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Abstract

Objective of the dissertation is to gain insight into the structural stability of steel arches comprising
hollow cross-sections. Steel arches are typically manufactured from initially straight members, which
are subjected to bending in order to meet the desired curvature. The roller-bending process is the most
commonly used method for curving constructional steel members in the fabrication industry. It is a cold-
forming process, in which a workpiece is passed iteratively through a three-roller-bending machine.
Residual stresses, or commonly called “locked-in” stresses, along with significant plastic deformations,
are induced to steel members during cold-forming, affecting their structural behavior. The present doc-
toral thesis aims at assessing the effects of residual stresses and geometric imperfections on the inelastic
stability of steel arches.

In this context, a combined experimental, numerical and analytical investigation is implemented. A state-
of-the-art experimental study is presented, regarding the in-plane behavior of roller-bent arches com-
prising Rectangular-Hollow-Sections. Detailed finite element simulations of pertinent experimental tests
are carried out, aiming at validating the developed numerical models. The roller-bending process is
explicitly simulated, accounting for the real contact interaction between the bending machine and the
steel workpiece. Experimental and numerical results are compared in terms of load-displacement equi-
librium paths, strain-gauge measurements and deformed shapes, providing good quantitative and qual-
itative agreement. Following validation of the developed numerical models, the influence of the main
roller-bending characteristics on the residual stress/strain formations of roller-bent hollow sections are
assessed, on the basis of comprehensive parametric studies. The effects of residuals stresses on the
elastic domain of hollow sections, as well as on the critical loads of steel arches, are investigated next,
using analytical expressions that rely on linear analysis. The results are compared between various
hollow sections, providing qualitative conclusions. Subsequently, the inelastic stability of arches is accu-
rately assessed by means of Geometry and Material Nonlinear Analyses, incorporating reliable locked-
in stress distributions and appropriate geometric imperfections.

The contribution of the present dissertation to the advancement of engineering science and design
practice includes, mainly among others, the development of sophisticated numerical simulations of the
cold-curving process, the presentation and interpretation of experimental and numerical results on
roller-bent arches, the development of residual stress models for roller-bent hollow sections, and the
proposal of appropriate buckling curves for hollow-section steel arches. The experimental and numerical
results highlight the presence of the “Bauschinger” and “strain aging” effects on the roller-bent arches.
The proposed residual stress distributions can be efficiently exploited from analysts to develop new
design recommendations. Finally, the proposed buckling curves can be reliably implemented in the
structural design practice, according to modern structural design standards.
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NepiAnyn

AvTIKeigeVO TNG dI0AKTOPIKNG dIaTPIBNC anoTeAei n diepelivnon TNG euaTaBelag XaAUBdIVWV TOEWV KOIANG
dlaTounc. Ta peTaAAIka TOEa kaTaokeualovTal ano kaTepyaaoia eubUYpaUPWY HEAWY HE DIAPOPEG PEBO-
douc. H nio diadedopévn PEBODOG yia TNV KApNUAwGON HeA®Y doIKoU XaAuBa €ival n ev wuxpw diapop-
pwon Pe xpron Tupnavev (roller-bending). ZTnv nepinTwon auTr, To uBUYpaPPo PEAOC DIEPXETAI ANO
TN MNXavr KaunUAwGoNG nou anoTteAsital and TUPNava, v n €niBUPNTI KAUnNUAGTNTA €MITUYXAVETal
MEOW TNG KAUWNG TPIMV ONUEIV NoU NpokaAei NAACTIKEC NApAPOPPWTEIC. H gv Wwuxpw dlIauoppwaon
£104yel ONUAVTIKEC NAPAPEVOUCEG TAOEIG KAl NAPANOPPWOEIC 0Td TOEQ, ENNPealovTac TNV MNXAVIKT TOUG
OUMNEPIPOPA. XTOXOG TNG napouoac diaTpIBNG €ival n anoTiunaon TnNG ENIPPONS TWV NAPAREVOUCHV Td-
OEWV KAl TWV YEWUETPIKWV ATEAEIMV OTNV EUOTABEI TwV XAAUBSIVWV TOEWV.

>To nAaiglo Tng dlaTpIBRC epapuoleTal €vag ouvOUAopOG NEIPAPATIK®MY, apIBUNTIKOV Kal avaAuTIKOV
HEBOOWV Epeuvac. Ta anoTeEAECUATA NEIPAPATIKWV OOKIPWY O€ XaAUBdIVa TOEA, KAUMUAWKEVA EV PUXPW,
OUYKpIVOVTal JE Ta avTioToixa apiBunTika anoteAéopara, oToxelovTag oTnv MaoTonoinon Twv apidun-
TIKQV NPOCOMOIWUATWY. H dladikacia KaunUAWOoNG TwV TOEWV NPOCOMOINVETAI AENTOPEPWC, AauBavo-
vTag unown Tnv aAnAenidpaocn nou avanTUooETal HECW ENAPNG TOU JEAOUC PE Ta TUPNAva TNG Ynxa-
VAG. AIQNIOTWVETAI IKAVONOINTIKr) CUYKAION PETAEU TwV apIBUNTIKWV Kal TWV NEIPAPATIKOV anoTEAEGHA-
TwvV 0€ OPOUC aVTOXNG, HETATOMNIOEWY KAl AVanNTUOCOUEVWY Napapop@®aoswy. MNpayuatonolsital pia &-
KTETAMEVN aPIBUNTIKNA SlEPEUVNON TWV NAPANETPWY NOU ENNPEAloUV TIC KATAVOMEC NAPAUEVOUCWY TA-
OEWV OE KOIAEG TETPAYWVIKEG, OPOOYWVIKEG Kal KUKAIKEG OlaTOpEG. KaToniv, digpeuvdaral n enippor) Twv
NAapapeEVoOUCWY TACEWV OTNV EAACTONAAOTIKI GUUNEPIPOPA TNG DIATOWNG KAl OTO KPIOIUOo (popTiou Auyi-
opoU Tou TOEoU, e Xprion avaAuTikwv peBodwv. H euoTabeia Twv TOEwv and xaAuBa anoTipdral pe
aKpiBela YEOW KN YPAUKIKWOV apiBunTIKwV avaAUoewy UAIKOU Kal YEWHETPIAc, nou nepiAapyBavouv agio-
NIoTA YEYEDN YEWUETPIKWY ATEAEIMV KAl KATAVOUWV NAPAPEVOUCWY TAGEWV.

H npwTtoTunia Tng diaTpIBnG kai N cupBOAr TNG TNV €pguva Kal aTny Npda&n Tou Pnxavikou cuvowilo-
VTal, KUpIwG, TNV avanTuén AenNToPep®Y apiBPNTIKWV NPOCOUOINKATWV TNG 01adIkaciac KaunUuAwong,
oTnV napouciaon Kal EpUNVEIa NEIPAPATIK®Y Kal apiBuNTIKWV anoTEAEOUATWY o€ XaAUBdIva To&a, aTn
dOnuIoUpyia JOVTEAWY NAPAPEVOUC®Y TACEWV YIA KAUNUAWMEVA €V WUXPW WEAN KOIANG dIATOURAG, Kal oTn
diatunwaon kataAnAwv odnyi®v oxediacpol und Tn Hop@r KapnuAwv Auyiopou. Ta neipayatika Kai
apIBunTIka anoteAéopara, avadeikvUouv onuavTika @aivopeva nou nnyalouv ano Tn diadikaagia Tng ev
Puxpw KapnuAwong. Or NPOTEIVOUEVEC KATAVOUEC NAPANEVOUCWY TACEWV £ival MOAU XpROIUEG OTNV a-
VAAUON TwV TOEWTWV POPEWYV. TEAOC, Ol NMPOTEIVOUEVEC KAUNUAEC AuyiopgoU pnopolv va e(papuocbouv
a&iomoTa oTo oxedIaopo XaAUBdIVWV TOEWV, OMOU HEXPI TWPA XPNOIKONOIoUVTal KAUNUAEG AUyYIOUOU yia
€UBUYpappa PEAN.






EKTENHZ MNEPIAHWH

1. EIZArQrH

O1 ToEwToi Popeic ano dopikd XaAuBa eival 1B1aiTepa ONUOPIAEIG OTIG KATAOKEUEG, £€QITIAC TNG KAARG
MNXAVIKNG CUMNEPIPOPAG Kal TWV AIOBNTIKWV NAEOVEKTNUATWY Nou npoo®épouyv [1]. Ta kapnUAa PEAn
dopikoU XaAuBa kataokeudalovTal ano TNV KATepyacia eUBUYPAPUWVY HEAWY, EVM UNAPYXOUV OIAPOPEC
HEBODOI yia To okond auTd [2]. H nio diadedoyevn Kal OIKOVOUIKI HEBOSOG yia TNV KapnuAwon XaAUupdI-
VWV PEAWV €ival n v YPuxpw KapnuAwon pe xprion Tupnavwv (roller-bending). STnv nepinTwon autn,
TO UNO JIANOPPWON EUBUYPAUHO HEAOC DIEPXETAI ANO KATAAMNAN pnNxavr KapnUAwGoNG nou anoTeAsiTal
ano Tupnava (ZxNua 1), eve n embupnTr KaENUAOGTNTA EMNITUYXAVETAI HECW KAPYNG TRIWV GNHEIWY Mo
npokaAei NAACTIKEC NApAROPPWOEIG [3]. INUAVTIKEG NAPAUEVOUTEC TACEIC KAl NAPANOPPWOEIC EI0AYO-
VTal ano TNy &V Yuxpw KagnuAwaorn. O napapévouoes TACEIC Kal Ol YEWUETPIKEG ATEAEIEC ennpealouy Tn
MNXAvIKr) CUMNEPIPOPA TWV HEAWV, HEIOVOVTAC CNMAVTIKA TNV avTtoxr Toug o Auyiopd [4]. Kpiveral
£NOMEVWG OKOMIKO va dlepeuvnBoUlv ol TAOEIC/ NApaopPWOEIC MOU EI0AYOVTAl KATA TNV €V Puxpw Oia-
HOPPWON TwV TOEWV ano XaAuBa, KabBwg Kal n eNIPPOor) TOUC TNV KNXAVIKT) GUUNEPIPOPA TWV TOEOTWV
POPEWV.

O oUyXpovoc oxedIaouoC Twv TOEWTWV Popéwv BaaoileTal aTnv epapuoyr KaunuAwv AuyiopoU rnou npo-
opifovTal yia ubUypaupa HEAN kal we ek ToUToU Bewpolv JIaPOPETIKEC KATAVOMEG NAPANEVOUCWY Td-
OEWV Ano QUTEC TWV KAUNUAWY HEAWV, 1 OTNV EKTEAEON PN-YPAUMIKWV aVaAUOEWY YEWUETPIAC Kal UAI-
koU nou Aappavouv guPeoa unown TNV ENIPPON TV NAPAPEVOUCOV TAGEWV OTNV opIakr avroxn [5-6].
H ouyKekpIpévn NPAKTIKN oXedIAoPoU dev £xel oa@r) oTaBUN aflonioTiac. AVTIKEIMEVO TNG JIOAKTOPIKAG
dlaTpIBAC gival (a) o NPoadIopIoUOG TWV NAPANEVOUC®Y TACEWVY Kal NAPAPopPOOEWY XaAUBdIVWY TOEWV
KoiAng diatopng, (B) n diepelivnon TNG ENIPPONG TOUG OTN KNXAVIKR CUUNEPIPOPA TWV Popewv, Kai ()
n diaTunwon kataAAnAwv odnyiwv oxediaopoU yia TOEa. 2To nAaioio TngG diaTpIBrc, napoucialeTarl pia
NEIPAPATIKA, apIBUNTIKN kal avaAuTikn SIEPEUVNON TNG GUMNEPIPOPAC TWV XAAUBdIVWV TOEWV KOIANG
dlaTtounc. Ta NEIPapaTika anoTeAEOUATA XpNoIKonoioUvTadl yid TNV NIOTONOINGN TwV apIBUNTIKWV Npo-
OOMOIWKPATWV. ApIBUNTIKEG Kal avaAuTIkEG pEBodoI epapudlovTal yia TNV anoTiunon TnG CUHNEPIPOPAG
TV XaAUBdIVwY TOEwV eeTalovtag eva peyalo nNARBoC napapeTpwy. TENOG, NPOTEIVOVTAl KATAAANAEC
KaunuAec AuyiopoU, ol onoiec pnopoUv va XpnoigonoinBouv agidnioTa yia Tn HEAETN Kal Tov oXeOIAOHO
TOEWTWV POopEWV anod Xaiupa.

Sxnua 1: KaunUAwon HEow KAPWNG TPIMV CNUEIWV.



2. 2YNTOMH BIBAIOIPA®IKH ANAZKOINHZH

O1 NapapEVOUOEC TAOEIC ano TNV £V WPUXPW KApNUAwon digpeuvnBnkav apxikd and Tov Timoshenko [7].
Ma TNV €KTiUNON TwWV NAPAPEVOUCKOV TACEWV XPNOIKONOoINBNKE £va adpPOUEPEC NPOCOUOIWUA EPApHO-
fovtac Tn Bewpia dokou Euler-Bernoulli. @cwpwvTac Ioopponia Twv avanTuooodeEvwy ponwv oTtn dia-
Toun (EE. 1-3), oI NapapEvoUdEG TAOEIC MPOKUNTOUY anod enaAlnAia Twv opBwv Taoswv Adyw aveAaoTi-
KNG pOPTIONG Kal EAACTIKNAC anopOopTIoNG, W ouvAPTNON TOU CUVTEAEDTH oxnuaToc a (AOyog TnG nAa-
OTIKNG W Npoc TNV eAaCTIKr We ponng avTioTaons) kai Tng Taonc diapponc Tou XaAupa £, onwc na-
pouaIaleTal 0To ZXNKa 2. ZUP@WVA WE TIC Napadoxec Tou BewpnTikoU HOVTEAOU, OI JIATUNTIKEC TACEIG
apeAolvTal, kai ol opBEC TAoeIg AauBavovTal opoIOUOPPEC 0TO NAATOC TNG dIATOMNG BEwpPWVTAC GUVON)-
KeG eninedng évraonc. To BewpnTikd POVTEAO NAPAUEVOUCWV TACEWV €ival aveEaptnTo and To oxnua
NG OIATOMNG,.

My, + My, = 0 (EE. 1)

My = Wy fy (EE. 2)
Msb Wpl ’ Wpl

Osp = w,, = - W, “fy ) Ores = fy- (1-a), omova = W, (EE. 3)

(o-1)f;

Sxnua 2: OpBEC Nnapapevouosg TACEIG ano aveAdoTIKr KAUWn Kal eEAacTIKr enavagopd.

H 31€BvNG €peuva OXETIKA PE TIC NAPAPEVOUOEG TACEIC O TOED MOU £XOUV KAUNUAWBEI ev Yuxpw €ival
neplopiohevn. Ol NapapEVOUOoEG TAOEIC o XaAURdIva TOEa nou anotehoUvTal anod diatouég HEA, HEB kal
IPE, npoodiopioTnkav neipapatika [8], xpnoionolinvrac Tn YEBodo Twv Touwv (sectioning method).
Ano TIC EpYAOTNPIAKEG PETPNOEIC NPOEKUYWE OTI N KATAVOMN TwV NAPAUEVOUCWY TACEWV PETABANETAI
META TNV KAPnUAWON, eve dlagoponolsiTal onuavTika and Tn BswpnTikr katavopr Timoshenko. Eni-
nAéov, NnapatnpRbnkav onpavTikeg SIaKUKAVOEIG TwV TAOEWV KATA TO NAATOG TwV NEAUATWY, KAl OUYKE-
VTPWOEIG TAOEWV OTIG EVWOEIC KOPUOU-NeAUaTwy. Or anokAioeic and Tn BswpnTikn kaTavour anodido-
vTai atnv Unapé&n SIATUNoNG Kai oTnV NApapopPwWoIPOTNTA TNE dIATOMNG and TNy KAPWn TPIMV ONUEiwy.
AenTOUEPEIC apIBUNTIKEG NPOCOHOIWTEIG TNG dladikagiag kapnUAwong Npayyaronoinénkav os TOEa nou
anotehouvTal and diatopég HEA, HEB, kai IPE, xpnoidonoiovTag Tn pEB0So Twv NENEPACHEVWY OTOI-
¥eiwv [9]. 10 NAGioIo TNC £pEUVAC QUTNAC, NPOCOUOIMBNKE N aAAnAenidpacn Tou PEAOUC YE Ta TUUNAva
TNG KNXAvNG Kal unoAoyioTnkav apiBunTIKA ol Napapévouoeg TACEIG. ANO TN OUYKPIOT MEIPAUATIKWOV Kal
apIBUNTIKWV anoTEAECUATWY dIanIOTWONKE IKAVOMOINTIKA oUYKAION, KAl WG EK TOUTOU, MIOTOMOINBNKE N
akpiBeia Tou apiBunTiKoU NPocopoI®UAToC. 'ETal, NpoTddnke KATAANAO avaAuTIKO HOVTEAO yia Tov
NpPocdIOPIOUO TWV NAPAPEVOUCHOY TACEWV OTIC JIaTOPEC nou eEeTdodnkav [10]. H npoTeivopevn kata-
VOWI Napapevouowv TAoswv napoucialeTal aTo Xxnua 3. O1 TIHEC TWV NAPAPEVOUCWY TACEWV UMNOAO-
yiCovTal avaAuTikad oUppwva Pe Tnv EE. 4.
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Sxnua 3: MNpoTEIVOUEVO POVTENO NAPAUEVOUCWV TAOEWV Ot diaTouec HEA, HEB kai IPE [10].

