-
JJa€MOT'0 yCTaJOCTHOTO pa3pylLICHHUS W Ha3bIBAEMBbIX
3¢ (EKTUBHBIMH HANPSHKECHUSIMH OIPENEISAIOTCS My-
TE€M YMHOKCHHSI HOMHHAJIBHBIX 3HAYCHNH aMIUTATYIbI
U CPpCAHETO HAIPSIKCHUA LUKIIA Ga, Gm Ha BCIWYUHY
TEOPETUIECKOTO KOA(PUINEHTa KOHIEHTPAlUHA Ha-
npsoKeHni K

o, =0,k

2
o, =0,K_. )

m

HomuHanbHble HAPSIKEHUS G, G, B yKa3aHHBIX
30HaX BBISBIISIOTCS B PE3yNbTaTe CTATHYECKOTO pac-
yeTa KOHCTPYKIMH 0e3 ydeTa adeKxTa KOHIICHTpAIHH
HaTpsKEHUI.

2. Kauecmeo uzzomoenenus 21emMeHmos KOH-
CcmpyKyull TIPU YCTAJIOCTHBIX pacdyeTax yYHTHIBACT-
Csl C MCIOJb30BaHUEM KOX(PPUIMEHTA HANEKHOCTH
110 crocoOy M3rOTOBJIECHUS O,,» 3ABHCSIIETO OT METO/A
00pabOTKH IEMEHTOB KOHCTPYKITUH U3 alTFOMUHHEBBIX
CIUIaBOB IMpH U3roToBieHuu [13].

JI71s1 IpOKaTHBIX U MTPECCOBAHHBIX CEYEHUN = 1;
CEUYEHHH, BBITTIOJITHEHHBIX aBTOMAaTHYECKOI PE3KOH U3 JTH-
cTa ¢ (hpe3epoBKOI KPOMOK M pa3BepTKON OTBEpCTUH
6,,= 1,1; 6e3 0bpaboTKH KPOMOK 1 OTBEpCTHii 6, = 1,2
JUISL XOJIOAHOTHYTBIX CEYEHUH U3 JIMCTa = 1,5.

3. Cnocob coedunerust 1eMeHmMOo8 KOHCMPYKYUll
MIPU YCTAJOCTHBIX pacueTax YYHTHIBACTCS C MCIIONb-
30BaHHEM KO3 (UIMEeHTa HaIEKHOCTH 110 METOILy CO-
C/IMHCHHS G, 3aBUCAIICIO OT COCAMHCHHS SIIEMCHTOB
KOHCTPYKIMH B KOHCTPYKTHBHBIE 0ok [14].

JlIst DI€MEHTOB, COCAMHICMBIX HHHOBAIIMOHHON
TEXHOJIOTHEH CBApKM TPEHHUEM C INEepeMEeIlNBaHUEM
Oy = 1,0-1,1; n1s TpaAMLIMOHHOM aproHOAYTOBOM IO-
JyaBTOMaTHYECKOH CBApKH B Cpele MHEPTHOIO rasa
Oy = 1,2—1,3; pyuHOi1 aproHOAYTrOBOI CBapKu Oy = 1,5;
COCIMHEHUH Ha BBICOKOIPOYHBIX 00JITaX ¢ KOHTPOJIEM
YCHITHH 3aTSKKH Oy = 1,2 [15].

4. Tonwuna npoxama, Npyu ee yBeJIn4eHUH Oojee
50 MM B X0fic U3TOTOBIICHUS BBOAUTCS KOY(PPHUIIHCHT

log o,

L&
cSO.S ______ ~— _— r=1

Sl XN —_— r=0,5

Oos LoD T r=-0,5
G—l _________________ k rF=—
log N
1° 5-10° 108

a

HaJIeKHOCTH 10 TOMIHUHE 6, = 1,05 npu MeHbmmx
TonmmHax ¢, = 1,0 [16].

5. Kosgpdpuyuenm acummempuu yuxia r (BBI-
paxenue (1)) oka3pIBaeT CyOIECTBEHHOE BIIHSHHE
Ha YCTaJOCTHYIO IPOYHOCTh KOHCTPYKIIMOHHBIX 3Je-
MeHTOB [11], ycramocTHble KpUBBIE ISl YCIOBHOTO
AJIIOMHWHHUCBOIO CIlJIaBa, UCIIBITAHHOTO IPU PA3JIMYHBIX
3HAYECHUX KOI(PPHUIIMEHTa aCHMMETPUH LIUKJIA , TIpe]I-
CTaBJICHBI Ha pHC. 2, d.

Touka 0 Ha ocu abCITUCC COOTBETCTBYET CTaTHUe-
CKOMY HCHBITaHUIO JIO Pa3pyLICHHs, KOTOPOe Ha OCH
OpAMHAT JIaeT 3HaueHHe BPEMEHHOTO COMPOTHBIICHUS
o, (koopduuneHT acummerpun » = 1).

Hwxe HaxonsTCs KpUBBIE BBIHOCIMBOCTH CO 3HA-
YEHHAMH G, IOJTy9IeHHbIE B Iuanazone 1 < <1, npn
9TOM HaWMEHBIIIee 3HAUCHUE Tpeiea BEIHOCIUBOCTH
G , IMEET MECTO NPH CHMMETPUYIHOM IHKIE (r = —1),
HanboJee OMacHOM UIT MOMEHTa HaCTYIJICHHUS yCTa-
JIOCTHOTO pa3pyIlIeHUsI.

3HaueHHs NMpPEeNesIOB BHIHOCIMUBOCTU ISl pa3-
JIUYHBIX BEIMYHH KOA(PDUIUCHTa aCHMMETPHH ITHKJIA
7 B KOOPJMHATAX G, G, — AMIUIUTYAa W CPENHEE Ha-
MpsDKeHUEe IUKIa 00pa3yloT Tak Ha3bIBaeMYIO JIHa-
rpaMMy NpeAeNbHBIX aMIUTUTYX (puc. 2, b), BeIpaxa-
IOIIYI0 00IIee YCI0BHE 00CCIICUCHUS BEIHOCIUBOCTH,
HpH KOTOPOM MaKCHUMAaJIbHOE HaNpsyKeHWE LUKNIA G,
HE J0JDKHO TMPEBHIIATh COOTBETCTBYIOIMINI NP/l BbI-
HOCJIMBOCTH G :

C,x =0,+0, <0,.

max

(€))

ITo cymecTBy, AuarpaMma MmpenenbHBIX aMIUIH-
Ty IUIsl KOHKPETHOTO CIIJaBa MPEACTaBlseT coOoH
KOMITJIEKCHYIO ITPOYHOCTHYIO XapaKTepPUCTUKY JAaHHO-
rO cIlIaBa MO 00OECIIEYCHUIO YCIOBUSI BBIHOCIUBOCTH
B JIMaIa30He 3HaYeHUH K03 (PUINEHTa ACHMMETPHUH:

“

BBuy HEBO3MOXKHOCTH TPOBENIEHUS YCTAIOCT-
HBIX MCIIBITAaHUN JJIS1 MHOTOYHCIIEHHBIX MapoOK CTajeh
1 aJIFOMMHHUEBBIX CIJIABOB HA MPAKTHKE HCIOIb3YIOTCS
aIIpPOKCUMHUPOBAHHBIC THAarpaMMBI IPEIEIbHBIX aM-
wtyx (puc. 3), TOCTPOCHHBIE HA OCHOBAaHHMH TPeX
CTaHJAPTHBIX HCIIBITAHUIL.

“1<r<l.

o
a

=05

(¢} (¢}
my my my B

b

Puc. 2. CemeiicTBO yCTalIOCTHBIX KPUBBIX IS YCIOBHOTO aJIOMHHHEBOTO CIIaBa (a); AuarpaMma IpeaedbHbIX aMILTHTY/ IS

YCIIOBHOTO aJIFOMUHHEBOTO CIiIaBa (b)
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AnmnpokcuMupoBaHHas quarpamma CepeHceHa —
KunacomBmin cTponTcsi HA OCHOBAaHMHU PE3yIbTaTOB
JBYX YCTaJOCTHBIX UCHBITAHUH C KO3 PUIHECHTaAMU
ACHMMETPHHU HIHKIA 7 = —] (CUMMETPHYHBIN IIUKII),
r =0 (MyIbCUPYIOIINH [IUKJI) ¥ CTATHYECKOTO UCIIBITa-
HUs 711 OTIPEJIeNIeHUs Npejiesia TeKy4ecTH o, (yCIoB-
HOTO TpeJieNa TeKyYeCTH G, JUIsl CILIABOB 6e3 IIoma-
KM TEKyUYECTH).