7bt; 14bt;

Owrt = 30h0twf;” Owrc = _30h0twfy (EE 4)

EninpdoBeTa, apiBunTIKEC NPOCOUOIWTEIG TNG dIadikagiag kapnUAwoNg NpayuaTonoinénkav o To&a nou
anoTeAouvTal and KoiAec opBoywVIKECG diaTopEC [11]. ZTo nAaicio TN €peuvac, dIEPEUVABNKE N ENIPPon
OlIaPOpwWV NAPAPETPWY OTNV KATAVOUN TWV NAPAUEVOUCWY TACEWV, OMNWG O GUVOPIAKEC GUVONKEC, Ol
dlaoTACEIC TNC IATOUNG, N AKTiVva KAPNUAOTNTAG Kal N Noi0TNTa Tou XaAuBa. Me Baon Ta anoTeAéouaTa
Mou MPOEKUWAV, NPOTABNKE KaTAAANAO HOVTEAO NAPAUEVOUCWV TACEWV YIa KOIAEC 0pBoYWVIKEG dlaTo-
MEC KAUNUAWMEVEG eV PUXp® (ZxKHa 4). O1 TINEC Twv NApAPEVOUCKY TAGEWV NpoadiopilovTal gUPPwva
pe TG EE. 5-8.
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ZxrHa 4: MNpoTeIvVOUEVO HOVTEAO NAPAMEVOUC®Y TAOEWV O€ KOIAEG 0pBoywVIKEG dlaTopég [11].
Ma20 < R/h < 150,1 < h/b < 2,20 < h/t < 50 ka1 235MPa < f, < 450MPa:
Oepielfy, = €[0.81—0.0028(R/h) — 0.09(h/b) + 0.008(h/t)] (EE. 5)
Nal<h/b<2, 20<h/t<50xx235MPa< f, < 450MPa:

e 20<R/h<150



Owebm/fy = €[—0.28 — 0.0034(R/h) — 0.05(h/b) — 0.01(h/t)] (EX. 6)

e 75<R/h<150

Owebm/fy = €[—0.73 +0.0026(R/h) — 0.05(h/b) — 0.01(h/t)] (EE. 7)

Onou, € = /£,/350

Ocrim/fy = —[0crim(1.6 + 0.4(h/b)) + 0.80yep m (h/b) + 0cf1(0.2 + 0.4(h/D))] (EE. 8)

‘Onou, owm=0.15/,

O! UnXavikeg BIOTNTEC Tou XaAuBa petaBailovTal e€aitiac Twv NAQOTIKWV NAPAPOPPOOEWY anod TNV v
WUXpw KapnuAwon. H peTaBoAn Tou PETPOU €AACTIKOTNTAG Kal Twv Opiwv avaAoyiag, diappong, Kai
Bpauong, NnpoadlopioTnKe NelpauaTika yia XaAUuBdiva To&a diaTtoung HEA, HEB, kai IPE [12]. ZTo nAdioio
TNG €peuvac, npayuaronoinénkav dokIPEG BAIWNG kal epehkuopol oe katdAAnAa dokipia (coupon tests)
nou diapopPwenkav npiv/heTa T diadikaagia kapnUAwong. Ano Tnv NeIpapaTikr diEPelvnon NPOEKUYE
onuavTikr dlapoponoinan TNG CUKNEPIPOPAC ToU UAIKOU PETA TNV KapnUAwan, n onoia eEapTaTal Ku-
piw¢ ano Tn B£on Tou dokiyiou aTn diaTopr kal and Tn dieuBuvon TNS POpTIONG. Me BACN Ta ANOTEAE-
opaTa TNG NelpapaTikng digpelivnong, diaTunwonkav avaAuTIKEG OXETEIG I TOV NPOTdIOPIOHO TwV Hn-
XaVIK@V IDI0TATWVY KETA TNV €V YUXPW KapnuAwaon [13].

H guoTabeia Twv TOEWV, ava@opikd e ToV AUYIOHO EVTOG Kal EKTOC eMINEdOU, £xel EEeTa0BEel NelpapaTika
o€ NANBOC €peUVNTIKWY €pyaciov [14-19]. EmnAéov, apiBUNTIKEG NPOCOUOIWTEIG TNG KNXAVIKAC OUMNE-
PIPOPAC TWV TOEWV £XOUV dNUOCIEUBEl O apKeTEC epyaaieg [20-23]. EKTOC TwV NPonNyoUHEVwY, avaAu-
TIKEG OXEOEIG yIa Tov 0pBO oXe0IAOHO TwV TOEWV €xouv diaTunwdei aTn BiBAIoypagia [24-27], ol onoieg
BaoifovTal oTa anoTeEAEOPATA EKTEVQV apIOUNTIKOV avaAUogwy, XpnoIMonolnvTag akpifr) NpoCoUoIm-
MATA NENEPACHEVWV OTOIXEIV MOU £XOUV NMIOTONOINBEI JE NEIPAPATIKEG HEBOdOUC. Q0TOCO, TNV MAEIO-
wneia Twv apiBuNTIKWV NPOCOMOINTEWY, Ol NAPAUEVOUTEC TATEIC NoU papHolovTal apopouV EiTe gu-
BUypappa PEAN, €iTe akoAouBouv Tnv BewpnTikr) katavopn [7], ol onoieg dev gival akpiBeic oTnV nepi-
NTWON TOEWV KAMMUAWHEVWY gV Yuxpw. KaTtdAAnAeg odnyieg oxediaopou [28], und Tn Hopr kavovi-
OTIKQV KAUNUAWV Auyiopou, éxouv diaTunwBei anokAsioTika yia To&a diatoung HEA, HEB kai IPE, xpn-
OIJOMNOIWVTAC AKPIBEIC KATAVOUEG NAPAUEVOUCMY TACEWV MOU NPOoEKUYWAvV and NEIPAPATIKEG JETPHOEIG
Kal apIBuNTIKEG avaAloeig (Zxnua 3).

H epeuvnTIKA KOIVOTNTA €XEl dOX0ANOEi EKTEVWG PE TO BEPA TNG eUoTABEIAC TOEWY anod XaAuBa, kai EXouv
ypaQei €EaIpeTIkA BIBAIa 0To avTikeipevo auTo. O1 OXETIKEG EPEUVNTIKEC EPYATIEC MOU NpaypaTonoinen-
kav npiv To 1970, ouvowilovTal aTto BiBAio “Handbook of Structural Stability”[29]. 1o BIBAio “ Stability
of Metal Structures, a World View” [30], npayuatonoleital ansuBeiac oUyKpIion WETAEU JIAPOPETIKOV
KAVOVIOTIK®)V 0dNyINV Yia JETAAAIKA TOEA. APKETEC NEIPANATIKEG DOKIKEC NMOU £XOUV NpayupaTonoindei og
TOEa ouvoyidovTal o éva ke@ahaio Tou BIBAiou “Buckling Experiments” [31]. 1o BiBAio “Design of
curved steel”[32] napouoidleTal pia EpapPoopéVn NPooEyyion yia TNV avaiuon Kal To oXedIdopo To-
EwTwV PopEwv, avallovTac diapopa KaTAoKeuaaTika Béuata. To BEua Tng euoTabeiag Twv XaAuBdIVeV
TOEWV avaAueTal AeNToPEPWE o€ £va Kepalaio Tou BIBAiou “Guide to Stability Design Criteria for Metal
Structures” [33]. Téhog, n nio ouyxpovn (state-of-the-art) npoocyyion BgpdTtwv nou agopolv TNV Ka-
TAOKEUN, TNV avaAuon Kai To OXedIAoWo KaunUAwv PeAwv and xaAuBa, napoucialetar oto BIBAio
“Curved Member Desigr’’ [34].



3. NMEIPAMATIKH KAI APIOMHTIKH AIEPEYNHZH

370 nAgioio TnG diaTpIBRG napoucialovTal ol EpyacTnPIaKEG OOKIMEG O TOEWTOUG (POPEIC Nou npayua-
Tonoinénkav ato EpyacTipio MetaAAikwv KaTaokeuwv EMM, ano Toug Ap. Cyril Douthe kai Ap. Zevopav
Aiyvd uno Tnv eniBAswn Tou Kab. Xapn ravre. O neipapaTikéG OOKIMEC apopouv dmdeKa TOEA KOIANG
opBoywvikng diaToung RHS 50x100x5, xaAuBa S355, kapnuAwpéva ev Puxpw nepi Tov acBevry agova.
To dIGypaupa TAoEWV—NapapopPOOoswV Tou XaAuBa npoadiopileTal anod dOKIKEG HOVOAEOVIKOU EQPEAKU-
opoU [35] og kaTaAAnAa diapoppwueva dokipia nou Aneenkav npiv Tn diadikacia kapnUuAwong Twv
dokipiov. Ta TOEa opadonolouvTal o dUO KATNyopieg KapUNUAOTNTAG, anoTeAoUpevVa and akTiveg 3.71m
(ynAa T6&a) kai 4.10m (pnxa T6&a). To BewpnTikO opICOVTIO Avolyua Twv TOEwV gival igo pe 4.725 m.
QaT000, HETPNOEIC TWV YEWHETPIKWY O1A0TACEWY TV TOEWV £deIEav TNV UNAPEN CNUAVTIKWY YEWHETPI-
KOV aTeAelnv eEartiac Tng diadikaciag kapnUuAwonc. O YEWPETPIKEG ATEAEIEC agopoUV TNV akTiva Ka-
MNUAGTNTAG, TO MNKOC TOU TOEOU, KAaBWG KAl AOUUMETPIEC NEPi TO PETOV.

Ta T6&a dokiyadovTal und BAINTIKO 1) EPEAKUCTIKO CUYKEVTPWHEVO (POPTIO OTNYV KOPUPH|, MECW KATAA-
AnAou udpauAikoU guBOAoU. ApBPWTEC OTNPIEEIC XPNOIMOMNOIOUVTAl OTA AKPA TWV TOEWV, EVM NMAEUPIKEG
oTnpIgeIc TonoBeTouvVTal 0 KATAANAEG BETEIC TOU avoiypaTog yia TNV eEacpAaiion Twv TOEwv ano Au-
YIOUO ekTOC emnédou. Ma Tnv KaTaypagn kal anoTunwaon TnG KaBoAIKNG Kal TOMIKNAG CUUNEPIPOPAC TwV
doKIyiwv XpnoigonoloUvTal Ta akoAouBa PeTpNTIKA Opyava: (a) NAEKTPOUNKUVGIONETPa (strain gauges),
TonoBeTnuéva 150mm Oe&id and Tnv KOPUPr) ToU TOEOU OTO Avw Kal KATW NEANQ, yia Tr METPNOT TWV
JlaUNKWV Kal EYKAPCIWV avnyREVWV napapop@maocwy, (B) nAektpovikd anootaciopetpa (LVDT), Tono-
BeTnuéva 150mm apioTepd and Tnv KopuPr Tou TOEOU, yia TN HETPNON TwV KATAKOPUPWY HETAKIVI-
ogwv 1 mBaving oTpo®ng, kai (y) emKAIVI) NAekTpovika anooTtaciopeTpa (LVDT), eykateatnuéva 700mm
ano Ta Akpa Tou TOEOU, yIa TN HETPNON TWV EYKAPCIWV WETAKIVAOEWV. O1 NEIPAUATIKEG DOKIMEC EKTE-
AoUvTal Ye €\eyxo pETaKivnonc. ‘Evag oUVTOROG KUKAOG (pOPTIONG-anopopTIonc E@apuoleTal apyika w-
OTe va €EaAeIPOE N ENIPPON TUXWV YEWHETPIKWY AVOXWV OTNV CUUNEPIPOPA. H neipayarTikn diaTagn Kai
Ol AENTOPEPEIEC TWV PETPNTIKWY GUOKEUWV napouaialovral oTo ZXhua 5.

Ydpaviko épforo

Hlektpounkuveiopetpa

strain gauges
( gauges) Katoxoépvpa LVDT

TTevpikég ompitelg

Enuduvy LVDT

ApBpwatég omnpilelg

Zxnua 5: NeipapaTikr) dIATagn kal ASNTOPEPEIEG ETPNTIKWV OPYAVV.



3TN OUVEXEIQ NPAyUATOMNOIEITAl AENTOUEPNC NPOTOUOIWAT TNG CUMNEPIPOPAC TwV EEETA(OPEVWV TOEWY
ME TN pEBOBO TwV NENEpacpéVwy aTolxeinv [36]. O apiBunTIKEC avaAloEIC ekTEAOUVTAI OTO NPOYPAUKa
nenepacpévwv oToixeiwv ADINA [37]. Ma To opBd npoadiopiouo TwWV NAPAUEVOUCWY TACEWV NPOCo-
MOIVETAl 0 akpIBNG TPOMOG KAMNUAWGONG TWV TOEwV, HECW TNG aAAnAenidpacnc Tou péloug pe Ta TU-
pnava Tng pnxavne. Ta uno diapoppwan UEAN NPOCOMOINVOVTAl JE ENIPAVEIaKd NENEPACUEVA OTOIXEID
(shell elements), kai kataAAnAa oTolxeia enagng eioayovTal oTic SIEMPAVEIEC enapnc. H apiBunTikn
NPOCOUOoIWON eKTEAEITAI OE Tpia d1adoxIKA BripaTa, Onwe paiveral oTo XxAua 6. H katavour Twv napa-
MEVOUOWV TAOEWV MOU MPOKUMTEl €ival YN CUMMETPIKA Kal Olapépel anod TNV BswpnTiKn KATAVOUN
Timoshenko, €l@avilovTag OUYKEVTPWOEIG TAGEWV OTIC YWVieC NEAUATWV-KopHoU TNG KoiAng opBoywvi-
KNG dIaTOMNG,

3TN GUVEXEID, KN YPAMMIKEG avaAUoEIC UNIKOU Kal YewUeTpiac [38] npayuaTonoiolvTal yia Tnv Npoco-
poIWON TWV NEIPAPATIKOV JOKIMWV BAIWNC/ePeAKUCHOU OTa TOEA. STO NAGICIO AUTO, XpNaolJonolouvTal
0l KATAVOWEG NAPAPEVOUCWYV TACEWY NouU unoAoyiobnkav ano Tnv npooopoinon Tne diadikaciag Kapnu-
Awone. EmnAgov, poppuvovTal AENTOUEPH NPOCOUOIMUATA TWV ApOpWTWV OTNPIEEWV PE XWPIKA NENE-
pacpéva oToixeia kal npoadiopileTal n duokauwia Toug pe akpipela. AkaunTta oToixeia (rigid links) e-
(papuodovTal oTa dkpa Tou TOEOU, OUVOEOVTAC TOUC KOWBOUC TNC akpaiac dIaTOUNC HE TO KEVTPO BAPOUC
TOUG. Mn ypaupIka EAATRPIA EI0AYOVTAl OTOUG KEVTPORAPIKOUC KOUBOUC TWV AKPWY, XPNOINOMNOIOVTAG
TNV 1I00dUvaun duokapwia Twv oTnpiEewv. O TPOMNOG POPTIONC TWV TOEWV NPOCOUOIMVETAI AENTOPEPWC,
HEOW eNagnc e KUAIVOpo popTionc. Ta apiBunTIKG NPOCOUOI®UATA TWV NEIPAPATIK®OV OOKIHWV aneiko-
viovTal oTo Zxnua 7.

von Mises
stress

(i) Képyn tprédpv onpeiov péoo emBoriopevng petakivnong oto pecaio topmavo.
(ii) Tpogodooia Tov pEAOVG 6TN POV HECH TEPLOTPOPNS TOV TUUTAV®V.
(iii) OroxApwon g KapmTvA®oNG kot omekevbépmon Tov HEAOVG.