O dexTnBHOE 3HAYECHHE AMIUTMTYABI IUKIA G,
Y CPEJTHETO HATIPSKEHHS LMKNIA G’ TIPH 3aaHHOM KO-
s GULHEeHTe aCUMMETPHH 7' OTPAXKEHBI HA JIHarpaMMe
paboueii Touxoit 4.

Takum 00pa3oM, OCHOBHBIM IIapaMeTpoM, rpa-
(m4ecKH BBIPAXKAEMBIM C ITOMOIIBIO aNPOKCUMHPO-
BaHHOI MarpaMMBbl IpeesIbHBIX aMIUTUTYI, SIBISETCS
(baxTruueckuii KO3PPUIMEHT HAAKHOCTH T10 YCTAIOCT-
HOMY pa3pyHIEHHIO Z :

z,=9

=0 ©®)

[TapameTpamu pacueToB Ha BBIHOCIUBOCTh, TAKKE
MOJy4aeMbIMHU TIPU TIOCTPOCHUU aNMPOKCUMHUPOBaH-
HBIX TUarpaMM NpeieIbHBIX aMILTUTY], SBIISFOTCS:

* YIIOBOH KO3 HUIMEHT AMATPAMMBI IPEIeihb-
HBIX aMILTHTY/I:

20, -0,

Yo =—"7""—""
GO

(6)
* yIIOBOH KO3((UIMEHT aCHMMETPHUYHOTO IIUKJIA:
O]

re 6, 6, — MpPEJENbl BBIHOCIUBOCTH NPH 2 - 10°
LUKJIAX Harpy>KeHUs C INOCTOSHHON aMIUIMTYION AJIs
cuMMeTpudHoro (» = —1) u mymscupytomero (r = 0)

max a m = 1

Puc. 3. AnnpokcuMupoBaHHas AUarpaMMa MpeAeIbHbIX aM-
mwntyn Cepercena — Kunacomsmim

LUKJIOB; 7 — KOA((GUIHMEHT aCUMMETPUU LUKIA (BbI-
paxenue (1)).

B o6mem ciywae 3HaueHHe (PAKTHYECKOTO KO-
3¢ dunmenTa HaIe)KHOCTH 110 BBIHOCIMBOCTH Z_TIPH
MPOM3BOJIBHOM aCHMMETPHUYHOM LIHKJIE HATrPYKECHHS
YCTaHABIMBAETCS MYTEM aHaIN3a T€OMETPHUYECKOTO
o001 KOMIOHEHTOB aNpOKCHMHUPOBAHHON Aua-
rpaMMBbl IPEAETbHBIX aMIUIUTY]l, IPUBOJSILIETO K BbI-
PaXeHHIO:

7 -_ %1 _ % =
G ’ ’
Ga +Gm\Vc GaKG + G”IKGWG

®)

_ o,
o, K, (1+v,/9,)

e 6, 6',, 6 , 6’ — HOMHHAIbHOE M 3QPEKTHBHOE
3HAUCHHS aMIUTUTYIBI M CPETHETO HANPSDKCHMS LIUKIIA
MIPU ACHMMETPUIHOM LHUKJIE C 3aJaHHBIM KO3 QHIIEH-
TOM aCUMMETPHH 7; K — TeOopeTHIecKkuit koaphurm-
€HT KOHILIEHTPALUH HaIPSKEHHH.

IIpu oTpHULIaTETBHBIX 3HAUEHUSIX CPEIHEro Hamps-
xenus 6, < 0 B BeIpaxkenuu (11) ucrmonesyercs ero ao-
COJIIOTHOE 3HAYEHHE |G |.

ITpn npakTHYECKUX pacyeTax KOHLEHTPANUIO Ha-
MPSDKEHUH yIOOHO YUHUTHIBATh, O0OBEANHSIS KOHCTPYK-
TUBHBIE ICMEHTHI B TPYTIIBI, A1 KOTOPBIX B 3aBUCHMO-
CTHU OT TUIIOB COEIMHUTEIBHBIX Y3JI0B IIPU UCIIBITAHUSIX
¢ ko3 dunmenTom acummeTpun nukna » = 0,5 ycraHos-
JIEHO HOMUHAJILHOE 3HaU€HUE MPeJIeNIbHO IOy CTUMON
AMILTATY/IBI KA G, obecnieynBaronieii BEIHOCIIH-
BOCTb 3JIEMEHTA KOHCTPYKLMHU 1Ipu 2 + 10° nukiax Ha-
TPYKEeHHs %,

IIpenenbHO 10IMyCTHMOE 3HAY€HHE HOMUHAIBHON
aMIUIMTYABl G (¥ = —1) CHMMETPUYHOTO IKKJIA JUIS
KOHKPETHOH TPYIIBI AJIEMEHTOB B LIEJISIX €€ HCIOJIB30-
BaHU JUId PAcueTOB IIPU MPOU3BOJIEHOM BHUJIE ACUMMeE-
TPUYHOTO [IMKJIA HANPSDKEHUH yCTaHABIMBAETCS HA OC-
HOBaHWH BBIPKCHHUS:

Ga,l = Gao_s (1+WG/(PG): Gao_j (1+3\Vc)' (9)

Tornma asst rpymin 2IeMeHTOB (pakTUIeCKuit Kodg-
(UIMEHT HAXEKHOCTH TI0 BEIHOCIUBOCTH Z_TIPH 3a-
JIAHHOM 3Ha4eHUH KOI(D(PUIIMEHTAa ACHMMETPUH LIUKIIA
7 OTIpeNeNsIeTCs BRIpaKCHUEM:

T TR 10
c 1 bl ( )
o, (1+v,/9,)
rac Ga_ — HOMMHAJIBHOC 3HAUYCHHUC aMHHI/ITy}II)I OUKJIIa

pu 3a1aHHOM K03 HUIMEHTE ACUMMETPHH 7 ¢ —
yTIIoBOH k03 (UIIMEHT TuarpaMMbl IPeeTbHBIX aM-
IUTATYZ I 38 JaHHOM 3HAUCHUH 7.

MeTtoauka pacyeTa BHIHOCIHBOCTH MOCTOBBIX
KOHCTPYKIMIi M3 aTIOMHHHEBBIX CIJIABOB NMEET KO-
HEYHOM 1eNbio obecTieueHre 00IIero YCIOBHS BRIHOCITH-
BOCTH B BUJIe HEIOIYILICHHs 00pa30BaHMs YCTaJIOCTHBIX

4CIT116.13330.2016. CranbHble KOHCTPYKIHH. AKTYaITH3UPO-
BanHas pepakuust CHull 11-23-81* ¢ M3menennem Ne 1.
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TPEIIHH B 3JIEMEHTAX HECYIIMX KOHCTPYKIIMH U3 aJTFOMH-
HHUEBBIX CIUIABOB B TEUCHUE 33/IaHHOTO CPOKA CITY>KOBI.

OOWENnpUHITHIM CPEJHUM YHCIIOM IIUKJIOB B Te-
YeHHUE 33/1aHHOTO CPOKa CITy»KOBI, B X0ZIe BO3/ICHCTBHS
KOTOPBIX HE JOJDKHO IPOUCXOIUTH 00pa3oBaHus ycTa-
JIOCTHBIX TPEIIWH, €CIH HE YCTaHOBIEHO UHOE, MpH-
HaATO 2 - 10° mukios®. JIjist aBTOZOPOXKHBIX MOCTOB
C MPOEKTHBIM CPOKOM CIIykObI 50 JIET YMCIIO IUKIOB
Harpy>keHusi MO)KeT MHOTOKPATHO MPEBBIIIATh JaHHOE
3HauCHHE.

O0ecneyeHne 0TCYyTCTBHSI NOBPEKACHMIA B Teve-
HHUeE 32IaHHOTO0 CPOKA CJIY:KObI 0a3upyeTcs Ha OLEHKE
BO3MOYKHOCTY TOSIBIICHHS TOBPEXKIICHUS B TEYCHHUE 3a-
JAHHOTO CPOKa CITYKObI KOHCTPYKLIMH TIPH UCIIONB30Ba-
HUH HIDKHEH OIIEHKH Npe/iesia BEIHOCIMBOCTH M BEpXHEN
OLICHKH 3HAUY€HHH yCTaJIOCTHON Harpy3KH, 4TO C 3ama-
COM 00eCIIeuHBaCT YCIOBHE BBIHOCIUBOCTH .

C 3Toii 11eNbI0 IPOBOIUTCS aHAJIU3 UCTOPHH Ha-
IPY)KECHHsI, 3aKJIIOYAIOLINICS B COCTABJICHUHU CIIEKTpPa
HaHpﬂ)KeHI/lﬁ B IMOTCHIMAJIBHBIX ME€CTaX BO3HUKHO-
BeHUs TpeluH. /lanHas nHpOpMaIus Ha OCHOBaHHUU
pacueTa MoBpeX1aeMOCTH UCIIOJIB3YETCs U OLEHKH
pacueTHOro 6e30MacHOro Cpoka Ciryx0bl 7, KOTOPbIH
3aTeM CPaBHMBAETCSA C 3aJaHHBIM CpokoM 7

(11)

ITpwn 5ToM o6mas MoBpekAAEMOCTL D, 171 COBO-
KyITHOCTH LIUKJIOB BBIYHCIIACTCS MO TIPaBUITY JIMHEHHO-
0 CyMMHUPOBaHUs NMOBpEXIeHUN MaliHepa Kak cymma
HX J0JIeH TOBPEXIaeMOCTH:

n.
D, =3k (12)
Ni
rae M — JIOJITOBEYHOCTH, COOTBETCTBYIOIIAs] HArpy»xe-
HHIO KOJIMYCCTBOM nl_; I— BU I NUKIIOB.

CyMMapHOe 3HaueHHe OOLIeH MOBPEKIAEMOCTH
JIOJKHO Y/IOBJIETBOPSITH YCIIOBHUIO:

D, =Dy, =1, (13)

rae D, — TpelenbHoe 3HaYCHHE MOBPEkKIAEMOCTH,
B 001IeM CiTydae MPHHAMAEMOE PaBHBIM 1.

YeranocTHasi Harpy3Ka yCTaHaBIMBaeTCs Ha OC-
HOBAaHUY aHAlN3a BCEX MCTOYHUKOB IIEPEMECHHBIX Ha-
MIPSKEHUH B KOHCTPYKLIUH, @ UMEHHO:

* BPEMCHHBIX MO/IBUKHBIX Harpy3o0K;

* Harpy3oK BCJIEJCTBHE BETPOBBIX U CEHCMHUYE-
CKHX BO3JICHCTBHII;

* IMHAMHUYECKOW PEaKkIHMU OT PE30HAHCHBIX 3(-
(DEKTOB U IBIKCHUS B 3aTPYIHEHHBIX YCIOBHSX;

* TEMIEPATYPHBIX N3MEHEHHH.

PacueTHble 3HaYEeHMSI yCTAIOCTHON HAarpy3KH Bbl-
ABIISIIOTCS HA OCHOBAHWM aHANINW3a YCTaHOBIECHHOTO
CIIEKTpPa HAarpy30K M MOACYETa IIUKIOB, KOTOPBIC yCTa-
HaBJIMBAIOT UANA30H 3HAYEHUH ONPEIEIICHHOTO IINKIIU-
YECKOTO HAarpyKECHHUs! ¥ KOJIMYECTBO MOBTOPEHUH Kax-
JIOTO JTMana3oHa B TEYEHHE PACUETHOTO CPOKA CITyXKOBI
KOHCTPYKIIUH.

36

CrexTp HanpsKeHUH OT yCTalOCTHOH Harpysku
C NEePEMEHHON aMIUIUTY0H yCTaHABIUBAETCS, B YaCT-
HOCTH, METOAOM «0acceiHa»’, 3aKIIoYalouierocs
B ONPEIEICHUH MOCIENI0BAaTEIbHOCTH yOBIBAIOIINX
10 aMIUIUTY/IE HANPSDKEHUN IUKJIOB G, M UX IPYIINH-
POBKH B KOHEUHOE YHCJIO AUATIa30HOB.

IIpu HegocTaTO4YHON NOCTOBEPHOCTH 3HAYEHUI
YCTAJIOCTHOW HArpy3ku F,,, MONYYEHHBIX B COOTBET-
CTBHH C BBIIICYKa3aHHBIMHU YCIIOBUAMH, JJIs OIpeneie-
HUSI PACYCTHOM Harpysku F,, K Harpyske F,, npuMeHs-
eTcs Koo(hUIKEeHT HaJeKHOCTH Yo

(14)

e Y, — KO3 PUIUEHT HAJICKHOCTH JIJIS YCTAIOCTHBIX
HATPY30K, 3aBUCSIINA OT CTATUCTHICCKUX TTapaMEeTPOB
MIPOTHO3UPYEMBIX 3HAYCHUH Harpy30K [6].

AHAJM3 HANPSIKEHHOT0 COCTOSTHUSI KOHCTPYK-
UM 0T YCTAJOCTHBIX BO3/1efiCTBHII OCYIIECTBIIAETCS
B YIIPYTOM MOCTaHOBKE, MPU ATOM ONPEAEISIOTCS MaK-
CUMaJbHbIC ¥ MUHHMAJIbHBIC 3HAUYCHUS HANPSDKEHUN
OT 33/IaHHOTO BO3JIEHCTBHS C yUETOM BO3MOXHBIX JH-
HaMHYECKUX 3G HEKTOB.

PacuerHble 3HaueHHs YPPEKTUBHBIX HANPSIKEHUN
MOJIy4alOT MyTEM:

* YMHOXCHHS HOMUHAJIBHBIX HATPSDKCHUH HA COOT-
BETCTBYIOIINE TEOPETHIECKUE KO3 (DUIIMEHTHI KOHIICHT-
paliK yIPYruX HApsHKeHUd K Juist IMHEHHO-YIIPYToro
MarepHuana B 3aBUCUMOCTH OT MeCTa BO3HUKHOBEHHSI
TPEIUH U TUTIA MOJIsl HANPSHKEHUH, MoTyvYaeMbIX Ha oc-
HOBAHUU KJIACCUYECKUX PELLIEHUN CONPOTUBIIEHUSI Mare-
pHaJOB ¥ TEOPUH YIIPYTOCTH;

* KOHEYHO-3JIEMEHTHOTO MOJCIHPOBAHUS HAIIPSI-
JKEHO-1e(HhOPMHUPOBAHHOTO COCTOSHHS TOTCHIHAIBHBIX
30H BO3MO)KHOTO 00pa30BaHUs TPEIIUH C HCIIOIh30Ba-
HHUEM JCTANTBHOTO pa30UeHsI JAHHBIX 30H Ha KOHCYHEIC
AIIEMEHTHI COOTBETCTBYIOIINX THIIOB.

3a pacueTHBIE 3HAUCHUS HANPSIKCHUH, UCIIONIB3Y-
€MBIX JJI OIIEHKU BBIHOCIHUBOCTH C MOMOIIBIO TPYIII
3JIEMEHTOB, TPUHUMAIOT HOMUHAJbHbIE 3HAYEHUS aM-
IUTUTYIBl U CPETHETO HAIPSHKCHHUS IUKIA B COOTBET-
CTBHH C BRIpaxkeHUsMH (1), (2).

PacyeT Ha BHIHOCJIHMBOCTD 3aKJII0YaeTCA B OMpe-
JIEJICHUH JTOJIEH TTOBPEXK1aeMOCTH KOHCTPYKIIMHU OT BO3-
JNEeUCTBUS KaXJ0To JUana3oHa HalpsKeHUH U3 ycTa-
HOBJIGHHOTO CIICKTpa HATPY>KEHUS B OTHCIHHOCTH,
KOTOpBIE B CyMMe 00ecreunBaioT o0Iee ycioBre BEI-
HOCJIMBOCTHU B COOTBETCTBHUH C BhIpakeHHEM (16).

C 3Toii 11eJIbI0 ONIPEEIAI0OTCS 3HAYSHUS J10JT0OBeY-
HOCTH N, ISl BCEX AMAIa30HOB HANPSKEHUH M3 yCTa-
HOBJIEHHOTO CIEKTpPa, COOTBETCTBYIOIINE MOJHOM
noepexjgaeMoctu D, = 1 OT BO3IEHCTBUS KaX[0r0
13 IWANa30HOB B OTHENBbHOCTH. CyMMapHOe 3HAUCHHE
JIOJIEH TTOBPEXKAAEMOCTH OT Ka)KJOr0 AMara3oHa ycTa-
HaBITUBAETCS HA OCHOBaHMHM BhIpaxkeHus (13).