Sxnua 6: Mpooopoiwaon TG d1adikaaciag ev Yuxpw KapnUAWoNG Twv TOEWV.

SxNAMa 7: ApIBUNTIKA NPOCOUOIMUATA TWV NEIPAUATIKOV JOKIHQV.



H oUykAion WETA&U apiBunTIKWV Kal NEIPAPATIKWV ANOTEAEOUATWY EAEYXETAI MECW OUYKPIONG DpOHWV
Iocopponiac (popTiou-PETAKIVIONG, (POPTIOU-NAPAUOpPOOEWY, KABWCE €NIONC KAl LOPPKV NAPAUOPPWONG
KaTa Tnv aotoxia. H ouykpion Twv dpopwv Icopponiac yia Ta YnAd ToEa und BAiwn napoucialeTal oTo
>xnua 8. Mapatnpeital €EQIPETIKA €NAvAANWIPOTNTA PETAEU TWV NEIPAPATIKWV OOKIYWV. Ano Tov oU-
VTOHO KUKAO (pOPTIONC-ano®OpTIONG NoU NpaydaTonolnenke o XaunAo eninedo popTiou, NapaTnpeiTal
npdwpn nAacTikonoinan Tou UAIKoU. H kAion Tou KUKAOU ano@opTiong CUMMINTEI e TNV apxikn duokap-
Wia Tou apIBuNTIKOU NpocodoiwKaToc. 'EToI guvendyetal 0T n npowpn diappor) OPeiAeTal TN HETABOAN
TV IDI0TATWY TOU UAIKOU anod Tnv v yuxpw diaudppwon, eEaitiac Tou gaivopevou Bauschinger [39].
Kpioipog napayovTag yia To oplakd (popTio gival n KaPnTIKR dlappor oTnv Kopugpr) Tou TOEoU, N onoia
ouvodeueTal and Tonikd AUYIOPO OTO ONMEI0 ENAPNG UE TOV KUAIVOPO (POPTIONG OTO Avw NEAUA. Xapa-
KTNPIOTIKEG EIKOVEC TOU POPEA OTO TEAOG TWV NEIPAUATIKWY OOKIMWV Kal TNV apiBunTIKA Npocopoiwon,
napouaialovral oTo Xxnua 9.
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SxnNHUa 9: XapakTnpIoTIKA OTIYHIOTUNA NApadop@waong TOEwv unod BAIwN.

x 10




H glykpion Twv OpopwV Ioopponiac ava@opikd Ye Ta WnAd TOEa und e@eAKUOKO napouacialeTal aTo
Sxnua 10. Kai o auTn TNV NepinTwaon napatnpeital NoAU KaAn enavaAnyipoTnTa YeTagl Twv neipapa-
TiIkwV dokIpwy. O1 dpodpol Igopponiag popTiou-HeTakivnong napouaialouv Evav apxikd kKAGdo pndeVIKNG
duokauyiac eEaITiac TwV YEWUETPIKWV avoxwv OTIG aTnpi&eic. H npowpn diappor) nou naparnpronke
oTov KUKAO (pOPTIONG-anopopTIonG TwV TOEwV uno BAINTIKO popTio, dev sy@avileTal oTnv NePiNTWon
TV TOEWV UNO €PEAKUCHO. H ponry kauWnG oTnv KOpU®r) €ival opopponn e Tn ponr NAacTIKonoinong
KATa TNV €V Puxpw dIapdp@wan, Kal wg ek ToUTou dev epgavileTal To eaivopevo Bauschinger. H ponn)
nNARPOUG NAACTIKONOINONG £ival UYPNAGTEPN MEIPAPATIKG OE OXEON ME TO APIBUNTIKO Npocopoinya. H
au&non TnG NAAOTIKNG avToxng anodideTal aTny Unapén Tou gaivopuévou strain aging [40], oUppwva We
TO onoio au&aveTail To Oplo dlIapPoNC Tou XaAuBa UaTepa and opIoPEVO XPovikO diIdoTnua, 6Tav UNoaoTei
NAGOTIKEC NapapopPwoslc. Ta TOEa unod ePpeAkuopo napouaialouv avodikod OpOMo Igopponiac eaitiag
TNG KPATUVONC ToU XAaAuBa. XapakTnpIoTIKG OTIYHIOTUNA TWV TOEWV KATA TEAOG TWV NEIPAPATIKWV OO-
KIMWV Kal TN apiBunTIKAG npooopoinang napouaialovTal oto Zxnua 11.
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ZxrHa 10: Zuykpion Spopwv Ioopponiag WnAwv TOEWV Und EQPENKUTHO.

ZxnHa 11: XapakTnpioTika oTIyHIOTUNA Napapoppmong TOEWY Uno ePeAKUCHO.



O1 dpopoI Icopponiac TwV XapnAwv ToEwv uno BAIWN kal EpeAKUCHO NapoucialovTtal oTo Ixnua 12 kai
Sxnua 13, avrioToixa. Ta anoTeAéoUaTa Kal ol JOPPEC aaToxiag €ival napdyola Ye Ta avTioToIXa Twv
wnAwv TOEwv. TENOC, npaypaTonoindnkav CUYKPICEIC O MavopoloTuna dapiBunTIKG NpocopoI®uaTa
ME/XWPIC Napapévouseg TAOEIC. Ma To OKOMO auTo, XPNOIKoNoINdnkav ol YEWHETPIEC TWV WNAWV Kal
XaunAwv TOEWV unod SIAPOPEG NEPINTWOEIC POPTICEWV. ANO TIC CUYKPIOEIG dIanioTWONKE OTI N ENIPPOr)

TWV NAPAPEVOUCKV TAOEWV £ival OXETIKA HIKPN Yia Ta eEeTalopeva TOEa.
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Sxnda 13: Zuykpion dpoHwV I00pPoNiag XaunA®V TOEWV Uno ePeAKUCHO.



4. MAPAMETPIKEZ ANAAYZEIZ KAMNNYAQZHZ TO=QN KOIAHZ ATIATOMHZ

O1 NnapayovTeC Nou ennpealouv TNV KAaTavopn Kai To PEyeBOC TwV NAPAPEVOUCWY TACEWV EEQITIAG TNG
£V YUXpw KaunUuAwong, Eetalovral HECW NAPARETPIKWV avaAUoswV e Nenepacpéva aToixeia. MNa 1o
oKOMO AUTO NPOCOUOIMVETAI AENTOPEP®G N O1adIKacia KAUNUAWGNG JEAWY NMOU anoTeAOUVTAl anod KOIAEC
KUKAIKEG, TETPAYWVIKEC KAl 0pOOYWVIKEC dIATOEG. Ta und SIapdp@Wan WEAN NPOCOHOIWVOVTAl CULP®WVA
hE Tn yeBodohoyia nou napouaiaoTnke oTo KepdAaio 3. AvaAloeic euaiobnaiag npayyaronololvTral yia
TOV EAeyX0 OUYKAIONG OXETIKA HE TOV TUMO Kal TO HEYEBOG Twv OToIXEiWV. Ma TN HEIwaN Tou unoAoyl-
OTIKOU (OPTOU HOPPWVETAl TO NMIOU TOU apIOunTIKOU MPOCOMOINKATOG, A&lonolnvTac TIG OUVONKEC
OUMMETPIAG Tou NpoPAAUaToc. EVOSIKTIKG apiBunTika npoooyoiwuaTa Tne diadikaoiag kapnuAwaong Koi-
Awv diaTopwv napouaialovTtal oTo Zxnua 14.

Svppetpio
Elevbepia  /
Aéopevon -

XY Z0.06,0,

S-S =S =

Sxnua 14: ApiBunTika npocopoi®paTa KagnuAwaong SHS/RHS (apioTepa) kai CHS (de€ia).

O1 ap1BuNTIKEC avaAlosic npaypaTonolouvTal, eEeTalovrac €va NARBoC NApauETPWV NMou apopouV TIG
€EWTEPIKEG DIAOTACEIC b, A, d xal Ta naxn £ Twv dIATOPWY, TNV AKTiva KAUNUAOTNTAG R, TNV NoIoTNTA
TOU XaAuPBa f;, To UNKOG KAUWNG TRIOV onueiwv S, Tn JIAGUETPO TwV TUUNAVWV d-Kal TN ywvia ENIKAAUWNG
B OTNV NEPINTWON TWV KOIAWV KUKAIKQV dlaTopav. Ma TIG NapapeTPIKEG avaAUoeIg XpnaldonoloUvTal ol
Olatopéc RHS 80x120, SHS 100x100, RHS 120x80 kar CHS 100. Ta anoTeAéopaTta napouacialovTal Ka-
TaMnAa adiaoTartonoinuéva, Kal ws ek ToUTou €ival aveEapTnTa ano TNV €MIAOYT TwV dIATOHMV.

SxnHa 15: ApIBuNTIKG NPOCOHOIMKUATA KAUNUAWONG HEAMV KOIANG SIATOMNG,



Anod TIC NapapeTpIkEG avalUoeIC NPoKUNTEl NwE ol Adyol (a) Uywoug Npog naxog Tng diaToung kai (B) Tou
MNKOUG KAuWNG MpoG To UWoc TnG dIaTounG, ennpedlouv KUpIiwG TIC avanTUCOOMEVEG NAPAPEVOUTEG
TACEIC. ZTNV NEPINTWON JIATOM®Y HIKPAG AUyNPOTNTAG, Ol OMOIEC KAUNUAWVOVTAl EpapuolovTac Heyaho
MNKOC KAPWNG, ol Napapuévouoeg TAoeIC npoaosyyilouv Tn BswpnTikn katavoun Timoshenko. O napayé-
VOUOEC TAoeIC napouaialovTal oTo ZXNKa 16 kal xfiua 17, wg ouvaptnan Tou Aoyou UWoc NPog naxog
Kal PNKoG Kapwng npog Uyoc Tng SIaToMNG avTioTolxd.

‘d/t =143---—-d/t=20.0----d/t =333 ‘ h/t=10.0---= h/t=12.5 ---- h/t =16.6

0531,

‘ h/t=8.0 ---- h/t=10.0 ---~ h/t=13.3

0571,

>xnua 16: Emppor) Tou Adyou UWoc npog Naxog KoiAng dIaTouNG OTIG NapapéVouoeC TATEIG.

(S/d=5  S/d=T1-§/d=9--=S/d=11--=| [S/h=7.00  S/h=9.00 -~ S/h=11.00 ---]

0.507 0441
S/h =583 S/h=1.50 ---- S/h=9.16 --—-‘ ‘ S/h=8.75 S/h=1125---- S/h=13.75----
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>xnHa 17: Emppor) Tou AOYyou WRKOG KApWnG Npog UWog KoIANG dIaTOUNG OTIC NApapéVouoeg TATEIG.



Me Baon Ta anoTeA£0UATA TWV NAPAUETPIKWV aAVAAUCEWY, MPOTEIVOVTAl XAPAKTNPIOTIKEG KATAVOUEC
NAapapEVOUCOV TAOEWV YId KOIAEC DIATOUEC KAUMUAWHEVEC eV WuXp®. O KATAVOREG IKAVOMOIoUV TIC GUV-
BrKeC E0WTEPIKNAG I00pponiac o Opouc SUVAPEWV Kal ponwv. Ol NPOTEIVOUEVEC KATAVOUEC YIA KOIAEG
KUKAIKEG, TETPAYWVIKEG, kal opBoywVvIKEG diaTopeg (A/b = 0.66, A/b = 1.50) napoucialovral oTo ZXNuUa
18. OI TIYEC TwV Napayevouowy Tacswv divovTtal aToug Mivakes 1 £n¢ 4.

0.08 /)

>xnuda 18: MpoTeIVOUEVEG KATAVOUEG NAPAUEVOUCMY TAGEWV AOYW €V WUXPW KAUNUAWONG O KOIAEC DIATOWEC,

Mivakag 1: Napap&vouoeg TAOEIG KOIAWY KUKNIKWV JIaTOU®V.

@ Taon 10) Taon
(rad) (1) (rad) (1)
0.00 0.43 1.65 -0.29
0.15 0.41 1.80 0.07
0.30 0.36 1.94 0.11
0.45 0.29 2.09 0.13
0.60 0.18 2.24 0.15
0.75 0.05 2.39 0.16
0.90 -0.11 2.54 0.16
1.05 -0.29 2.69 0.14
1.20 -0.48 2.84 0.11
1.35 -0.68 2.99 0.09

1.50 -0.80 3.14 0.08




Mivakag 2: Napay&vouosg TACEIC KOIAWV TETPAYWVIKWV dIATOMMV.

©¢on ©¢on Taon ©¢on ©¢on Taon
MA L x) oy () M x) oy (£)
1 0.00 -0.50 0.20 17 0.50 0.07 -0.71
2 0.07 -0.50 0.20 18 0.50 0.14 0.25
3 0.14 -0.50 0.18 19 0.50 0.21 0.52
4 0.21 -0.50 0.20 20 0.50 0.28 0.39
5 0.28 -0.50 0.35 21 0.50 0.35 0.28
6 0.35 -0.50 0.44 22 0.50 0.42 0.16
7 0.42 -0.50 0.40 23 0.49 0.46 0.10
8 0.46 -0.49 0.30 24 0.46 0.49 0.04
9 0.49 -0.46 -0.01 25 0.42 0.50 0.06
10 0.50 -0.42 -0.11 26 0.35 0.50 0.02
11 0.50 -0.35 -0.24 27 0.28 0.50 0.05
12 0.50 -0.28 -0.37 28 0.21 0.50 0.04
13 0.50 -0.21 -0.47 29 0.14 0.50 0.02
14 0.50 -0.14 -0.55 30 0.07 0.50 0.02
15 0.50 -0.07 -0.64 31 0.00 0.50 0.01
16 0.50 0.00 -0.74
Mivakac 3: Mapapévouoeg TAoEIG KoIAwV opBoywVIK®V diaTodwv (A/b = 1.50).
©¢on ©¢on Taon ©¢on ©¢on Taon
MA xt v (£) MA xt vy (£)
1 0.00 -0.50 0.28 17 0.50 0.03 -0.78
2 0.08 -0.50 0.31 18 0.50 0.09 -0.54
3 0.16 -0.50 0.40 19 0.50 0.14 0.40
4 0.24 -0.50 0.43 20 0.50 0.20 0.51
5 0.32 -0.50 0.45 21 0.50 0.26 0.40
6 0.40 -0.50 0.41 22 0.50 0.32 0.31
7 0.45 -0.49 0.41 23 0.50 0.38 0.23
8 0.49 -0.47 0.12 24 0.50 0.43 0.13
9 0.50 -0.43 -0.02 25 0.49 0.47 0.08
10 0.50 -0.38 -0.15 26 0.45 0.49 0.03
11 0.50 -0.32 -0.27 27 0.40 0.50 0.03
12 0.50 -0.26 -0.37 28 0.32 0.50 0.01
13 0.50 -0.20 -0.45 29 0.24 0.50 0.05
14 0.50 -0.14 -0.51 30 0.16 0.50 0.05
15 0.50 -0.09 -0.59 31 0.08 0.50 0.04
16 0.50 -0.03 -0.68 32 0.00 0.50 0.03
Mivakag 4: Mapapévouoeg TAoEIG KOIAwV 0pBoywVIK®V diaTolwv (A/b = 0.66).
©¢on ©¢on Taon ©¢on ©¢on Taon
M x)  y) (5) M X vy (£)
1 0.00 -0.50 0.13 17 0.50 0.04 -0.81
2 0.06 -0.50 0.13 18 0.50 0.13 -0.33
3 0.12 -0.50 0.13 19 0.50 0.22 0.52
4 0.17 -0.50 0.12 20 0.50 0.31 0.40
5 0.23 -0.50 0.11 21 0.50 0.40 0.27
6 0.28 -0.50 0.15 22 0.49 0.45 0.18
7 0.33 -0.50 0.31 23 0.47 0.49 0.05
8 0.38 -0.50 0.43 24 0.43 0.50 0.08
9 0.43 -0.50 0.40 25 0.38 0.50 0.06
10 0.47 -0.49 0.28 26 0.33 0.50 0.06
11 0.49 -0.45 -0.06 27 0.28 0.50 0.05
12 0.50 -0.40 -0.19 28 0.23 0.50 0.05
13 0.50 -0.31 -0.35 29 0.17 0.50 0.04
14 0.50 -0.22 -0.48 30 0.12 0.50 0.04
15 0.50 -0.13 -0.59 31 0.06 0.50 0.03
16 0.50 -0.04 -0.69 32 0.00 0.50 0.03




5. EMIPPOH MAPAMENOYZQN TAZEQN AOIQ KAMNYAQZHZ

H napouoia napapevoucwv TAoEwV OTIC JIATOUEG ano XaAuBa ennpedlgl Tn GUVOAIKT) GUHNEPIPOPA TwV
peAwV, npokahwvTag eiTe (a) évapén Tng diadikaciag NAACTIKONOINGNG YIa TILEG TNG EEWTEPIKAG POPTIONG
MIKpOTEPEC ANO TNV TIUN MOU aVTIOTOIXEI aTO Oplo avaAoyiag Tou uAikoU i (B) peiwon TNG avToxng oTav
n aotoxia ogeileTal og Auyiopo. H évap&n Tng d1apponc O KOIAEC OIATOMEC KAUNUAWEVEG EV WUXPW
npoadiopileTal unohoyilovTag Tnv avaAuTikn £KePacn TNG €icwong aANAeNidpacng yia ouvduacuevn
QOpTION a&ovikng 0UvauNG kai KAUMNTIKNAG PONnnG oUKQwva We Tnv EE. 9, ornou A 1o gufaddv Tng dIaToung,
I n kaunTikn ponn adpaveiac, zn anooracn and Tov oudETepo Ggova, Kal O N TIKN Napapévousag
Taong otn 6on Z

%+¥Z+O‘T$ <f (EE. 9)
Alaypappata aAAnAenidpaong M-N yia KoIAeG KUKAIKEC, TETPAYWVIKEG Kal 0pBOYwVIKEG OITOPEG NApOU-
oialovTtal aTo 2X. 19. O1 unoAoyiopoi NpaypaTonoindnkav og diaTopég CHS 100x5, SHS 100x100x8, RHS
120x80x8, kai RHS 80x120x8, XpnoILONOIWVTAC TIG NPOTEIVOUEVEG KATAVOUEG NAPAPEVOUCKV TACEWV
nou unoAoyioTnkav ato Kepdhaio 4. Ta diaypappara napouasialovral adlaoTaTtonoinuéva Je Tnv eAa-
OTIKN avToxn Twv SIaTOPWV, Kal WG €K TOUTOU Ta anoTeAéopaTa dev eEapTwvTal and Tnv gnIAOyr Twv
dlaTopwv. H BewpnTikn katavour Timoshenko nepiAauyBavel YEyioTn TIUM NAPAUEVOUC®V TACEWV ion
ME TO OpIo dIappPONC, Kal EMNOHPEVMC OTNV NEPINTWAON auTr gV UNAPXEl EAAOTIKO Oplo avToxnG. Epehku-
OTIKEC DUVANEIC KAl KAUMTIKEG POMEC MOU TEIVOUV va avoiEouv To TOED £XOUV GUHBATIKA BETIKO NPOCNO.
MapaTnpeital mo Peydhn peiwan TnS EAACTIKAC avToxXnc YIa KAPWn €KTOC EMNEDOU, KABWG Ol PEYIOTEC
TIMEG NAPANEVOUCWV TACEWY CUVAVTWOVTAI NEPI TO PECO TWV KOIAWV JIATOMWY. ZUVONIKA, TA AMOTEAE-
ouaTa €ival Nnapopola OTIG KOIAEC KUKAIKEC, TETPAYWVIKEC Kal 0pBoywVIKEC dlIaTOpEG. Ta diaypdupara
aMnAenidpaong pnopoulv va xpnaoigonoinfouyv oTov EAACTIKO OXeJIaouo Twv TOEWV ano XaAupa.
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ZxnHa 19: Aiaypaupata alMnAenidpaong M- yia KoiAEG KUKAIKEG, TETPAYWVIKEG Kal 0pBOYWVIKEG SIATOMEC,

H enippor] Twv Napayevouowv TACEWV OTO KPIiOIHo PopTio AUYIoPoU Twv TOEwV unoAoyileTal pe Bdaon
avaAuTIKEG ekppaocic. H peBodoloyia unohoyiopol [41] BacileTal aTov Npoadiopioud TG EVEPYOUC
KauNTIKAG SUuoKapwiag piag diaTounc, Bewpwvtag 0T yia 0edopévn aovikn EvTaon TUAEA TNG SIATOMNG
£xel nhaoTikonoinBei AOyw Twv NAPAPEVOUCWY TACEWVY, Kal ENOMEVWG OEV OUVEIGQEPEI OTNV KAMMTIKN
avTioTaon. Ta kpioiya @opTia AUYIOHOU EVTOC Kal EKTOC ENINEDOU TWV TOEWV HE ANAEC OTPENTIKEC OTN-
PIEEIC Kal UNO OPOIOUOPPO AKTIVIKG KaTavepnuévo gpopTio, diveral anod Ti¢ EE. 10 kai EE. 11 [42].

in—-plane El m?
) (EE. 10)
o EI (n? — a?)?
out—of—-plane __ 2z
Ner T R2 g2 [7-[2 + (ZZ(EIZZ/C)] (EE 11)

onou, £1,y n kaunTikn duokapyia evrog emnedou, £Iz- n kaunTikr) duokapyia ekTog emngdou, Cn OTpe-
nTiIkn duokapyia, R n akTiva Tou KUKAIKOU TOEOU, @ n ywvia Tou KUKAIKOU TOEou.

H evepyog BAINTIKN TACGN Oer MOU AvaNTUCCETAl O Mid JIATOMN ME NAPAPEVOUCEG Ors, Yia DEQOUEVN
avTigTolxn TIPN TAoONG oy XWPIc napapévouosg, unoloyileTal anod tnv EE. 12,

Oesr = fy, OtQV O +o0y =,

(EE. 12)

Ocff = Opstoy, O0TQV Ops + 0y < fy

ONOKANPWVOVTAG TIG TIMEC TNC evEPYOUC TAONG 0TO €UBAdOV TG dIAaToUNG unoAoyileTal n evepyog a&o-
vIKr) SUvapn Nes, oUpQwva pe Tnv EE. 13.



H evepyoc ponr) adpaveiac Tng diaTopng Jes unoAoyileTal cuvapThoEl TG evepyoUc Taong nou avantlo-
ocTal oTn 0IaTon, BewpwvTag UNdEVIKN avTioTaon OTIC NEPIOXEC NMOU £xouv nAacTikonoindei (EE. 14).

Leps” = L z%dydz, Y 0,57 (¥,2) < fy

el

(EE. 14)

IeffZZ — f yzdydz,ytaoeff(y,z) Sfy

Ael

Me avTIKaTdoTaon Twv TIHWV EVEPYOUC ponng adpaveiag oTic EE. 10 kar EE. 11 unoloyieTal To Kpioio
POopTiO TOU TOEOU HE NAPAPEVOUOTEC TAOEIC Neer H avnypevn AuynpotnTa A Tou TOEou unoloyileTal and
TNV TETPAYWVIKN pida TNG NAACTIKNAG AVTOXNG NPOG TO KpPioipo ¢popTio Auyiopou (EE. 15). 'ETol, BpiokeTal
n ¢nToUpevn TIUN TNG AuynPOTNTAC YIa TNV onoid TO N e 100UTAl JE TO TO Ner

N,

7= Mo
1= 3 (EE. 15)

H péon avanTuggOpevn Taon oTtn SIaToUN Tavg UNoAoyileTal and Tnv EE. 16. O PEIWTIKOG GUVTEAEDTNG Y
unoAoyileTal yia TNV OUYKEKPIPEVN avnypévn AuynpotnTa ano Tnv EE, 17.
Ners

Oang = —2 (EE. 16)

Oavg

x=F (EE, 17)

H diadikacia enavaAappaverar yia oAOKANpo To UPOC TAoNG Ou < £

Ta kpioiya @opTia AuyiopoU yia TOEA KOIANG KUKAIKNAG, TETPAYWVIKNG Kal opBoywvIKnG SIaTOWNG Napou-
oialovtal oTo ZX. A-20. Ta anoTeAéopaTa ouykpivovTal PE TIGC KAUNUAES Auyiopou (ao, a, b, ¢, d) Tou
Eupwkwdika 3 [6]. O unohoyiopoi npayuatonoindnkav os diatopéc CHS 100x5, SHS 100x100x8, RHS
120x80x8, RHS 80x120x8, opiou diappong 355MPa, kai GuvoAlkr ywvia TOEou n/8. IXETIKEG avaAUOEIG
£dei&av OTI ol NAPAPETPOI £XOUV AUEANTEA €NIpPON OTA adldoTATONOINKEVA ANOTEAECUATA UMNO HOPPNG
KaunuA®v Auyiopou. IMNa kabe axrnua diaToung Xxpnaoiponoinénkav dUo dIapopeTIKEC KATAVOUEC TATEWY,
n BewpnTikn kaTavoun Timoshenko [7] kal n NPOTEIVOUEVN KATAVOWT) NMOU NPOEKUYE ano TIC ApIBUNTIKES
avaAloeic Tou Ke@. 4. H BewpnTikry kaTavour) napoucialel BAINTIKEC NAPAPEVOUOTEG TACEIG OTO AV
TUAMA TNC OIATOMNG, KAl ENOUEVWC NPOKAAEI MIO GNUAVTIKN MEIWON OTa Kpioia QopTia AUYIOHOU €VTOG
EMNEDOU OE OXEON WE TNV apIBUNTIKT KATavour. H andToun Meiwon Tou KPioIHou (OopTiou yia HIKPN
aAAayr| TnG avnydevng AuynpdTnTac, Nou ouvavTaTal XpnoIdonolinvTac TNV BewpnTIKR KATAvour|, OQEi-
AETaI OTNV TQUTOXPOVN NAACTIKOMOINON MEYAAOU TUAKMATOC TNG dlaToung, €Eaitiag TnG oTabepnc Taong
KaTa PNKoC Twv NeEAPaTwv. H peinon Tou kpioidou @opTiou AuyiopoU €ival nio PeyaAn yia Tov eKTog
EMINEDOU O€ OXEDN WE TOV EVTOC EMINEDOU AUYIOHO, KABWG 01 PEYIOTEC TIMEC NAPAUEVOUCOWY TACEWY
ouUVavTOVTAl NEPi TO HECO TWV KOIAWV dIATOPWY, £XOVTAG GNMAVTIKN ENIPPON GTNV KAUNTIKA duokauwia
£KTOC €MiNEdou. H enippor) Twv NApagevouswv Taoswv G NoAU Auynpd TOEa eival aueAnTEd. SUVONIKG,
Ta anoteAéopaTa ival oxedOv NapopoIa yia TIG KOIAEG KUKAIKEG, TETPAYWVIKEG KAl OpBOYWVIKEG DIATOLEG.
KAeivovTag, Ta kpioiya gopTia AuyiopoU gival XpAoida yia TNV noloTIKA agloAdynon TG ENIpPorc Twv
NApapgevouUowV TAoswv PETAEU Silapopwv TUNWV diaTodwv, aAAG Oev pnopolv va xpnaoigonointouv Ka-
TeuBeiav oTov aXedIAoPO TwV TOEWV, KaBWG dev NEPIAAUBAVOUV TNV EMIPPON TWV YEWHETPIKWV ATEAEIDV.
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6. EYZTAOEIA TO=QN KAI KPITHPIA ZXEAIAZMOY

O1 NapapéVOUTEG TATEIC Kal Ol YEWHETPIKES ATEAEIEC eNNPealouv CNUAVTIKA TNV avToxr O€ AUYIOHO HE-
A@V ano xaAuBa. EkTeTapévn €peuva €xel npaypaTonoindei diEBve yia TNV EKTIUNON TNE OPIAKAC avTo-
XNG €UBUYpAPPWY PEAWV UNO BAIWN péow TG dIaTUNWONG KATAANAWY KaunuAwv Auyiopou [33]. O1
KaunUAEC Auyiopou BaailovTal aTny ekTEAEDN Peydhou NARBouUC apiBunTIkwv avaAUoswy nou nepIAap-
BAvouv NapauEVOUTEG TACEIC KAl YEWUETPIKEG ATEAEIEC, XPNOIMOMNOINVTAG aEIoNIoTa NPOTOMOINKATA NE-
NEPACHEVWY GTOIXEIWV MOU £XOUV NIOTOMOINOEI PHECW NEIPANATIKWV JOKIM®V. KaTaANAEG KAUMUAEG Au-
yiopoU yia kaunUAa péAn dev undpyouv diabeoiuec atn BIBAIoypagia, ekTOC anod Tnv NeEPINTWON KUKAI-
KWV TOEwv diatoung HEA, HEB kai IPE [28]. 'ETol, oTov oUyXpovo oXedIaopd TOEWTWY (POPEWV XpPNol-
HOMoIoUVTAl Ol KAUNUAEG AuyiopoU nmou npoopidovTal yia euBUypaupa péAN, ol onoiec nepIAaufavouv
OlaPOPETIKEG KATAVOUEG NAPAUEVOUC®V TACEWY. 2TO NAAicIo TNG napouaoac diaTpIBng npoTeiveTal n on-
pioupyia kapnuAwv AuyiopoU yia XaAUuBdiva KUKAIKG TOEa KoIANG diaTopnG.

Ma To okono auTo, TOEA KOIANG KUKAIKAG OIATOMNC NPOCOMOIWVOVTAl E NENEPACHEVA OToIXEId doKoU
(beam elements), xpnoigonoi®vTac kataAAnAa diaypdupaTta agovikng duvaunc-napapopPwongc, KaunTi-
KNG PONNG-KAUNUAOTNTAG Kal OTPEMTIKAG PONNG-CTPoPNG. Ta diaypappaTa avageEPovTal OTIG HNXAVIKEG
1010TNTEC diaToung CHS 100x5, noioTnTag xaAuBa S355, kal napayovtal HECW Jn YPAuKIKOV avaAloswv
UAIKOU 0€ KaTAAANAG MPOCOUOIMUATA WE I} XWPIG NAPAPEVOUCEC TACEIC. 1A Tov EAEYXO TNG NPOTEIVOE-
VNG NPOOON0IWoNG, Npayparonoinénkav avaAuoeig euaiobnaiag o€ pia nepinTwon TOEOU HE akTiva Ka-
MNUAOTNTAC R = 5.09m kai Adyo Uwoug npog avoiyua 77/ = 0.11 (benchmark case), ouykpivovtac Ta
ap1BuNTIKA anoTeAéopaTa aToixeiwv dokoU Kal ENIPAveIaKwV OTOIXEIwV. ANO T oUYKPIOT NPOEKUYE OTI
0 NPOTEIVOUEVOG TPOMOG NPocopoiwaong gival akpiBng. Ta diaypdupara agovikng dUvaung-napapgopepw-
ONG, KAUnTIKAC POMNG-KauNUAOTNTAC KAl OTPENTIKAG POMNC-OTPOPNG, YIa EVOEIKTIKA £MiNeda a&oVIKNG
BAINTIKNG duvapng 0.3Np;, 0.6y, kai 0.9\, napoucialovTdl aTo Zxnua 21. O1 ePeAKUOTIKEC DUVAEIG
Kal ol KAUNTIKEG PONEG MOU TEIVOUV va avoiEouv To TOEO £xouv oupBaTika BeTIKO NpdoNo.