Fpy = Y rro

SEurocode 9: Design of aluminium structures. Part 1-3: Struc-
tures susceptible to fatigue.
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JIoNroBevYHOCTD (PacueTHOE YHCIIO [UKIIOB JI0 pa3-
pyuienus) N, Juis KOHKPETHOTO JMaNa3oHa UKIOB Ha-
NPsOKEHUH yCTAHABIMBACTCS C UCIIOIB30BAaHUEM KpPH-
BOH ycTanocTHO# npounoctu (puc. 1, ). B mpemenax
5 - 10*-5 - 10° nuknos 3HaueHue N, onpenensercs
o popmyme:

N,=N.(z,/[z])". (15)

* B mpesienax 5 - 105 - 10° uuknos 3nauenue N,
paccumuThIBaeTcs Mo popmMyIe:

N,=N,(z, /[Z])'"z cmim (16)

rme N, =2 -10% N, =5 - 10° (uuksos), C =
= N./N., = 0,4, Z — dakthuuecknii kod3pPuin-
€HT HaJIe)KHOCTH 10 BHIHOCIMBOCTH IPH 3aJaHHOM
BHJE LUKJIA, OIpPEeNIIeMbli B COOTBETCTBUH C BbI-
paxernusmu (8), (10); [Z] — momyckaemsrii Ko-
s dunuenT HagexKHOCTH MO BBIHOCHHBOCTH (17);
m,, m, = m + 2 — napaMeTphl HaKJOHa y4acTKOB
KPUBOH YCTaJIOCTHOM MPOYHOCTH.

3HadyeHUe JnomyckaemMoro kosddunuenra Ha-
JIE>KHOCTH TI0 BEIHOCIUBOCTH OIPEAEISIETCS] C yUETOM
Ka4ecTBa M3TOTOBICHHS 3JIEMEHTOB KOHCTPYKIIHH,
crocoba UX COCTMHEHHUS B KOHCTPYKTHBHBIC OJIOKH
1 TOJIIIMHEI IPOKaTa Ha OCHOBAHUH BBIPAXKECHHS:

II€ Y, — KOO(Q(ULHMEHT HA/Ie)KHOCTH 110 KAYECTBY U3~
TOTOBJICHHS KOHCTPYKIMIL; Yy, — K03 GHUIUCHT HATCK-
HOCTH 110 CIIOCOOY COCAMHEHHH; ¥, — KO3 PHULIHEHT
HaJeKHOCTH 110 TONIINHE ITPOKATa.

[Tpu HEBBIIOTHEHUH yCIIOBHS BRIHOCTUBOCTH (13)
MIPOM3BOIUTCS KOPPEKIUS Pa3MepoOB MONEPEYHBIX ce-
YCHUH KOHCTPYKTHBHBIX 3JIEMEHTOB C MOCICIYIOIIUM
MepepacyeToM J0 BBIIOTHEHHS TAHHOTO YCIOBHSL.

PE3YJIBTATBI HCCJIEJOBAHNUA

JKCNepUMeHTAIbLHAS] TPOBEPKA METOTUKHA

pacuyeTa Ha BHIHOCJIMBOCTh

1. Craruueckue ¥ yCTaI0CTHBIC UCIIBITAHHS J1a00-
paTopHbIX 00pa3LoB.

Jl71s1 BOBMOYKHOCTH IPUMEHEHUS NPENCTABICHHON
BBIIIIC METOIMKHU pacdeTa KOHCTPYKIUH U3 ATFOMUHHEBBIX
CIUIABOB HA BBIHOCIIMBOCTH OBLIN IPOBEIEHBI JIabopaTop-
HBIE CTAaTHYECKHE M YCTAJIOCTHBIE UCIIBITaHMS 00pa3LioB
YeTbIpeX IEePCIEeKTUBHBIX Uil MPOU3BOJICTBA CTPOH-
TENBHBIX KOHCTPYKIIMH aTIOMUHMEBBIX cIUaBoB: 19157,
AJI35T1, 15654M, EN AW-6082 T6 (puc. 4, 5) [10].

B xone mabopaTOpHBIX MCHBITAHUN MOIYYEHBI
MIPOYHOCTHBIE U YCTAJIOCTHBIE XapaKTEPUCTHKH, HE-
00X0IMMBIE AJII PACYETOB MOCTOBBIX KOHCTPYKIHH
13 JaHHBIX CIUIABOB Ha CTaTHYECKOE BO3AEHCTBHUE U BBI-

[Z] =V Vs Vrr» (17)  nmocnuBOCTH (TabIM.).
400 r 120
—] [
C 1100
300 i L
= | 80
= i -
g | — 2
£ 200 + 1 60 gﬁ
% | o
=R >
) | fa0 &
T 1 I s
100 | “
-?20
0 N P A N SN S P S Y|
0 4 6 8 10 12 14 16 18

Crutas 1915T. O6pazer 1

Hedopmanust, %
Hanpsoxenue

Harpyska, kH
pu pactshxeHuu, MIla

JMuarpamma «Hanpspxenune/Harpyska-nedopmarius)

Puc. 4. Bun u pe3yasraTbl CTaTHUECKUX HCIIBITAaHUN 00pa3noB crutaBa 1915T

HpO‘iHOCTHBIe 1 YCTAJIOCTHBIC XapAKTCPUCTUKHU aJIFOMUHHEBBIX CILUIaBOB

Hapaverp Ipenesnsl BIHOCIUBOCTU G, G, TEKy4eCTH G, (0, ,), BpeMEHHOe conporusierue &, MIla, 1y cruiaBos Mapok
1915T AJI35T1 15654M EN AW-6082 T6
c, 100 65 55 90
c, 150 105 90 145
6,(0,,) 240 205 180 245
c, 360 275 270 305
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Yucno 1uKIoB

Puc. 5. Buz u pe3ynsrarsl yCTaIOCTHBIX UCIBITaHUH 00pa3nos cruiasa 1915T

2. Crarndeckre M yCTaJIOCTHBIC UCIBITAHUS Ha-
TYypPHBIX MOCTOBBIX KOHCTPYKIIHH.

[IponeTHoe cTpoenue (cmpoekTupoano HUY
MI'CY) peanpbHOro MEniexoqHoro Mocra hepMeHHO-
ro TUma 6e3 TOPOKHOTO MOKPHITHSA ¢ mpojeToM 10 M,
BhINONIHEHHOE 3aBOJIoM «['C-Pe3eps» u3 crasa 1915,
KOHCTPYKTHUBHBIC JJIEMEHTHI MOCTa COCAMHCHBI apro-
HOJIyTOBOM CBapKoii (puc. 6).

MocT monBepraics CTaTHIeCKOMY HarpyXKCHHIO
B VOPYTOH CTaIuU U MOCIEAYIOMEMY YCTAIOCTHOMY
Harpy>KeHHUIO OT JACUCTBHsI YCIOBHOU pachpe/eeHHOM
Harpys3Kku, IepeaaBaeMoil Ha COOpyXEeHHE OT JIBYX Ha-
TPYKaroIKX TOMKPATOB C IMMOMOIIBI0 OaI0OYHO cHCTe-
MBI TpaBepc.

DKCIEPUMEHTAIILHO OTPEJICICHHBIC MapaMeTPhI
Jne(OPMUPOBAHHOTO COCTOSIHUSI MOCTa, (PUKCHPYEMBbIE

B ITPOLIECCE CTATHIECKOTO HATPY>KEHHS C TOMOIIBIO TEH-
30METPUYECKUX JaTYNKOB U MPOTrHOOMEpOB, MOKa3aIn
XOPOIIYI0 CXOAUMOCTH ¢ pesyasraramu MKD pacuera,
PacxXoXKIEHUS TEOPETUIECKUX U IKCIIEPHUMEHTAIBHBIX
PEe3yIbTaToB HaXOMMIHCh B Ipeaenax 3—15 % [17].