1 * — Xopig napapévovceg ‘ *

]| —— Me mopapévovceg
1 T T
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Zxnda 21: Aiaypappata dUvaung-napapop@waons, POonnG-kaunuAdTNTag Kal ponmnG-oTpoenG,



3TN OUVEXEIQ EKTEAOUVTAI N YPAMMIKEG avaAUoEIG UNIKOU Kal YEWHETPIAC, NPOKEIPEVOU va £EETAOBEI N
£MIPPON TOU PEYEBOUG TWV YEWHETPIKWY ATEAEIDV Kal TNG KATAVOUNG TWV NAPAPEVOUCKV TACEWV GTNV
opiakn avtoxn. O1 avaAUoEIc npaypaTonolouvTal yia Tnv idla nepinTwaon TOEoU Nou XpnoIPonoIndnke
KATd TNV NIOTOnoinan TnG NPOTEIVOUEVNG NPOCOM0IWONG. ANAEC OTPENTIKEC OTNPIEEIC EpapudlovTal oTa
akpa Tou TOEOU, VW XPNOIYONOIEITAl YiIa NAEUPIKN OTAPIEN OTNV KOPUPH TOU, WOTE TO MNKOG AUYIOUOU
£VTOC Kal KTOG eMnédou va eival ioo. O1 dUo NPWTEC IBIOUOPPEG AUYIOHOU, Yia OPOIOUOPPO KATAVEUN-
MEVO opTio 0TV KaTakdpuen dieubuvan, napoucialovTal oTo IXnua 22.

[5wopope Avyiopoo I

[5topopeny Avyipoo 11

SxnHa 22: Idiopdop®EG yia ektog (I) kal evrog emnedou (I1) Auyiopd Tou TOEoU.

Apxikd, €eTalovTal Ta TOEA XWPIG NAPAUEVOUCEC TACEIC, |E HEYEDN YEWUETPIKWY aTeEAEInV 5100, /500
Kal §/1000, 6nou S To WAKoG AuyiouoU (MIod PRKoG TOEoU), CUMQWVA HYE Ta OXNUaTa Twv dUo NPpWTWV
IDIohopPV (EXNHa 22). STn ouvéxela, €EeTaleTal N €NIPPON TWV NAPAREVOUCWV TACOEWY, OE TOEQ HE
MEyeBoc atéheiwv §/500. O1 dpdpol Icopponiag PpopPTIOU-HETAKIVNONG yid TIC NEPINTWOEIG NOU avapép-
Onkav napouaialovral oTo Xxnua 23. MapaTnpeital onUAavTIKr ENIPPOr) ToU JEYEBOUG apXIKWV ATEAEIOV
Kal TNG KATAVOUNG NApapEVOUCWV TACEWV OTO OPIAKO (POPTIO AUYIOHOU TWV TOEWV.
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Zxnua 23: Apopol Icopponiag popTiou YETAKIVNONG yia AUYIOHO evTOg (apIoTePA) Kal kTOG ennédou (Oe&Id).



Ma ™ diaTunwon kKapnuAwv AuyiopoU XpnoILoNoIEiTal Yia ouaTnuaTikr) pebodoloyia nou nepiAapBavel
TNV €KTEAEON KN YPAUMIK®V avaAUoewv UAIKoU (MNA), ypauuikonoinuevwv avalloswyv Auyiopou (LBA),
Kal Un YPAUMIKOV avaAUoEwV UNIKOU Kal YEWUETPIAG PE ATEAEIEC kal napapévouoec Taoelic (GMNIA). H
avnydévn AuynpotnTa Twv TOEWv unoAoyileTal oUPPwva Pe Tnv EE. 18.

- P
l = PMNA (EE' 18)
LBA
O HEIWTIKOG OUVTEAEOTNC Y unoAoyileTal oUpgwva e Tnv EE. 19,
_ Pomnia
X= s (EE. 19)

Ta apiBunTikd anoTeAéopata XpnoigoroloUvTal yia TOV UMOAOYIOHO TNG YEVIKEUWEVNG aTéAelag 7
(generalized imperfection) kai Tou ouvteAeoTn ateAeiwv a (imperfection factor), cUpQwva pe TIC Elow-
0€IG Tou Eupwkwdika 3, Yépog 1-1 [6].

H TIun Tou peiwTIkoU ouvTeAeaT Y kaBopileTal oUppwva pe TIc EE. 20 kai EE, 21.

1 ’
@ = 05(1+n+412) (EE. 21)

Enouévmg n Yevikeupévn aTeAela 77 unoloyileTal cuhewva Pe Tnv EE. 22,

n =x()%+12)—1—12 (EE. 22)

>uvdualovTag TiG EE. 18, EE. 19, EE. 22, npokunTel n EE. 23, and Tnv onoia unoAoyideTal n YEVIKEUHEVN
atéAeia Pe BAosl Ta anoTeEAEOUATA TwWV AVAAUCEWY MENEPATHEVWY GTOIXEIWV.

P P Zp P
_ Peunia (( MNA) + MNA)_l_ MNA (EE. 23)

PMNA PGMNIA PLBA PLBA

AOYw Tou OTI N ENIPPON TWV APXIKOV ATEAEIOV OUCXETICETAI JE TO PRKOG TOU MEAOUC £XeEl KaBIEPWOEI TO
N va ekPpaleTal w¢ ouvapTnaon TNG avnydevng AuynpdTnTac. H CUOXETION PNOPEi va €ival €iTe YpaupIKn
(EE. 24), onwc oTIG €EI0WOoEIC Nou opifouv TIG KAaunUAEC AuylodoU Tou Eupwkmdika, €ite peyaAUTepou
Babuou (EE. 25), 6nwg o nio ouvBeTa NpoBARKATa euoTabEeIac.

n=a(l-1,)=0 (EE. 24)

n

alA-1)F —2,] =0 (EE. 25)

O ouvTeAeoTG aTeAeiv @ e&apTaral and Tov TUno TN diatopng. O TIHEG AuynpoTnTag A,kai 1; Xpnoi-
MOMoIoUVTAl YIa TOV OPIOHO TWV KAUNUAWY AuyiopoU.

SUpewva pe To EN1993-1-1 [6], n Tipn Tou A, Aappaverar ion pe 0.2, kAl 0 CUVTEAEOTNC ATEAEIOV o
MouU avTIOTOIXEl € KABE kaunUAN AuyiopoU AayBaveTal ano Tov Mivaka 5.

Mivakac 5: SUVTEAEOTEC aTEAEIMV Yia KAUNUAEG Auyiopou EN1993-1-1 [6].

KapnUAn AuyiopoU o a b c d
SUVTEAEOTNC ATEASIV g 0.13 0.21 0.34 0.49 0.76




AvaAloeIg nenepacpévwy OToIXEiwv npaypaTonolioUvTal o XaAUBOIVa TOEA KOIANG KUKAIKAG dIaTOMNAG,
aKoAOUBWVTAC TN GUOTNUATIKN MPOCEYYION NOU NAPOoUCIAoTnKe. Ol PNXAVIKES IB1I0TNTEC TNG dIATOWNG
CHS 100x5 napapévouv oTabepEC, eva To avolyha /kal To UYoc FTwv TOEwv JeTaBaAAovTal KaTaAANAg,
kaAUnTovTag heyaho eUpoc avnypevng Auynpotntac. O Adyog Tou UWoug £npog To avolyua /Kupaiveral
oTo €upocg 0.10 < /< 0.30, ev 0 AOYOG TNC aKTIivag KaunuAoTnTag R npog Tn SIAUETPO TNG dIATOMNG
d kupaivetal aTo eUpog 10.9 < R/d < 106.3, 6nwg paiveral otov Mivaka 6. O apiBUNTIKEG avaAUoEIg
npayyaronoioUvTal yia Ta TOEA Pe 1 Xwpi¢ Napapevouoeg TAoEIS. IMa TIC YN YPAuMIKEG avaAUgEeIC Xpnol-
HonoieiTal Yeyebocg apyikwv ateAeiwv S/500, To onoio 100UTal PE TO MEYIOTO ENITPENOPEVO WEYEDOC Ye-
WHETPIKWV avoXwV 0 KaunuAa péAn [32]. Or apxikec aTeAEIEG akoAouBoUV TIC IDIOHOPPEG AUYIOHOU Tou
OXNMATOC 22, NOU avTIoTOIXOUV O AUYIOHO EVTOG Kal EKTOC EMINEDOU TWV TOEWV. ANAEC OTPENTIKEG OTN-
piEeic epappolovTal oTa Akpa TV TOEWVY, VM XPNOILOMNOIEITAl JIa NAEUPIKN OTHPIEN OTNV KOPUPI), WOTE
TO WAKOG AuyIopoU evTOC Kal EKTOG eMnédoU va gival ico. Ta ToEa eEeTalovTal yia OJoIOPOoP(A KATAVE-
MNMEVO (opTio aTnV akTivikr dielBuvarn. O1 koiAeg KUKAIKEC dIaToUEG dev gival eunabeic o oTpenTOKa-
MNTIKO AUYIOHO, KAl EMOMEVMC N CUYKEKPIUEVN (POPTION, and Tnv onoia avanTUuoosTal Npogxouaa BAiwn,
BewpeiTal enapkng,.

Mivakag 6: MewpeTpia eEeTaldPevmV TOEWV.

No. £(m) /(m) R (m) 7l R/d
1 3.00 14.00 9.67 0.21 96.7
2 3.00 12.00 7.50 0.25 75.0
3 2.00 11.00 8.56 0.18 85.6
4 2.00 10.00 7.25 0.20 72.5
5 2.50 10.00 6.25 0.25 62.5
6 3.00 10.00 5.67 0.30 56.7
7 1.00 9.00 10.63 0.11 106.3
8 1.50 9.00 7.50 0.17 75.0
9 2.00 9.00 6.06 0.22 60.6
10 2.50 9.00 5.30 0.28 53.0
11 2.00 8.00 5.00 0.25 50.0
12 1.00 8.00 8.50 0.13 85.0
13 2.00 7.00 4.06 0.29 40.6
14 1.00 7.00 6.63 0.14 66.3
15 1.00 6.00 5.00 0.17 50.0
16 1.50 5.00 2.83 0.30 28.3
17 1.00 5.00 3.63 0.20 36.3
18 0.50 5.00 6.50 0.10 65.0
19 0.80 4.00 2.90 0.20 29.0
20 0.49 4.36 5.09 0.11 50.9
21 0.40 4.00 5.20 0.10 52.0
22 0.90 3.00 1.70 0.30 17.0
23 0.50 2.50 1.81 0.20 18.1
24 0.30 2.00 1.82 0.15 18.2
25 0.30 1.50 1.09 0.20 10.9

H avtoxn Twv TOoEwV yia AUYIOPO evTOC Kal €KTOG EMNESOU, CGUYKPIVETAI WE TIC KAUMUAEC AuyIoHOU ToU
EN1993-1-1, onw¢ napouaialeral oto ZxNua 24. H peimwon Tng avToxng Auyiopou €ival Mo onuavrikr)
yIa ToV €KTOC ENINEDOU OE GXEDN E TOV EVTOC EMNEDOU AUYIONO, KABWC Ol PEYIOTEC TIMEC NAPAPEVOUCOV
TAOEWV OUVAVTOVTAI NEPi TO PETO TWV KOIAWV dIATOPWY, £XOVTAG ONUAVTIKA EMIPPON OTNV KAUMTIKNA
duokapwia ekToc eMnEdou. Ma Tov EKTOC EMNEDOU AUYIOHO, N NAPOUCia TWV YEWHETPIKWV ATEAEIOV Kal
TWV NAPAPEVOUCMY TACEWV NPOKaAAEi Peiwon TG avtoxng (A = 1) €wg 38% kai 12% avTioToixa. Ma
TOV €VTOC €MNEDOU AUYIOWO TWV TOEWV, N NAPOUCIA TWV YEWUETPIKMV ATEAEIQOV NPOKAAEi peiwon (4 =
1) TNG AVTOXNC £WC Nepinou 38%, v N ENIPPON TwV NAPAKEVOUC®Y TAGEWV €ival aheAnTEQ.
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SXNUa 24: MEIWTIKOG OUVTEAEDTNG AVTOXNG YId AUYIOUO EVTOG KAl EKTOG EMINEDOU.

Me Baon Ta apiBuNTIKG anoTeAEéoATa UNoAoyi(eTal O GUVTEAEDTNG YEVIKEUMEVNG ATEAEIAG /7. Xpnoido-
nolnvVTag avaAloeic NaAivopounang, NPOKUNTOUV Ol £EI0WOEIC UNOAOYIOHOU TNG YEVIKEUWEVNG ATEAEIAC.
H yevikeupévn aTéAela yia Tov €KTOG eMNESOU AUYIOHO Twv TOEWV, WE 1 XWPIG NApaPEVOUCEG TATEIG,
NpooeyyiIleETal ENAPKWG XPNOIMOMNOIWVTAC YPAUMIKA naAivdpounon. Ma Tov evrog eninédou AUYIOHO, N
VEVIKEUPEVN aTéAEld NpooeyyileTal XpNOILONOIOVTAC YPAUMIKR NAAvOpOuNon oTnv NepINTwon TOEwv
XWPIC NAPAPEVOUOEG TACEIC, EV(W OTNV NEPINTWON TOEWV PE NAPAUEVOUCEC TACEIC XPNOIKONoIEiTal na-
Aivdpounaon deuTtepou Baduou. H diapopd opeileTal oTnV NPOCBETN KAKWN EVTOC EMINEDOU MOU NpoKa-
AgiTal ano Tnv a&ovikr BpAxuvan Tou TOEOU OTIC MIKPEC TIMEG AuynpdTnTac, e€aitiac Tng npowpnc diap-
ponc AOyw napayevouowv Tacswv. Ta SIaypauuaTa TOU GUVTEAEOTN YEVIKEUPEVWYV ATEAEIOV KAl TNG
avnypévng AuynpoTnTac, via Auyiopd evTog kal eKTOC enminedou, napouaialovral oTto Zxnua 25.
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IXNHUa 25: ZUVTEAEOTNG YEVIKEUPEVWY ATEAEIMV YIA AUYIOHO EVTOG Kal EKTOG EMNEDOU.

01 €€10WOEIG UNOAOYIGHOU TOU OUVTEAEDTI) YEVIKEUMEVWV ATEAEIQV YIA TOV EVTOG 1 EKTOC EMINESOU Auyi-
OO TOEWV WE N XWPIC Napapévousee TAaoelg, napouaialovTal aTov Mivaka 7.

Mivakag 7: EEI000EIC UNOAOYIOHOU TOU OUVTEAECTH) YEVIKEUMEVWV ATEAEIWV /).

AiaToun EkTOC emnédou AUYIOHOG EvToc emnédou AuyIopog
ME NapapEVoOUOEC TAOEIG 0.53(1—0.20) =0 0.11[(2 — 0.20)2 + 0.80] = 0
Xwpic napapévouoes TAOEIG 0.191 =0 0.231=0




7. 2YNOWH KAI ZYMIMNEPAZMATA

AvTIKEiPEVO TNG Nnapouoag diIdakTopikng diaTpiBng anotelei n diepelivnon TnG €uoTABEIaG XaAUBSIVWV
TOEWV KOIANG diaTounc. Ta TOEa and XaAupa diagop@wvovTal anod TNV KATepyacia EuBUYPAPP®Y HEAQY,
£V Undapxouv dIAPOPEG KATAOKEUAOTIKEG MEBODOI yia To akono auTo. H mio diadedopevn YEBOdOC yia
TNV KAUNUAwon HeAwvV JopIkoU XAAuBa eival n ev wuxpw SIQuOpPwaon He Xprion Tupnavav (roller-
bending). Tnv nepinTwon auTh, To und diaudpPWan uBUYPaPPO PENOG DIEPXETAI AMNO KATAANAN Un-
Xavn KapnuAwong nou anoTteAsital and TUPnava, eve n eMOUPNTH KAPNUAOTNTA EMITUYXAVETAl JECW
KAUWnC TPIWV ONUEiV Nou NPoKaAei NAAOTIKEG NAPAUOPPWOEIG. H ev wuxpw dIapoppwan €I0Ayel on-
MAVTIKEC NAPAPEVOUCEC TACEIC Kal NAPAUOPPWOEIG, ENNPEATOVTAC TNV YNXAVIKR CUMNEPIPOPA TWV TO-
Ewv. ZTOXOC TNG Nnapouaoag dIaTPIRNG €ival n anoTipnon TNG ENIPPONG TWV NAPAPEVOUCKV TACEWV Kal
TWV YEWHETPIKWV ATEAEIDV OTNV EUOTABEI TOEWTWV PopEwv and XaAuBa. 1o nNAgiolo auTo papuole-
Tal £vac ouvOUaouOC NEIPAPATIK®Y, apIBuNTIKWV Kal avaluTIKwv PEBOdwvV €psuvac. Ta anoTeAéopara
£pYAoTNPIaK®WY OOKIPWV O TOEA KOIANG 0pBOYWVIKNAG dIATOWNG CUYKPIVOVTAl HE TA avTioTolxa apifun-
TIKG anoTEAEOUATA NENEPATUEVWY OTOoIXEIWV. H diadikacia kKaunuAwong Twv TOEWV NPOCOMOIMVETAl a-
kpIBwg, Aappavovtac unown Tnv arnAenidpacn nou avanTUOCETAl JEOW €MNAPRG TOU WEAOUG WE Ta
TUpNava Tng Pnxavnc. AianoTwveTal IKavonoInTIKN oUyKAIoN HMETAEU Twv apiOunTIKWV Kal TwV Nelpapa-
TIKQV ANOTEAEOMATWY OE OPOUG QVTOXNG, METATOMICEWY KAl avanTUOTOPEVWY NApapopPpuaswy. Mpay-
MATOMOIEITAl YIa EKTETAMEVN APIBUNTIKA JlEpelivNon TWV NAPAUETPWV NMOU eNNPeAlouv TIC KATAVOUEG
NApApPeEVoUS®Y TAOEWV O KOIAEG TETPAYWVIKEG, OPBOYWVIKEC Kal KUKAIKEC dlaTodEC. KaToniv, Ye xprion
avaAuTIK@V PEBOdWV dlgpeuvaTal n ENIPPON TWV NAPAUEVOUC®Y TAOEWV OTNV EAAOTONAACTIKI) CUMNE-
PIPOPA Kal OTO KPIoIJo PopTiou AuyioHoU Twv TOEwv. H opiakn avTtoxn €vavTl eucTdbeiac anoTiudaTal
TENIKA PECW WN YPAUMHIKWV apIBUNTIKWV avaAuoewv UAIKoU Kal YEWUETPIAg, nou nepidappavouv agioni-
OTa YEYEDN YEWUETPIKWV ATEAEIQWV KAl KATAVOUWY NAPAPEVOUCWY TATEWV.

Ta Baoika cupnepaopaTa nou nNpokUNTouv ano Tnv napouaa diaTpiBry cuvowilovTal akoAoUBWG:

— H €peuva nou &xel npayuaronoindei dleBvwg avagopikd We TIG NAPAPEVOUCEC TATEIC, TIC HMNXAVIKEG
IDIOTNTEC, Kal TNV €UOTABEId TOEWV MOU £XOUV KAUMUAWOEI ev Wuxpw £ival MOAU NePIOPICUEVN.

— Ta kapnuAwpéva ev Puxpw TOEa ekdnAwvouv Npowpn NAAcTikonoinon n onoia €Eaptdrtal ano Tn
(opa TN KauNTIKAC KAaTanovnong AOyw Tou (paivouevou Bauschinger.

— Ta kaunuAwpéva v Puxpw TOEa napouacialouv au&nuévo oplo dlapporn Kal Yeliwpévn NAAoTIOTNTA
€EaITiag Tou @aivopévou strain aging, nou ekdnAwveTal anod Tnv NAACTIKA kaTepyaaia Tou XaAuBa.

—  OI Napapévouaes TAOEIG TWV KAUMUAWHPEVWV EV PUXP® TOEwV dIaPEPOUV ONUAVTIKA anod Tn Bewpn-
TIKA katavopr Timoshenko, n onoia Bewpei CUVONKEC €NiNEdNG £&vTaong Xwpig dIAaTunan.

—  EQEAKUOTIKEG NAPAPEVOUOEG TACEIC OUVAVTWVTAI OTNYV Avw Kal KATw iva Twv KoiAwv diaTop®y, Kal
ONMAVTIKEC OUYKEVTPWOEIG TAOEWV NapatneolvTal oTIC YWVIEC KOPHOV-NEAPATWY.

- H napoucia napapevouowv TACEWV NPOKAAEi Weiwon TNG eAaTIKAC avToxng Tng SIATOUNG Kal Tou
KpigIJou @opTiou AuyiouoU Twv TOEWV.

— H enippor| TwV Napapevouowv TACEWV €ival Mo CnUAvTIKR oTnV NEPINTWON KAMWNG 1 AUYIOHOU EKTOC
€MINEDOU, KABWC Ol YEYIOTEC TIUEC TAOEWV BpioKovTal NEPi TO HETOV TOU UWOUC TNC dIaTOMNG.

— KapnuAeg AuyiopoU yia TOEa pnopoUv va dnuioupynbouv pEow apiBunTikwv avaAloswy, Aaupavo-
VTaG unown akpiBeic KATAvVOPEC NAPAPEVOUCWY TACEWV KAl AEIONIOTA JEYEDN YEWUETPIKWV ATEAEIDV.

— @ Tov eKTOG eNINEDOU AUYIOUO TwV TOEWV, N NAPOUCIA TWV YEWHETPIKWV ATEAEIWV KAl TWV Napape-
VOUOWV TAOEWV NPOKAAEI HEiwaON TN avToxXNG £wg nepinou 38% kai 12% avTioToixa.

— Ta Tov evToc eMNEdOU AUYIOHO TWV TOEWV, N NAPOUCIa TWV YEWHETPIKWY ATEAEIOV NPOKAAEI PEIWON
TNG avToxXnG £wg nepinou 38%, evw n €NIpPor TWV NAPAPEVOUCKV TACEWV Eival aueANTEQ.



8.

MPQTOTYMNH ZYMBOAH KAI NPOTAZEIZ I' A NMEPAITEPQ EPEYNA

H npwToTUNN OUKBOAR TNG BIATPIRAG OTNV ENIOTAKN Kal Npagn Tou UnxavikoU cuvoyileTal oTa €&E/G:

MpaypaTtonoinénkav ouykpioei anoTEAEOUATWY anod NEIPAPATIKEG DOKIKEG Kal apIOUNTIKEG avaAlgelg
0€ XaAUBOIva TOEQ KAUMUAWPEVA ev WuXpw. Ta anoTeAEOPATA GUPBAAOUV GTNV MOIOTIK £PUNVEIa
Kal NOCOTIKN €NAARBeEUCN TNG UNXAVIKAC GUMNEPIPOPAC TWV TOEwV [43].

MpoadiopioTnkav ol NApAueTPol Nou ennpealouv TNV KATavor kal To JEYEBOC TwV NAPAUEVOUT®V
TACEWV ano TNV &V YPUXpw KApNUAwon ToEwv. Ta anoTeAéoPaTa Pnopouv va agionoinbouv epeuvn-
TIKG yia T OIEVEPYEIQ PHETPROEWV NAPANEVOUCWV TACEWV [44-45].

MpoTdBnkav KATAVOWEC NAPANEVOUCWY TACEWV YId KAMNUAWHEVA €V WUXP® HEAN KOIANG JIaTOMNC.
O! KATAVOWEC NAPAUEVOUCMYV TACEWV €ival XPROIMEG OTNV EPEUVNTIKA KOIVOTNTA yia Tr diaTunwon
KaTaAMnAwv Kavovwv oxedliaouou [44-45].

Anpioupynénkav diaypaupaTta aAnAenidpacnc yia KOIAEC KUKAIKEG, TETPAYWVIKEG Kal 0pBOYWVIKEG
OlaTOUEG Pe napapévouose Taoelc. Ta diaypdupaTta aAnAenidpacnc gival Xprioida oTnv JEAETNTIKNA
NPAKTIKN YIa Tov eAACTIKO aXeOIAoUO TwV TOEWV and XaAuBa.

YnoAoyioBnkav avaAuTika Ta kpioipa gopTia AuyiogpoU yia xaAUBdIva ToEa e Napapevouoes TACEIG.
Ta kpiolua PopTia NPOTPEPOUV HIa CUYKPITIK KAl NOIOTIK EKTIMNON TNG ENIPPONC TWV NAPAUEVOU-
oWV TAoEWV PETAEU d1IapOpwV JIATOPWY KAl KATAVOUWY NAPAPEVOUCHOV TATEWV.

AlaTunwBnkav a&ionioTeg KaPnUAEC AuyiopoU yia XaAURdIva TOEa koiAng diaTounc. O KaPnUAEG Auyi-
opoU €ival NoAU XpROIUEC OTN MEAETNTIK NPAKTIKN Yid TO OXEOIAOUO TOEOTWV (POPEWV CUPPWVA LE
Toug 10XUOVTEC kavoviopoUg [46].

Me Baon Ta anoTeAéopara Tng napouoag diaTpIPrG, NPOTEIVETAI NEPAITEPW:

AlgvEpyEla EpyacTnPIaKwV JOKIK®V YIa TN JETPNOT TWV NAPAHUEVOUC®Y TACEWY NOU NPOEPXOVTAI Anod
TNV &V PUXpW KaunUAwan XaAuBdIvVwv TOEwV KOIANG SIaTounG. Ta NeIpauaTika anoTeAéoUaTa pno-
poUV va GuykpiBoUV Pe avTioToixa apiBunTIKG anoTEAEOUATA NMOU NApPOUCIAcTNKAV.

Eqapuoyr npoxwpnuéVmY VOPwY UAIKOU GTNV NPoCoUoiwaon Twv ToEwv, AauBavovTac unown Tn na-
pouaia Tou paivopévou Bauschinger. QoTdoo, TETola UAIKG ouvnBwg dev gival cupBaTd pe Tnv €lo0a-
YWY Napapevoucwv TACEWV OTA NENEPACHEVA OTOIXEIQ.

MeipapaTikn dlEpEUVNON TNG CUKNEPIPOPAG TOU XAAUBA PETA TNV €V YPUXP® dIaUOppwon. H PEIWUEVN
duokapyia Twv TOEwv AOyw Tou Qaivopévou Bauschinger Ba npénel va evowpaTwOei aTo oxediaouo
MEOW KATAMNAWV €EI0WOEWV NPOadIopIoHoU TNV EVEPYNG avnydevng AuynpdtnTac.

AZl0AOYNon Tou oxediaopolU TOEOTWV (POPEWV XPNCILONOIOVTAC EEICWOEIC NMou npoopilovTal yia gu-
Buypappa pEAN. AnoTeAéopaTa apiBUNTIKWV avaAlUoEwY Kal NEIPAPATIKOV OOKIHMWY O TOEWTOUG Po-
PEIC UNopoUv va ¥pnaidonoinBoUyv yia Tov EAeyxo TwV El0Woewv oxediaopou.

AlaTunwaon kpitnpiwv guoTabelag os xaAURdIva TOEA nou Jdlapop@P®VOVTal PECW KAPMUAWONG &V
Bep® 1) CUYKOAANOEWV. Ol OXETIKEC NAPAPEVOUCEC TACEIG UnopoUv va npoadiopigBolv PEow Beppo-
MNXaviKov avaAUoewv ouP@wva pe JeBodoloyieg nou €xouv diatunwBei otn BiBAoypagia [47-50].
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1 INTRODUCTION

1.1 ARCHES IN CONSTRUCTION

Early arch structures were built from stone or masonry thousands of years ago, comprising mainly
bridges, aqueducts and gates. Before steel came into general use during the latter part of the 19th
Century, curved structures were constructed from iron, which was cast in liquid form in a curved profile
or built up from wrought iron components, either with shaped web plates or in the form of lattice trusses
(King and Brown, 2001). Because wrought iron was very soft and exhibited low tensile strength, black-
smiths could easily curve small components by hot forging. The main applications of iron comprised
bridges as well as roof trusses for various exhibit halls, attracting the interest of engineers and architects
as expressions of structural function and artistic endeavor (Figure 1-1). In the second half of the 19th
century, the development of constructional steel introduced new concepts in structural engineering, as
both tensile and compressive loads could be carried effectively. Nonetheless, a limited humber of steel
buildings comprising curved elements had been constructed until the late 1970s.

Figure 1-1: Curved cast iron in roof trusses (King and Brown, 2001).
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During the last few decades, demands for curved steel members increased rapidly. Curved construc-
tional steels constituted an attractive solution due to their aesthetic appeal and the wide variety of forms
that can be created. Their use was further facilitated by the technological progress regarding the
steelmaking and forming techniques, as well as the advances in computational tools employed in engi-
neering analysis. Architecturally Exposed Structural Steel (AESS) has become more popular worldwide,
as a way of expressing the structural integrity of a building and at the same time putting the structural
system at the aesthetic forefront. Curved constructional steel members started to be used in many AESS
applications (AISC, 2003), providing the users with natural light and a sense of spaciousness and gran-
deur in public facilities such as airports, stations, shopping malls and leisure centers (Figure 1-2).

f
TTTH
|

Figure 1-2: Examples of steel arches in AESS applications.

From the structural point of view, arches are able to cover long spans without intermediate supports,
as loads are carried largely in compression rather than bending action (Bjorhovde, 2006). For certain
arch curvatures, boundary conditions and loading distributions, where the funicular curve of load coin-
cides with the centroidal axis of the rib, pure axial compression is developed along the entire arch
length. Because of their beneficial behavior, arches are commonly used as the primary load-bearing
components in large structural and infrastructural engineering applications, such as bridges, stadiums,
buildings, etc. In these cases, arches are constructed in stages, consisting of smaller curved or straight
steel segments that are connected (bolted or welded) on site and loads are transferred by means of
cables. Typical examples of steel arches in civil engineering infrastructures are shown in Figure 1-3 and
Figure 1-4, including the Tsakona bridge (Greece), the Sydney Harbor Bridge (Australia), the Athens
Olympic Stadium (Greece), and the new Wembley Stadium in London (United Kingdom).
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1.2 MANUFACTURING PROCESS

Curved steel members are typically manufactured from initially straight members which are subjected
to bending in order to meet the desired curvature (Alwood, 2006; Smith, 2008; Packer, 2013). Several
manufacturing methods are available in industry, including the roller bending, incremental bending,
rotary-draw bending, and induction bending processes (Figure 1-5). Some of them are more common
in the steel construction industry, while others are employed in the automobile, piping or other indus-
tries. A brief description of the main curving methods is presented next.

— The roller-bending process is the most common and economical method for curving constructional
steel members. It is a cold-forming process, where a workpiece is passed iteratively through a three-
roller-bending machine. In each subsequent pass, the bending rolls are manipulated in an appropriate
manner that involves local plastification of steel, until the desired curvature is reached. The method
is also called “pyramid roll bending” because of the three-roller pyramid arrangement.

— The incremental bending process is a cold-forming method, in which hydraulic rams are used to apply
bending forces at several discrete, closely spaced locations along the member. Additional supports
are typically employed on the workpiece, aiming at reducing distortions during the bending operation.
This method is usually applied for curving of large-section beams into small-radii of curvature with
minimal distortions.

— The rotary-draw bending is a cold-forming process, where a steel member is clamped and drawn
around a rotating die. Special draw-bending equipment is usually required to eliminate cross-sectional
distortions during the bending process, including appropriate mandrels and die sets. This method is
commonly used in the automobile, mechanical and piping industry for curving workpieces of small
hollow sections into tight radii.

— The induction bending process is a hot-bending method, in which an electric coil is used to heat
(1500°C - 1900°C) a narrow band of the workpiece (50mm - 150mm), while the member is rotated
around a fixed-radius pivot arm. Sprayed water or forced air is used to cool down the material adja-
cent to the heated zone, after passing through the coil. Although induction bending is more expensive
than other processes, it provides higher dimensional accuracy and smaller cross-sectional distortions.
Moreover, smaller radii can be achieved, and lighter sections can be curved compared to cold-formed
processes.
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Figure 1-5: Roller bending (top-left), incremental bending (top-right), rotary-draw bending (bottom-left)
and induction-bending (bottom-right).