YcranocTHble HCIBITAHUS BBITOJIHSIIUCH B YCIIO-
BHSX BPEMEHHBIX OIPaHUYCHHUI Ha MPOBEJCHUE HC-
MBITAHUHA B TeUeHHUE 15 KaleHAapHBIX JHEH, 4TO MpH
4acTOTe HArpy>KeHus1 oauH UK 3a 5 cek (0,2 ') mo-
3BOJMJIO OCYIIECTBHUTH 3a JaHHBIN nepuop 260 Teics Y
LUKJIOB HArpy>KEHUsL.

CoOTBETCTBEHHO, HA OCHOBAaHHUH PAaCUETOB BHIHOC-
JIMBOCTH TI0 MIPEIIOKEHHON METOIMKE ObIIa onpesese-
Ha aMIUIUTY/a ITylNbCUPYIONIeH Harpy3KH, MO/ BO3/EH-
CTBHEM KOTOPOH yCTAIOCTHOE pa3pyllieHHe B Haubosee
HaINpsDKEHHBIX 30HaX (YYaCTKU MPUMBIKAHHUS BTOPBIX

Puc. 6. Bun ncnisiTannii nemexoaHOro MoCTa U3 almtoMUHHAEBOTO ciutaBa 1915T 1 06pa3oBaBImecs TPEIMHBI B 0KUAAEMBIX 30HAX
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OT Kpast MOCTa PaCKOCOB K HWKHHM MOsiIcCaM HECYIHX
¢depm MocTa) B BUAE 00pa30BaHUs YCTAIOCTHBIX Tpe-
IIMH JTOJDKHO OBIJIO HAYaThCS MPHONM3UTENBHO TpPH
200 TeIcAY LUKIIAX HATPy>KEHHUS.

IMomy4eHHBIE Pe3yabTaThl YCTAIOCTHBIX HCIIBITA-
HUH MOJATBEPMIIN JIOCTOBEPHOCTh NPE/IIIOKEHHON Me-
TOJIMKH, TIOCIIE/IOBATeNIbHOE 00pa30BaHUE YCTAIOCTHBIX
TPEIIMH B YKa3aHHBIX BBIIIC HanOoJee HAMPSIKEHHBIX
30Hax Mpou3onuio B Auanazone 1 90-240 TeicsS4 MUKIOB
HarpyKeHUsl, PACXOXKJICHNS TCOPETHUECKHUX U IKCIIEPH-
MEHTAJIbHBIX PE3YNIbTaTOB cocTaBun 5—20%.

HUY MI'CY Ha 6a3e 0TE€UYeCTBEHHOT'O U MHPO-
Boro ombiTa [18—-20] paspaboTan KOHCTPYKIIUIO Op-
TOTPOIIHBIX aBTOJOPOXXHBIX IUIMT, U3TOTOBISEMBIX
WHHOBAIIMOHHBIMH METOJAaMH JSKCTPY3UHU U CBAPKU
TPEHHEM C NIEpPEMEIIMBAHIEM U3 ATIOMIHHAEBOTO CIUIA-
Ba EN AW-6082 T6 (puc. 7).

3aBonsr «KpaM3» u «Cecrmensy U3roTOBIIN Hap-
THIO JJAHHBIX OPTOTPOIHBIX TUINT, KOTOPHIE B MCIIBITA-
tenbHOM 1ieHTpe HUY MI'CY chHauana Obutn noasep-
THYTBI CTATHYECKOMY HAarpy>KCHUIO COCPEIOTOUYCHHBIMA
B IIEHTPaXx IUIUT CHJIAMH, a 3aTEM YCTaIOCTHOMY Harpy-

YKECHUIO0, SKBUBAJICHTHOMY JIeHICTBHIO CIIAPEHHOTO KOJIe-
ca rpy30BOro aBTOMOGHIIS®,

B xome crarnueckux MCHBITAHUNW OPTOTPOITHBIE
IUTMTHI BBIAEP)KAIN COCPEJOTOYCHHYIO CTATHIECKYIO
Harpy3Kky 850 kH Ha kaxnayio ity 6e3 o0pazoBaHHS
IUTACTHYECKUX JeopMaluii, 4To HOATBEPIKAATIOCH pe-
syasraraMu MKD pacueta, BBIOJTHEHHOTO IIPU MPOEK-
THpoBaHUHU IIKT. [loyyeHHOE 3HAYeHHEe MHOTOKPATHO
[PEBBIIIACT HOPMATUBHOE JOITYCKAeMOE TOKYMEHTOM?
3HAUEHNE COCPEJOTOUCHHON HATPY3KH.

JanpHeimue ycranocTHbIE UCHBITAHUSA OT Aei-
CTBUS1, DKBUBAJIEHTHOIO JIaBJIICHUIO CIIAPEHHOTO KoJjleca
IPY30BOTO aBTOMOOMJISI B YCJIOBHSAX aCHMMETPUYHOTO
uukia ¢ kodhunuentom acummerpuu » = 0,12, npo-
BOJIMITMCH HA HOPMATHBHYIO Harpy3ky A14? B nuamaso-
He 20-170 xH.

¢ Texunueckuit oruer 1o 3axkazy AO «Pycan T» o BbIIOI-
HeHnH pabot Ha TeMmy: «Pa3paboTka cBoma mpaBmi “MocTsl
€ KOHCTPYKIMAMU U3 aTIOMUHHEBBIX CIUIaBOB. [IpaBuna mpo-
EKTHPOBaHMA’» B paMKax IPOrpaMMBbI MEPOTIPUSTHIL IO pac-
MIAPEHHIO ISHCTBHS U aKTyaIN3aliy CBOJA IIPABHJI Ha aBTO-
nopoxkHbie MocTEL. M. : HUY MI'CY, 2020, 540 c.

Puc. 7. VcnbITanus criapeHHBIX OPTOTPOITHBIX aBTOXOPOKHBIX IUNT U3 citaBa EN AW-6082 T6 Ha crarmdeckoe Bo3zeiicTBHe

U BBIHOCJIMBOCTH

[Tnutel Beigepkanu 2 - 10° QUKIIOB HArpyKEHHsI
0e3 MOBpEeXJEHUH U 00pa30BaHUs YCTATOCTHBIX Tpe-
LIMH, YTO TAK)XXe IIOATBEPKAACTCS Pe3yJIbTaTaMu Mpe/-
BapUTEJIHHO BBIMOJIHEHHOTO pacyeTa Ha BEIHOCIHBOCTh
T10 IPEJUIOKEHHOI METOIUKE.

3AKJIIOYEHUE U OBCYXJIEHHUE

[IpoBeneHHBIC TA0OPATOPHBIC HCIBITAHUS 00pa3-
[IOB MEPCIEKTUBHBIX U1 MOCTOCTPOCHUS ATFOMUHHUCBBIX
crutaBoB Mapok 1915T, AZI35 T1, 15654M, EN AW-6082

T6 no3BONUIIN MOITYYUTh MIPOYHOCTHBIE U YCTAJIOCTHBIE
XapaKTEePUCTUKH, HEOOXOIMMBIE TS PACYETOB MOCTOBBIX
KOHCTPYKIIMIA M3 TAHHBIX CIUIABOB HA BHIHOCIIHBOCTb.
HarypHble ucnbiTaHusI Ha BBIHOCIHBOCTD I€LIe-
XOIHOTO MOocCTa u3 cmmasa 1915T u cepun oprorpomn-
HbIX IUT U3 criaBa EN AW-6082 T6 noarsepauiu go-
CTOBEPHOCTH PE3YJIbTaTOB MPEIBAPUTEIHHBIX PACUECTOB
JAHHBIX O0BEKTOB TI0 MPEeATI0KEHHOH METOINKE Ha BEI-
HOCJIUBOCTb, JUISl MOCTA PACXOXKACHUE TEOPETUIECKUX
1 SKCTIIEPIMEHTAIBHBIX PE3YIbTaTOB HAXOJUTCA B Ipe-
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nenax 5-20 %, MINTHl BRIASPKaIH 3aIUIaHUPOBAHHOE
KOJMYECTBO IUKIIOB Harpyxenus 2 - 10° nukios 6e3
YCTaJIOCTHBIX TIOBPEXKICHUM.

B03MOXHOCTH IPUMEHEHHUS IPEAT0KEHHON METO-
JVKH pacyeTa Ha BEIHOCIMBOCTH KOHCTPYKIMI U3 alro-
MUHHEBBIX CIIABOB APYTHUX MAPOK ONPECACIACTCA Ha-
JIUYHMEM MX YCTAJIOCTHBIX XapaKTEPHUCTHK (TIpeieoB
BBIHOCIIMBOCTH TIPH CUMMETPHUYHOM U MyJIbCHUPYIOLIEM
UUKIIAX — G_, G,).