1.3 ANALYSIS AND DESIGN

Analysis and design methods of steel arches are based on the evaluation of their structural adequacy,
considering the nonlinear effects due to material yielding and elastic/inelastic instabilities. Instabilities
of arches can be characterized by snap-through, in-plane, and out-of-plane buckling (Figure 1-6). Snap-
through buckling is usually the prevailing buckling mode in cases of shallow arches (low height to span
ratio), which are restrained against out-of-plane displacements. In this context, the arch stiffness is
gradually reduced due to the induced axial shortening, resulting to a limit point in which transition from
compressive to tensile action occurs suddenly. In-plane buckling is predominant in cases of non-shallow
arches, which are adequately braced against out-of-plane displacements. In this case, either symmetric
or antisymmetric mode shapes can be developed. Out-of-plane buckling occurs in cases of arches ex-
hibiting significant free-standing portions. This type of buckling comprises a combination of flexural and
lateral-torsional buckling, and therefore is also denoted as flexural-torsional buckling.

(a) Snap-through (b) In-plane buckling (b) Out-of-plane buckling

Figure 1-6: Main buckling modes of arches.
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Generally, structural analyses are classified in two main categories, namely 1%t and 2™ order analyses.
The appropriate analysis type is determined based on the characteristics of the examined structural
system. In 1%t order analyses, relatively small deformations are considered to be developed in the struc-
ture, which do not influence the equilibrium equations. Thus, the equilibrium equations are formulated
with respect to the undeformed geometry. In this case, the principle of superposition regarding the
loads holds, and loads are linearly related with deformations. Although the 1%t order analysis is a fast
and inexpensive type of analysis, it may be inaccurate when developed deformations become large,
which should then be considered by implementing 2™ order analyses. In 2" order analyses, the equi-
librium equations are formulated in the deformed state of the structure. This type of analysis is employed
in cases of flexible structural systems, or when instability phenomena dominate the structural response.

Advances in computational engineering have facilitated the use of the Finite Element Method (FEM) in
the analysis and design of structures. Numerical analyses, based on FEM, are commonly employed for
the verification of steel structures (Gantes and Fragkopoulos, 2009). Starting from setting up an appro-
priate finite element model, Linear Analyses (LA) are able to provide the developed actions and dis-
placements with respect to the undeformed geometry. Linearized Buckling Analyses (LBA) are aimed at
providing the buckling modes and corresponding critical loads of structures. The effects of material
yielding are effectively considered by performing Material Nonlinear Analysis (MNA), while the effects
of geometrical nonlinearities can be assessed by carrying out Geometrical Nonlinear Analysis (GNA). A
combination of Geometrical and Material Nonlinear Analysis (GMNA) is able to account for the possible
interaction of both nonlinearities. Finally, the buckling behavior of steel structures can be accurately
derived from Geometrical and Material Nonlinear Imperfection Analysis (GMNIA), including appropriate
shapes and values of initial imperfections and residual stresses.

At this time, the concept of limit states is adopted in modern structural steel design standards (CEN,
2005; AISC, 2018). In this context, 1%t order or 2" order analyses are employed to obtain the developed
actions of structures under design loads, which are compared to strength resistances accounting for
material failure or local/global buckling. For common cases both material nonlinearities as well as geo-
metric nonlinearities are calculated using closed-form equations. More specifically, the steel yield/ulti-
mate point is considered for calculation of the cross-sectional strength capacity. Local buckling is taken
into account by classifying cross-sections into appropriate classes based on their wall slenderness, in
which the plastic, elastic, or reduced (effective) cross-section resistance is used. Global buckling is con-
sidered by implementing reduction factors according to relevant buckling curves, which are related to
the member slenderness incorporating the effects of geometric imperfections and residual stresses.
Buckling curves are available for steel beams and columns, given in the form of Figure 1-7.
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Figure 1-7: Typical design for stability using buckling curves.
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1.4 PROBLEM STATEMENT AND OBJECTIVE

Geometric imperfections and residual stresses affect the elastic domain of the material, causing prem-
ature yielding of the cross-section and having considerable effect on the brittle fracture, fatigue and
buckling strength of steel members (ECCS, 1976). Aberrations of the theoretical geometry as well as
self-equilibrating locked-in stresses, are induced to steel arches after the roller-bending manufacturing
process, which is typically employed in the steel construction industry. Limited studies are found in the
literature regarding the distribution and magnitude of imperfections and residual stresses of roller-bent
hollow sections (Dowswell, 2018), while their influence on the structural response of arches has not
been properly assessed. Therefore, in many cases structural engineers have to carry out non-linear
finite element simulations, which are cost- and time-consuming, incorporating indirectly these effects in
the developed numerical models, in order to evaluate the structural adequacy of arches. This practice
usually results in over-dimensioned structures with questionable reliability, due to the lack of knowledge
on the inelastic stability of roller-bent arches.

Scope of the present dissertation is to offer insight in the structural behavior of steel arches comprising
hollow sections, by (a) quantifying (in terms of distribution and amplitude) the residual stresses and
geometrical imperfections encountered in roller-bent members, (b) assessing their influence on the
structural behavior of arches, and (c) providing design guidelines in terms of pertinent buckling curves,
in which the effects of the roller-bending process are taken into account. To that effect, a combined
experimental, numerical and analytical investigation is implemented during the whole research work,
aiming at evaluating reliably the structural behavior of hollow-section steel arches. Experimental results
are used to validate the developed numerical models, while extensive humerical simulations along with
analytical calculations are employed to investigate parametrically the structural behavior of hollow-sec-
tion arches. The contribution of this dissertation in the engineering science and practice, is considered
to be significant, as the structural design of arches, which until now is either relying on arbitrary and
often erroneous simplifying assumptions, or is otherwise based on highly demanding nonlinear simula-
tions, can be facilitated by implementing the proposed design guidelines.

1.5 OUTLINE OF THESIS

The present dissertation is divided into ten chapters. A brief introduction to the constructional issues of
steel arches, analysis and design practices, along with the problem statement have been presented in
this first chapter. In Chapter 2, literature findings on the structural behavior of steel arches are summa-
rized, with emphasis on roller-bent residual stresses and material properties, elastic and inelastic stability
issues, along with pertinent design recommendations. In Chapter 3, original experimental tests on the
in-plane behavior of roller-bent arches are presented, which were carried out in the Institute of Steel
Structures at the National Technical University of Athens. Finite element simulations of the aforemen-
tioned experiments are performed in Chapter 4, aiming at comparing experimental and numerical results
for the calibration of numerical models. In Chapter 5, an extensive parametric study is carried out,
examining the effects of the main roller-bending characteristics on the developed stress/strain distribu-
tions of square- and rectangular- hollow-sections. A pertinent parametric study regarding roller-bent
circular-hollow-sections is presented in Chapter 6. An analytical investigation of the effects of residual
stresses on roller-bent hollow sections is presented in Chapter 7. In Chapter 8, the structural stability
of hollow-section arches is assessed using finite element analyses, and pertinent design stability criteria
are proposed in Chapter 9. Finally, the conclusions and contributions of this dissertation as well as
recommendations for further research are given in Chapter 10.
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2 LITERATURE REVIEW

2.1 INTRODUCTION

The structural behavior of arches with emphasis on stability is presented in several literature findings.
Because it is not feasible to provide a complete overview of all research studies within a single chapter
of the present dissertation, the more important and relevant findings will be presented. It should be
noted that excellent sources on the topic can be found in the bibliography. An overview of the research
studies prior to 1970 is given in the “Handbook of Structural Stability “by Hayashi (1971). In the “Stability
of Metal Structures, a World View” (Beedle, 1991), a comparison between building standards and pro-
visions for the spatial stability of arches is attempted. The arch elastic and inelastic stability are discussed
in a book chapter of the “Structural Stability Design, Steel and Composite Structures”(Fukumoto, 1996).
A summation of pertinent experimental studies is presented in the “Buckiing Experiments”by Singer et
al. (1998). In the “Design of curved stee/” (King and Brown, 2001), a comprehensive study for the
practical design of curved members is presented, including practical worked examples. The spatial sta-
bility of arches, the pertinent design criteria and several bracing recommendations, are thoroughly pre-
sented in a book chapter of the “ Guide to Stability Design Criteria for Metal Structures” (Ziemian, 2010).
Finally, a design guide of curved steel members, including the state-of-the-art literature findings on
fabrication, analysis and design issues, is given in the  Curved Member Desigri’, by Bo Dowswell (2018).

2.2 ROLLER-BENDING OF ARCHES

2.2.1 General remarks

The roller-bending process, or alternatively “pyramid roll bending”, is the most common and cost-effec-
tive method for producing circular arches in the steel constructional industry. It is a cold-formed process,
where the workpiece is passed iteratively through three rollers (Figure 2-1). In each subsequent pass,
the bending rolls are manipulated in an appropriate manner that involves local plastification of steel,
until the desired curvature is reached. Steel members of any cross-sectional shape can typically be
curved, including open or closed profiles. Nevertheless, cross-sectional distortions are inevitably induced
during the roller-bending process. The minimum achieved arc radius is usually limited by the maximum
magnitude of cross-sectional distortion which is allowed to take place. Special techniques are used to
minimize the encountered distortions, such as filling hollow sections with sand or utilizing auxiliary rolls
on the tension flanges of open profiles in order to provide additional restraints to the flanges and web.
Practical information on the manufacturing processes can be found from bend/fabricator companies.
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Figure 2-1: Roller-bending method.

Early studies on cold-curving were carried out by Hansen & Jannerup (1979), investigating analytically
the resulting geometry of solid bars after roller-bending. Kennedy et al. (1986) and Kennedy (1988)
investigated the induced deformations and cross-sectional distortions of roller-bent Hollow-Structural-
Sections (HSS). A detailed description of the roller-bending process along with the associated curving
mechanics have been presented by Bjorhovde (2006). The curving mechanism is based on steel yielding
in order to meet a certain radius of curvature, as shown in Figure 2-2. During multi-pass roller-bending,
the obtained curvature is determined by measuring the span length and the rise of the workpiece. The
radius of curvature R for a circular arch of span length (chord length) /and rise 7is given by Eq. (2-1).
The curvature ks defined as the inverse of radius R, according to Eq. (2-2). The longitudinal strains at
the top and bottom height of the cross-section depend on the member’s curvature and the cross-sec-
tional depth 4, according to the fundamental strain-curvature relationship of Eq. (2-3). Geometric im-
perfections, residual stresses and alteration of the mechanical properties are induced in roller-bent
members from the cold-forming process. Pertinent research studies regarding the effects of roller-bend-
ing will be presented next.
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Figure 2-2: Curving mechanics of roller-bending.
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2.2.2 Residual stresses

Residual stresses, or commonly called “locked-in" stresses, are induced to steel profiles after fabrication
processes. Locked-in stress distributions are self-equilibrated within the cross-section, emanating from
cross-sectional uneven cooling after hot-rolling, welding or cutting operations, as well as from plastic
deformations caused by cold-forming, cold-straightening or cambering processes. These stresses are
considered to have a significant effect on the brittle fracture, fatigue, stress corrosion, buckling and
post-buckling strength of steel members (ECCS, 1976). Locked-in stresses are usually decomposed into
the longitudinal and transverse components. In the case of thin-walled sections, residual stresses are
commonly idealized as a summation of two types: membrane and flexural. The former are more prev-
alent in roll-formed members, while the latter dominate in the press-braked ones (Schafer, 1998). In-
dicative longitudinal residual stress distributions from studies of Komatsu and Sakimoto (1977), and
ECCS (1976, 1984) are depicted in Figure 2-3.
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(a) ECCS (1976) (b) Komatsu and Sakimoto (1977) (c) ECCS (1984)

Figure 2-3: Residual stress distributions in literature.

The locked-in formations resulting from the cross-sectioning process have been thoroughly investigated
in the literature. However, when the straight workpiece is bent into the desired shape, most of the
section exhibits anew yielding. Thus, the previous residual stress pattern from the sectioning process is
replaced by a new pattern due to curving. A theoretical distribution of the residual stresses emanating
from the inelastic bending of beams is given by Timoshenko (1956), as function of the steel’s yield
stress f, and the ratio g between the plastic and elastic section modulus. By aggregating the bending
stresses due to inelastic My (Figure 2-4a) and elastic "spring-back" Ms» (Figure 2-4b) moments, the self-
equilibrated locked-in distribution (Figure 2-4c) is obtained. The theoretical distribution exhibits an anti-
symmetrical layout about the neutral axis, which does not differentiate between cross-sectional shapes.
Based on the assumptions of the simplified model, the theoretical distribution is generally valid for
bending beams exhibiting small shear stresses relative to the bending stresses (Euler-Bernoulli theory),
as well as uniform bending stresses across the cross-sectional width (plane stress conditions).

Mpl + MSb =0 (2_4)

My =Wy fy (2-5)
_ Msb _ Wpl _ _ Wpl

Ogp = W, W, fys Ores=fy-(1—a), wherea = 2 (2-6)

Stability Criteria for Hollow-Section Steel Arches



12 Chapter 2

(a-1)f,

(a) Loading M, (b) Unloading M ,=-M (c) Residual stresses M=0

pl

Figure 2-4: Loading (a), unloading (b) and residual (c) stress distributions.

The residual stress distributions resulting from the roller-bending process have been investigated in a
limited number of studies. Residual stress measurements on roller-bent specimens comprising wide
flange sections, were carried out by Spoorenberg et al. (2010), using the sectioning method. Previous
measurements, employing the hole-drilling method, yielded unsatisfactory results (La Poutre, 2005).
Electrical strain gauges were implemented on the surfaces of specimens, in order to measure the lon-
gitudinal strains that were released after carrying out longitudinal saw cuts. A total number of 18 roller-
bent specimens were examined, comprising various steel grades and radii curvature, as shown in Table
2-1. For comparison purposes, the electrical discharging machining (EDM) technique and the conven-
tional saw cutting procedure were used to measure residual stresses. It was evidenced that both tech-
niques yield almost identical residual stress patterns. Strain release was recorded during the entire saw
cutting procedure, until approximately 30 minutes after the end of cutting. The corresponding stress
values were calculated by multiplying the strain measurements with the Young modulus obtained from
the tensile coupon tests, prior to curving process. The membrane stresses were determined by averag-
ing stresses from the opposite faces of steel plates. The sectioning process of HE 100A and HE 360B
specimens, is shown indicatively in Figure 2-5.

Table 2-1: Experimental tests on roller-bent wide flange sections (Spoorenberg et al., 2010).

Mechanical properties

- . Bending

No. Cro;s- prior to cuving process Steel radius R
section fy fe Grade (mm)

(Mpa) (Mpa)

1 HE 100A 322 433 S235 1910
2 HE 100A 279 418 S235 2546
3 HE 100A 279 418 S235 3820
4 HE 100A 364 566 S355 1910
5 HE 100A 364 566 S355 2546
6 HE 100A 364 566 S355 3820
7 HE 100B 248 411 S235 1910
8 HE 100B 285 412 S235 2546
9 HE 100B 285 412 5235 3820
10 HE 100B 386 492 S355 1910
11 HE 100B 390 495 S355 2546
12 HE 100B 390 495 S355 3820
13 HE 360B 269 389 S235 8000
14 HE 360B 357 534 S355 8000
15 IPE 360 297 414 S235 4500
16 IPE 360 297 414 S235 8000
17 IPE 360 361 528 S355 4500
18 IPE 360 361 528 5355 8000
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Figure 2-5: Sectioning process of HE 100A and HE 360B (Spoorenberg et al., 2010).