[Tpw 5TOM HY’KHO YUHUTBIBATh, YTO XapaKTEPHCTHKH
CIUIaBa KOHKPETHOM MapKH B 3aBUCUMOCTH OT YCJIOBHUH
€r0 U3TOTOBJIEHUS] MOTYT CYIIECTBEHHO OTJINYAThCS.

Jlyis nmosty4eHust TaHHBIX XapaKTepUCTUK HEO0XO-
VMO TIPOBEIEHUE COOTBETCTBYIOIINX JIAOOPATOPHBIX
HCIIBITAaHUNA Cepuil 00pas3IoB, JOMOIHAEMBIX, 110 BO3-
MOXKHOCTH, HATYPHBIMH HCIBITAHUSIMU KOHCTPYKIIHH
1 uX (parMeHTOB, BBHIITOJIHEHHBIX M3 KOHKPETHOTO
CILIaBa.

IIpennoxeHHas METOANKA pacueTa Ha BBIHOCIU-
BOCTb KOHCTPYKIHI U3 aIFOMUHUEBBIX CITIABOB MOXKET
MIPUMEHATHCS K KOHCTPYKIHSIM J1F000T0 THIIA ¥ Ha3Ha-
YEHHUs, UCHBITHIBAIOIINX B MPOLECCE IKCIIyaTalluH
MHOT'OKPaTHbIE IIEPEMEHHBIE BO BPEMEHU BO3ICHCTBUS
LUKJINYECKOIO XapaKTepa.
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INTRODUCTION

The increasing use of innovative technologies and
materials is a recent development trend in the Russian
construction industry, including bridge construction.
Aluminum is undoubtedly one of the top materials
of this type. It is widely used in many areas of indus-
trial production, such as aviation, electrical enginee-
ring, automobile industry, transport, civil engineering,
etc. [1].

The use of aluminum alloys in the production
of structures, having different applications, has a num-
ber of important advantages in relation to traditional
materials [2—4]:

* low specific weight compared to other metals;

* high specific strength, exceeding the specific
strength of steel and concrete;

* no tendency for brittle fracture when the tem-
perature drops;

* higher seismic resistance of structures due to
lower weight;

* high corrosion resistance of a number of alloys;

+ manufacturability of structural elements, having
different shapes;

* casy transportation and installation of large-size
fragments.

At the same time, structures, made of aluminum
alloys, have a number of drawbacks:

* higher deformability due to lower modulus
of elasticity;

+ relatively low resistance to fatigue failures;

+ risk of galvanic corrosion in the areas of contact
with other materials.

There is a need to ensure the fatigue strength dur-
ing the planned service life of a number of building
structures, made of aluminum alloys, that experience
repeated cyclic effects (bridges, high-rise structures,
tanks, pipelines) [5].

At present, the regulatory documentation of
the Russian Federation on the design of general-purpose
building structures, made of aluminum alloys, has no

fatigue strength analysis method!. A section on the de-
sign of bridges, made of aluminum alloys, as well as
methods of their fatigue resistance analysis is also miss-
ing from the widely used regulatory documentation
on bridge design and construction of bridge structures,
made of traditional materials (steel, reinforced concrete,
wood)?.

The main reason for this situation is the insuf-
ficient amount of scientific research on the fatigue
performance of aluminum alloy bridge structures [6].
The code of regulations® on the design of aluminum
alloy bridges, adopted in 2019, continues to improve;
the method of analysis of the fatigue performance
of aluminum alloy bridges, provided in this article, can
solve this problem.

MATERIALS AND METHODS

Aluminum alloy bridges: peculiarities of design

An increase in the economic efficiency of the con-
struction of bridges, made of aluminum alloys, taking
into account their higher deformability, the above fea-
tures and the difference between the physical and me-
chanical properties of alloys and steels, impose supple-
mentary conditions on the choice of structural solutions
in the course of design, namely:

« traditional beam solutions of span structures turn
out to be ineffective due to the substantially underload-
ed material due to the need to ensure structural rigidity
(in case of maximum deflections), and the application
of spatially developed structural solutions, namely, truss
and arch solutions, is required;

« for road bridges and some heavily loaded pe-
destrian bridges, which are exposed to repetitive cyclic
loading in the course of operation, the fatigue resistance
condition is the main condition to ensure the required

'SP (Construction Regulations) 128.13330.2016. Aluminum
structures. Revised edition of SNiP 2.03.06-85.

2SP (Construction Regulations) 35.13330.2011. Bridges and
pipes.

3 SP (Construction Regulations) 443.1325800.2019. Bridges
with structures made of aluminum alloys. Design rules.
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bearing capacity in the course of the pre-set service life.
As arule, the rigidity condition is satisfied automatically,
and the strength condition has a multiple reserve of hun-
dreds of percent, if beam solutions are implemented.

The fatigue resistance of aluminum alloys

The use of aluminum alloys in the production
of structures experiencing repeated alternating cyclic ef-
fects makes it necessary to ensure their fatigue resistance
during the pre-set service life. For such structures it can
be several dozens of years, and the number of loading
cycles can reach up to 10°-10% and more [7, 8].

For the purpose of presenting the main provisions
of the proposed method of analysis of bridge structures
made of aluminum alloys, it is necessary to consider
the key provisions of the fatigue resistance analysis
of structures made of other materials, namely, steel.

The main parameters of cyclic loading are maxi-
mum and minimum cycle stresses 6, 6, .. The ampli-
tude and average cycle stress 6, 6, , and cycle asymme-
try coefficient », determined on their basis, are related
by expressions:

c = Gmax B Gmin
a >
2
Gm — csmax ;- Gmin’ (1)
y= min
(¢

The fatigue resistance (fatigue strength) of met-
als at different levels of cyclically varying stresses is
described by the fatigue strength curve obtained in
the process of cyclic fatigue resistance testing of smooth
specimens (Weller curve, Fig. 1) [9]. If represented in
the coordinate system logo —~logN (o, is the cycle am-
plitude; N is the number of loading cycles), the curve

4
log o

N
AN

™\

Or

a

has an irregular shape, consisting of rectilinear sec-
tions [10].

The main characteristic of the fatigue strength
of a material is the fatigue resistance limit 6, which
is set during the construction of the fatigue curve and
is the maximum stress below which fatigue failure (fa-
tigue cracking) does not occur, or the material is able to
withstand a given number of loading cycles [11].

For steels, the fatigue curve usually has two char-
acteristic sections (Fig. 1, a), a sloping section with
a cotangent of the slope angle m, and a horizontal
section corresponding to the values of the fatigue re-
sistance limit reached in the range of 10°-107 cycles
of loading [8], after which it is considered that fatigue
failure does not occur.

For aluminum alloys, that are different from steels,
this curve has a more complicated shape consisting of three
sections (Fig. 1, b), the inclined sections have different
slope angles expressed by parameters m,, m, = m, + 2,
the horizontal section is reached later than for steels, ap-
proximately at 10® cycles of loading [8, 9].

In general, the stress corresponding to 2 - 10 cy-
cles of loading is taken as the fatigue resistance limit
for both steels and aluminum alloys in the fatigue resist-
ance analysis of structures.

Factors affecting the value of the fatigue
resistance limit.

1. Concentration of stresses: fatigue failure, pre-
ceded by fatigue cracking, usually occurs in the areas
of stress concentration in the most heavily loaded ele-
ments of a structure, and is determined by their geomet-
ric shape and element connection methods [12].

The actual values of the amplitude and cycle mean
stress ¢’ , ¢’ in the area of anticipated fatigue failure
and effective stresses are determined by multiplying
the nominal values of the amplitude and cycle mean
stress 6, 6, by the value of the theoretical stress con-
centration factor K :

A
|0g Ta
~
N
N

1
Or
oD
oL

2-10¢ 5-10¢
9 e
1 1 1 1 ;
log N
b

Fig. 1. Fatigue curve for steels (a); fatigue curve for aluminum alloys (b): o, is the fatigue resistance limit of steels and alu-

minum alloys at 2 - 10 cycles; o, is the fatigue resistance limit (fatigue strength) of aluminum alloys at 5 - 10 cycles; o, is

the damage limit of aluminum alloys subjected to 10% cycles
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Nominal stresses 6, 6, in the above areas are
identified as a result of the static analysis of the struc-
ture without taking into account the stress concentration
effect.

2. For the purpose of the fatigue resistance analy-
sis, the manufacturing quality of structural elements
is taken into account by applying reliability factor ¢ iy
which depends on the processing method of structural
elements made of aluminum alloys [13].

For rolled and pressed sections o, =1 sections
made by automatic cutting from sheet with the milling
of edges and reaming of holes o, = L.1; if no edges
or holes are processed, = 1.2; for cold-bent sections
made of a sheeto, = 1.5.

3. For the purpose of the fatigue resistance analy-
sis, the method of connection of structural elements is
taken into account by using the joint reliability coef-
ficient Oy which depends on the method of connection
of structural elements into structural blocks [14].

For elements, connected using the innovative fric-
tion stir welding technology o, = 1.0-1.1; for tradi-
tional argon arc semi-automatic welding in the inert gas
o, =1.2-1.3; for manual argon arc welding o, =1.5;
bolted connections, made using high-strength bolts with
torque control oy = 1.2 [15].

4. If the thickness of rolled steel exceeds 50 mm
in the course of production, a thickness reliability coef-
ficient is introduced o, = 1.05, for smaller thicknesses
o, = 1.0 [l6].

5. The cycle asymmetry coefficient r (expression (1))
has a significant influence on the fatigue strength of struc-
tural elements [11]. Fatigue curves of a conventional alu-
minum alloy, tested at different values of the cycle asym-
metry coefficient r, are presented in Fig. 2, a.

Point 0 on the abscissa axis corresponds to the stat-
ic test to failure, which gives the temporary time resist-
ance value o, (asymmetry coefficient 7 = 1) on the or-
dinate axis.

Below are the fatigue resistance curves with
the values of ¢, obtained in the range 1 <r < 1, with

log o,

L& N

Oos | 0 ~— T — r=1

R NN — r=0.5
O os oI T r=-0.5
L I r=—1

log N
1° 5-10° 108
a

the lowest value of the fatigue resistance limit o_ oc-
curring in the symmetrical cycle (» =—1), the most dan-
gerous for the moment of the fatigue failure onset.

The values of the limit fatigue resistance for differ-
ent values of cycle asymmetry coefficient 7 in the coor-
dinates 6, ¢ , or the amplitude and cycle mean stress
make a so-called amplitude limit diagram (Fig. 2, b),
which demonstrates the general condition of fatigue
resistance, under which the maximum cycle stress o
must not exceed the corresponding fatigue resistance
limit o :

3

Essentially, the amplitude limit diagram for a par-
ticular alloy is a comprehensive strength characteris-
tic of that alloy needed to ensure the fatigue resistance
condition in the range of asymmetry coefficient values:

-1<r<L 4

Due to the impossibility of the fatigue testing
of numerous grades of steels and aluminum alloys
in practice, approximated amplitude limit diagrams
(Fig. 3) based on three standard tests are used®.

The approximated Serensen — Kinasoshvili dia-
gram is based on the results of two fatigue tests with
cycle asymmetry coefficients » = —1 (the symmetric cy-
cle), » = 0 (the pulsating cycle) and a static test to deter-
mine the yield strength o, (conventional yield strength
c,, for alloys without any yield site).

The effective value of the cycle amplitude o', and
cycle mean stress ¢’ at a given asymmetry coefficient
r are reflected in the diagram using operating point 4.

Hence, the main parameter expressed graphically
by means of the approximated limit amplitude diagram
is the actual fatigue damage reliability coefficient Z :

B
z,-9
0A
The parameters of the fatigue resistance analysis,
also obtained as a result of the approximated limit am-
plitude diagrams, include:

+ the angular coefficient of the limit amplitude dia-
gram:

(&)

[¢)
my my

my B

b

Fig. 2. The family of fatigue curves made for a conventional aluminum alloy (a); a limit amplitude diagram for a conventional

aluminum alloy ()
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Fig. 3. The approximated Serensen—Kinasoshvili limit ampli-
tude diagram

206_, -0
Vo = (6)

60
* the angular coefficient of the asymmetric cycle:

-7
P =1 @)
where ¢ |, o, are fatigue resistance limits following
2 - 109 loading cycles with ca constant amplitude for
symmetric (r = —1) and pulsating (» = 0) cycles; r is
the cycle asymmetry factor (expression (1)).

In the general case, the value of the actual reli-
ability factor Z_for an arbitrary asymmetric loading
cycle is identified by analyzing the geometric similar-
ity of the components of the approximated diagram
of the limit amplitudes, leading to the expression:

7 -_ %1 _ % =
c ’ ’
Ga +Gm\v6 GHKG + GmKG\VG

®

_ o,
o, K, (1+v,/9,)

wherec , 6,6, ,0" are the nominal and effective values
of the cycle amplitude and cycle mean stress in an asym-
metric cycle with a given asymmetry coefficient r; K_ is
the theoretical stress concentration factor.

For negative values of mean stress 6, <0, its abso-
lute value |o, | is used in expression (11).

In practical calculations it is convenient to take
into account stress concentration by clustering struc-
tural elements, and these clusters for which, depending
on the types of connection nodes, the nominal value
of the maximum acceptable cycle amplitude G, is set,
and this value ensures the fatigue resistance of a struc-
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tural element at 2 - 10° cycles of loading, if the cycle
asymmetry coefficient = 0.5%4,

The limit value of the nominal amplitude 6, (r =
=—1) of a symmetric cycle for a particular group of el-
ements designated for use in the analysis of an arbi-
trary type of asymmetric stress cycle is identified using
the following expression:

6, =0, (1+v,/9,)= S, (1+3wy,). )

In case of the pre-set value of cycle asymmetry
coefficient 7, actual fatigue resistance coefficient Z_is
determined for groups of elements using the following
expression:

o,

o, (v, /o) 1o
where o, is the nominal value of the cycle amplitude
at the preLset asymmetry coefficient ; y_is the angular
coefficient of the limit amplitude diagram at the pre-set
value of 7.

The methodology of analysis of the fatigue re-
sistance of bridge structures, made of aluminum al-
loys, has the ultimate goal of ensuring the general con-
dition of fatigue resistance in the form of prevention
of fatigue cracking of elements of bearing structures,
made of aluminum alloys, during a pre-set service life.

Unless established otherwise, the generally ac-
cepted average number of cycles, during which no fa-
tigue cracking should occur, is 2 - 10° cycles®. For road
bridges with a service life life of 50 years, the number
of load cycles may exceed this value manifold.

Ensuring the absence of damage during a pre-
set service life is based on the assessment of the pos-
sibility of damage occurrence during a pre-set service
life of a structure using the bottom value of the fatigue
resistance limit and the top value of fatigue loading,
which ensures the fatigue resistance condition with
a margin’.

Towards this end, the loading history is analyzed,
and the analysis consists in the compilation of the stress
spectrum in the areas of potential cracking. This infor-
mation, based on the damageability analysis, is used to
project the safe service life 7, which is then compared
with the target life 7

[

T,
T, =—*. 11
= (1)
Total damageability D, is calculated for a set of cy-
cles according to the Miner’.rule of damage as the sum

of damageability shares:

D, = Z}'\’/—

4SP (Construction Regulations) 16.13330.2016. Steel struc-
tures. Revised edition of SNiP II-23-81* with Amend-
ment No. 1.

(12)
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where /. is the durability corresponding to n, loadings;
i is the type of cycles.

The total value of the total damageability must sat-
isfy the condition:

D <D, <1, (13)

lim —
where D, is the limit damageability value, generally
assumed to be equal to one.

The fatigue load is identified by analyzing all
sources of alternating stresses in a structure, namely:

* temporary moving loads;

* loads due to wind and seismic effects;

» dynamic response from resonance effects and
hindered motion;

* temperature changes.

The calculated values of fatigue loading are identi-
fied by analyzing the pre-set spectrum of loads and count-
ed cycles, which identify the range of values of the cer-
tain cyclic loading and the number of repetitions of each
range during the design service life of a structure.

The stress spectrum triggered by the fatigue loading
with a variable amplitude is identified using the “pool”
method® which consists in determining the sequence
of cycles 6, decreasing in the amplitude of stresses and
their grouping into a finite number of ranges.

In case of the insufficient reliability of fatigue load
values F',,, obtained in accordance with the above con-
ditions, design load F,, is applied to load F,, to find
reliability factor y -

F

Ed

= FEk'YEfa

(14)

where y Ffis the reliability factor for fatigue loads, which
depends on the statistical parameters of the predicted
values of loads [6].

The analysis of the stressed state of structures
subjected to fatigue influences is made in an elastic
statement; maximum and minimum values of stresses,
caused by the pre-set influence, are identified taking
into account possible dynamic effects.

The calculated values of effective stresses are ob-
tained by:

* multiplying nominal stresses by corresponding
theoretical coefficients of elastic stress concentration K
for a linear-elastic material, depending on the location
of cracks and the type of a stress field, obtained using
the classical solutions of the strength of materials and
elasticity theory;

* the finite-element modeling of the stress-strain
state of potential cracking areas that represents detailed
partitioning of these areas into finite elements of ap-
propriate types.

The design values of stresses used to identify
fatigue resistance by means of element groups are
the nominal values of the cycle amplitude and average
stress in accordance with expressions (1) and (2).

>Eurocode 9: Design of aluminum structures. Part 1-3: Struc-
tures susceptible to fatigue.

The fatigue resistance analysis consists in finding
separate shares of damageability of a structure by each
stress range from the pre-set loading spectrum, which in
total provide the general condition of fatigue resistance
according to expression (16).

For this purpose, values of durability /, are deter-
mined for all stress ranges from the pre-set spectrum cor-
responding to total damageability D, = 1 from the im-
pact of each of the ranges separately. The total value
of the damageability shares is identified using (13).

Durability N, (the design number of cycles to
failure) for a particular range of stress cycles is identi-
fied using the fatigue strength curve (Fig. 1, b). Within
the range of 5 - 10°=5 - 10° cycles, the value of N, is
found by applying the following formula:

N, =N (z,/[2])". (15)

within 5 - 10°-5 - 10® cycles, the N, value is calculated
using the formula:

N, =N, (2, /[Z])”’Z cmlm (16)

where N, =2 - 10°% N, =5 - 10° (cycles), C =
=N, /N.,=0.4; Z_is the actual reliability coefficient in
terms of fatigue in case of a pre-set type of cycle, iden-
tified according to expressions (8), (10); [Z] is the ac-
ceptable reliability coefficient in terms of fatigue (17);
m,, m, = m + 2 are the slope parameters of sections
of the fatigue strength curve.

The value of the acceptable reliability factor in
terms of fatigue is identified taking into account the qual-
ity of structural elements, the method of their connection
into structural blocks and the thickness of rolled steel:

[Z]= Y Vs Vrys 17)

where Yoy is the coefficient of reliability based on the qual-
ity of manufacture of structures; v is the coefficient of re-
liability based on the method of connections; Yy is the co-
efficient of reliability based on the thickness of rolled
products.

If the fatigue resistance condition (13) is not satisfied,
cross-section sizes of structural elements are corrected and
repetitively analyzed until this condition is satisfied.

RESEARCH RESULTS

Experimental verification of methods

of fatigue resistance analysis

1. Static and fatigue testing of laboratory specimens.

Laboratory static and fatigue tests of specimens
of four perspective aluminum alloys 1915T, AD35T1,
1565hM, EN AW-6082 T6, designated for building
structures, (Fig. 4, 5), were made to ensure the applica-
bility of the above method of analysis of fatigue resist-
ance properties of aluminum alloys [10].

In the course of the laboratory testing, strength and
fatigue characteristics, required for the analysis of static
impacts and the fatigue resistance of bridge structures,
made of these alloys, were obtained (see the table).
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Alloy 1915T. Sample 1

Fig. 4. View and results of static tests of 1915T alloy specimens

Strength and fatigue characteristics of aluminum alloys
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Fig. 5. View and results of fatigue tests of 1915T alloy specimens

2. Static and fatigue tests of full-scale bridge struc-
tures.

Here we analyze a span structure (designed by
NRU MGSU) of a real pedestrian bridge of the truss
type without a pavement and with a span of 10 m,
made by GS-Reserve from alloy 1915; structural ele-
ments of the bridge are connected by argon-arc welding
(Fig. 6).

46

The bridge was subjected to static loading in
the elastic stage and subsequent fatigue loading
from the conditional distributed load transmitted to
the structure from two loading jacks with a system
of beams.

Parameters of the deformation state of the bridge,
identified in the course of an experiment and recorded
in the process of static loading using strain gauges and
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deflectometers, show good convergence with the re-
sults of the FEM analysis, divergence between theo-
retical and experimental results reached 3—15 % [17].

Fatigue tests were performed during 15 calendar
days with a loading frequency of one cycle in 5 seconds
(0.2 Hz). Hence, 260 thousand loading cycles were im-
plemented during this period.

Therefore, according to the findings of the fatigue
resistance analysis, made pursuant to the proposed
methodology to find the amplitude of pulsating load,
fatigue failure must occur in the most stressed areas
in the form of fatigue cracking after approximately
200 thousand loading cycles.

The results of fatigue tests confirmed the reliabil-
ity of the proposed methodology; fatigue cracking in
the most stressed areas occurred in the range of 190-240
thousand loading cycles; divergence between theoreti-
cal and experimental results was 5-20 %.

NRU MGSU took advantage of the domestic and
international experience [18-20] to design orthotrop-
ic road slabs made by innovative methods of extru-
sion and friction stir welding from aluminum alloy
EN AW-6082 T6 (Fig. 7).

KramZ and Sespel plants produced a batch of these
orthotropic plates, which were first subjected to static load-
ing by forces, concentrated in the centres of the plates, and

e

Fig. 7. Static load and fatigue resistance testing of coupled orthotropic road slabs made of EN AW-6082 T6 alloy
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then to fatigue loading equivalent to the action of a cou-
pled truck wheel in the testing centre of NRU MGSUE.

In the course of static testing, the orthotropic plates
withstood a concentrated static load of 850 kN per plate
without any plastic deformations, which was confirmed
by the results of the FEM analysis performed during
the design of the plates. The obtained value repeatedly
exceeds the standard value of the concentrated load ac-
ceptable according to the regulatory document?®.

Further fatigue tests that represented the impact,
equivalent to the pressure of a coupled truck wheel in
conditions of an asymmetric cycle with asymmetry co-
efficient » = 0.12 were conducted for the standard load
A14% in the range of 20—170 kN.

The plates withstood 2 - 10¢ cycles of loading
without damage and fatigue cracking, which is also
confirmed by the results of the preliminary fatigue re-
sistance analysis made using the proposed method.

CONCLUSION AND DISCUSSION

The laboratory testing of specimens of aluminum
alloy grades 1915T, AD35 T1, 1565hM, EN AW-
6082 T6, having strong prospects in terms of bridge
construction, allowed to obtain strength and fatigue

®Technical report made by order of JSC “Rusal TD” on “Devel-
opment of a set of rules «Bridges with structures made of alu-
minum alloys. Design Rules» within the framework of the pro-
gramme of actions to expand the validity and update the code
of practice for road bridges. Moscow, MGSU, 2020; 540.

characteristics necessary for the fatigue resistance anal-
ysis of bridge structures made of these alloys.

The fatigue resistance testing of the pedestrian
bridge made of 1915T alloy and a series of orthotropic
plates made of EN AW-6082 T6 alloy confirmed the re-
liability of the results of preliminary fatigue resistance
calculations of these objects according to the proposed
procedure. For the bridge, the divergence between
the theoretical and experimental results is within 5-20 %;
the plates withstood the planned number of loading cy-
cles (2 - 10° cycles) without any fatigue damage.

The applicability of the proposed method of fatigue
resistance analysis to structures made of aluminum al-
loys of other grades is determined by their fatigue char-
acteristics (fatigue resistance limits ¢ |, o, for symmet-
ric and pulsating cycles).

In this case, it should be taken into account that
the characteristics of the alloy of a particular grade can
vary significantly, depending on the conditions of its
manufacture.

To obtain these characteristics, it is necessary to
subject series of samples to appropriate laboratory tests,
which must be supplemented, if possible, by field tests
of structures and their fragments made of a particular
alloy.

The proposed methodology designated for the fa-
tigue resistance analysis of structures made of alu-
minum alloys can be applied to structures of any type
and purpose, which are subjected to repeatedly alternat-
ing impacts of cyclic nature in the process of operation.
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