Overall, the measured residual stresses exhibited similar distributions in all cases. A comparison of the
locked-in stress formations between straight and roller-bent HE 360B specimens is shown in Figure 2-6.
The residual stresses of straight specimens were found in agreement with theoretical predictions of hot-
rolled sections. However, the locked-in stresses of roller-bent specimens differed from their straight
counterparts, indicating that roller-bending has a significant effect on the longitudinal residual stress
distributions. The roller-bent formations varied also from the Timoshenko distribution, exhibiting stress
concentrations at the web-to-flange junctions. Furthermore, it was shown that there is no clear corre-
lation between curving radii and residual stresses. It was observed that decrease of bending radii results
in increase of compressive stresses at the web, while stresses at the top and bottom flange remain
unaffected. Residual stresses at the bottom web-to-flange junction were found to exceed the yield stress
of the material prior to curving process, as a result of strain hardening due to the induced cold-working.
Finally, significant stress gradients were observed through the wall thickness of flanges in the roller-
bent specimens.
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Figure 2-6: Residual stresses of straight and roller-bent HE 360B (Spoorenberg et al., 2010).

Finite element simulations of the roller-bending process were performed next by the same research
team (Spoorenberg et al., 2011a). Scope of the numerical study was the validation of the developed
numerical models against the experimental results of Spoorenberg et al. (2010). The full interaction
between bending rollers and workpieces was considered in the employed finite element models, as
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shown in Figure 2-7. Parameters of the workpiece and roller-bending arrangement are summarized in
Table 2-2 and Table 2-3, respectively. Aiming at reducing the computational effort, only half of the I-
section was modeled, taking advantage of symmetry conditions. Workpieces were meshed using solid
elements, since preliminary analyses using shell or beam elements provided large discrepancies with
respect to the experimental results. A material model, based on the true stress/strain results of the
tensile coupon tests prior to curving process, was employed in the numerical simulations. The material
plasticity was characterized by the von Mises yield criterion and the Prandtl-Reuss flow rule using an
isotropic hardening law. Implicit static analyses were carried out in the general-purpose finite element
software ANSYS.

Membrane residual stresses were extracted by averaging the locked-in stress values over the integration
points in the thickness direction. The preexisting locked-in stress formations from the sectioning process
were found to have an insignificant effect on the final distributions. A comparison between numerical,
experimental and theoretical residual stresses of roller-bent HE 360B is shown in Figure 2-8. The nu-
merical and experimental results provided good agreement regarding the top and bottom flanges, while
moderate agreement was obtained at the web of wide-flange-sections. The encountered discrepancies
were attributed to the presence of the flange support roller, which was found to affect considerably the
developed locked-in formations. Both experimental and numerical distributions differed significantly
from the theoretical (anti-symmetrical) distribution of Timoshenko. Taking into consideration the
model’s simplifications, as well as the accuracy with which residual stresses can be measured, it was
concluded that the proposed finite element model was capable to provide the residual stresses of roller-
bent wide-flange-sections with sufficient accuracy for design purposes.

Left roller

Flange support roller

Workpiece

Center roller

Figure 2-7: Roller-bending simulation (Spoorenberg et al., 2011a).

Table 2-2: Workpiece parameters.
Bending radius

=
o

Cross-Section Steel grade

(mm)
1 HE 100A 5235 1910
2 HE 100A 5235 2546
3 HE 100A 5235 3820
4 HE 100A S355 1910
5 HE 100A S355 2546
6 HE 100A S355 3820
13 HE 360B 5235 8000
14 HE 360B 5235 8000
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Table 2-3: Roller-bending arrangement parameters.
Roller-bending arrangement HE 100A HE 100B
Distance between outer rolls, S (mm) 900 2500
Modeled beam length, L (mm) 3000 10800
Radius of left and right roll, R; (mm) 300 325
Radius of center roll, R, (mm) 300 325
Radius of flange support roll, R3 (mm) 20 80
200 200
0 JOOOOONO/‘ £0o5on 0 e 92
5235 v 8355
R=8000mm 5 R=8000mm ¢
200 1 R 300 1
0 T 205 0 //\
Jooo® Toce

—— Numerical © Experimental ---- Theoretical

Figure 2-8: Numerical, experimental and theoretical residual stresses of roller-bent HE 360B
(Spoorenberg et al., 2011a).

Based on the results of finite element analyses, a residual stress model suitable for roller-bent wide-
flange-sections was proposed (Spoorenberg et al., 2011b). The model was considered generally appli-
cable within the examined range of curving radii R over cross-sectional height A, namely 10 < R/h <
40. The proposed model is depicted in Figure 2-9. Pertinent residual stress values can be calculated
according to Eqg. (2-7). The residual stress model was compared to experimental and numerical residual

stress measurements and good agreement was observed.

t.
! | 0.2f
[ T 3} x ,R M,
i h /4
_0.2.}; + 0' :Io
l‘ wrt
B h h
0
O"f‘c'
- -0.35(
g Ih0/4
[ } v

b/4

PR E—— -
| 0.707,

Figure 2-9: Proposed residual stress model for roller-bent wide-flange-sections (Spoorenberg et al., 2011b).

bty _ 14bg
wrt = 30Rot, 1 O T T 30Rt, Y (2-7)
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The residual stress formations of roller-bent Rectangular-Hollow-Sections (RHS) have been investigated
by Chiew et al. (2016). In this context, detailed roller-bending simulations of RHS steel workpieces were
carried out in the general-purpose finite element software ABAQUS. The full interaction between the
bending rollers and workpieces was considered, employing various roller-bending arrangements, as
shown in Table 2-4. Moreover, different boundary conditions, bending curvatures, and steel grades were
examined. The workpieces were modelled using solid elements associated with an isotropic trilinear
hardening model. The obtained residual stress formations differed from the theoretical distribution of
Timoshenko, exhibiting stress concentrations at the web-to flange junctions. Residual stresses were
found to be affected by the cross-sectional aspect ratio and thickness ratio, as well as the bending radii.
Based on the results of parametric analyses, a residual stress model suitable for roller-bent RHS was
proposed, satisfying the cross-sectional equilibrium requirements. The proposed model is given in Figure
2-10, and pertinent residual stress values can be calculated according to Eq. (2-8) to (2-11).

Table 2-4: Roller-bending arrangement (Chiew et al., 2016).

No Cross-sectional dimensions Diameter (mm) Roller distance
) (mm) Outer rollers Middle roller (mm)
1 101.6 x 76.2 x 6.35 385 430 710
2 101.6 x 101.6 x 4.78 385 430 710
3 127.0 x 127.0 x 4.78 385 430 710
4 127.0 x 127.0 x 4.78 385 430 710
5 152.4 x 101.6 x 4.78 385 430 710
6 152.4 x 152.4 x 6.35 385 430 710
7 177.8 x 127.0 x 6.35 460 515 1015
8 177.8 x 177.8 x 7.95 460 515 1015
9 203.2 x 101.6 x 9.53 460 515 1015
10 203.2 x 203.2 x 6.35 460 515 1015
11 254.0 x 152.4 x 6.35 460 515 1015
12 254.0 x 254.0 x 9.53 460 515 1015
Utﬂ,m
+
A
+ L 41 +
Jwebm
‘ ' W2 | h
o
+ o +
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Figure 2-10: Proposed residual stress model for roller-bent RHS (Chiew et al., 2016).

For 20 < R/h < 150, 1 < h/b <2, 20 < h/t < 50 and 235MPa < f, < 450MPa:
Oepie/ fy = €[0.81 — 0.0028(R/h) — 0.09(h/b) + 0.008(h/t)] (2-8)
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For 1< h/b <2, 20 < h/t <50and 235MPa < f, < 450MPa:
e 20<R/h<150

Owebm/fy = £[—0.28 — 0.0034(R/h) — 0.05(h/b) — 0.01(h/¢)] (2-9)

e 75<R/h<150

Owebm/fy = €[=0.73 + 0.0026(R/h) — 0.05(h/b) — 0.01(h/t)] (2-10)

Where, ¢ = ,/f, /350

Ocsim/fy = —[0cs1m (1.6 + 0.4(h/b)) + 0.80yepm(h/b) + 01,.(0.2 + 0.4(h/b))] (2-11)

Where, owm = 0.15f,

2.2.3 Material properties

The material properties of roller-bent sections are affected by the induced plastification due to cold-
working. The changes are primarily attributed to the Bauschinger effect, which causes a gradually sof-
tening response of steel, as well as the strain hardening and strain aging effects, which cause increase
of yield stress, ultimate stress and hardness, as well as decrease of ductility and toughness. An experi-
mental investigation on the mechanical properties of roller-bent wide-flange-sections has been per-
formed by Spoorenberg et al. (2012a). Tensile and compressive coupon tests were carried out, on
specimens machined from the web and flanges of roller-bent sections and their initial straight counter-
parts. Specimens of various steel grades, sections and bending radii, were examined (Table 2-5). The
specimens were loaded until fracture in the tensile tests, whereas they were loaded up to approximately
2% strain in the compression tests due to the absence of necking phenomenon.

Table 2-5:Coupon tests on roller-bent wide-flange-sections (Spoorenberg et al., 2012a).

Cross-section  Steel grade inflr':)s Bendllg/%ratlo
HE 100A 5235 1910 19.89
HE 100A S355 1910 19.89
HE 100A S235 2546 26.52
HE 100A S355 2546 26.52
HE 100A 5235 3820 39.79
HE 100A S355 3820 39.79
HE 100B 5235 1910 19.10
HE 100B S355 1910 19.10
HE 100B 5235 2546 2.55
HE 100B S355 2546 2.55
HE 100B S235 3820 3.82
HE 100B S355 3820 3.82
HE 360B S235 8000 22.22
HE 360B S355 8000 22.22
IPE 360 S235 4500 12.50
IPE 360 S355 4500 12.50
IPE 360 S235 8000 22.22
IPE 360 S355 8000 22.22
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Overall, non-uniform properties were obtained over the cross-sections of examined specimens. Moreo-
ver, it was found that the obtained response was significantly affected by the curving radius and steel
grade. The sharp yield point in the stress-strain curve of the straight material was replaced by a grad-
ually softening response due to the Bauschinger effect. Based on the results of coupon tests, an ana-
lytical model for estimating the modified mechanical properties of roller-bent wide-flange-sections, was
proposed by Spoorenberg et al. (2012b). In this context, a series of equations was developed to esti-
mate the proportional limit, the yield stress, the ultimate tensile stress, as well as the strain at the
ultimate tensile stress and at fracture, for the cross-sectional zones shown in Figure 2-11. A parameter
Cwas introduced, which was calibrated on the experimental data and reflected the relative variation of
the yield and ultimate tensile stress within the roller-bent cross-section.

b3  b/3 b3

[

OREORNE) Table 2-6: Values of C parameter.

[ : . ] & No.  Cross-sectional zone 5235 S355
o N ¥ 1 Top flange tips 0.912 2.75
v h,/3 ® 2 Top flange center 2.98 4.01
E I | 3 Bottom flange tips -1.18 -4.74

h/3 © |h |h 4 Bottom flange center 2.23 4.34
= 1 5 Top web 1.02 1.52
h/3 @ 6 Center web 0 0
— | 7 Bottom web 1.93  0.619

'@ ®
— b )

Figure 2-11: Cross-sectional zones
Spoorenberg et al. (2012b).

The yield stress 7, of roller-bent sections is given as function of the yield stress f£,s prior to roller-
bending, the bending ratio R/, and the Cparameter, according to Eq. (2-12).
0.559f,,¢
fr = 5589=C¢/(R/R)’

for 5235 steel grade.

(2-12)
0.886f;,

fr = 5886 =C/(R/R)’

for S355 steel grade.

The proportional limit 7, - of roller-bent sections can be calculated as function of the yield stress #,-and
the modulus of elasticity £according to Eq. (2-13).

forlfyr = —0.701+ 815f,./E < 1.0, for S235 steel grade.
(2-13)
forlfyr =—0.468 + 519f, . /E < 1.0, for S355 steel grade.

The ultimate tensile stress 7 of both roller-bent and straight members can be calculated as function of
the yield stress £, and the modulus of elasticity £, according to Eq. (2-14).

fy/fe = 0.347 4+ 234f,/E < 1.0, for S235 steel grade.

(2-14)
fy/ft = 0121+ 313f,/E < 1.0, for S355 steel grade.
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The strain & at the ultimate tensile stress of both roller-bent and straight members is given by Eq.
(2-15).

g = 0.404 — 160f, /E, for S235 steel grade.

(2-15)
& = 0.282-79.3f,/E, for S355 steel grade.
The strain & at fracture of both roller-bent and straight members is given by Eq. (2-16).
g, = 0.612 —208f,/E = ¢, for S235 steel grade.
(2-16)

&, = 0.409—-70.7f,/E = &, for S355 steel grade.

2.3 IN-PLANE BEHAVIOR OF ARCHES

2.3.1 Elastic stability and ultimate strength

Early studies on the in-plane stability of arches were performed by Timoshenko and Gere (1961) and
Austin (1971). In this context, analytical solutions were derived, providing the critical loads for the in-
plane buckling of arches comprising various boundary conditions and types of loading. Indicative values
of distributed loads and horizontal reactions of three-hinged, two-hinged and fixed symmetric arches
are given in Table 2-7 (Timoshenko and Gere, 1961). The critical values refer to circular arches of rise-
to-span ratios from 0.10 to 0.50 under pure axial compression load. The fundamental buckling modes
of the examined cases are depicted in Figure 2-12. In the case of three-hinged arches, the critical
buckling mode is typically symmetric, while buckling of fixed and two-hinged arches is typically domi-
nated by an anti-symmetrical mode in which the arch sways laterally.

Table 2-7: Critical load and horizontal reaction for circular arches under pure compression.

Wi Three-Hinged Arch Two-Hinged Arch Fixed Arch
gl3/EI HI3 ET gl3/EI HI? ET gl3/EI HI3 ET
0.10 22.2 26.7 28.4 34.1 58.9 70.7
0.20 33.5 17.6 39.3 20.6 90.4 47.5
0.30 34.9 9.3 40.9 10.9 93.4 24.9
0.40 30.2 3.4 32.8 3.7 80.7 9.1
0.50 24.0 0.0 24.0 0.0 64.0 0.0

where: 5, rise; L, span; g, critical load; A, critical horizontal reaction at supports; £, Young’s modulus of elasticity;
1, cross-sectional moment of inertia.

(a) Three-hinged arch (b) Two-hinged arch (c) Fixed arch

Figure 2-12: Typical fundamental buckling mode shapes.
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Research on the in-plane stability of arches has been extensive during the last few decades (Harries,
1970; Kuranishi and Lu, 1972; Kuranishi et al., 1980; Jukes et al., 1983; Yabuki and Vinnakota, 1984;
Rajasekaran and Padmanabhan, 1989; Mitri and Hassani, 1990; Khan et al., 1996; Pi and Trahair, 1999).
Pi et al. (2002) studied the in-plane non-linear buckling of circular arches of arbitrary cross-section that
are subjected to a radial load distributed uniformly around the arch axis. Bradford et al. (2002) investi-
gated the in-plane non-linear buckling of circular arches of arbitrary cross-section that are subjected to
a central concentrated radial load. Moreover, Pi et al. (2007) investigated the in-plane non-linear elastic
behavior and stability of elastically supported shallow circular arches that are subjected to a radial
uniform load. Dimopoulos and Gantes (2008) studied the in-plane behavior of circular arches with cir-
cular-hollow-sections, examining the effects of a number of design parameters, such as the boundary
conditions, the rise-to-span ratio, and the included angle. Pi et al. (2008) investigated the non-linear in-
plane analysis and buckling of arches with elastic rotational end restraints under a central concentrated
load. Pi and Bradford (2009) derived analytical solutions for the non-linear post-buckling of these arches
under uniform radial loading. These investigations were focused on arches having symmetrical boundary
conditions. Pi and Bradford (2012) studied the non-linear elastic in-plane buckling and post-buckling
behavior of pin-ended shallow circular arches with various boundary conditions under radial and central
concentrated loads. Analytical solutions for the non-linear in-plane buckling and post-buckling behavior
and for the buckling loads were derived. The in-plane ultimate resistance of steel arches with sinusoidal
corrugated webs, under a full-span uniform vertical load was examined by Guo et al. (2016), by means
of experimental tests and numerical simulations. An integral equation solution to the linear and geo-
metrically nonlinear problem of non-uniform in-plane shallow arches under a central concentrated force
was presented by Tsiatas and Babouskos (2017). An experimental and numerical investigation into the
in-plane buckling and ultimate resistance of circular steel arches was performed by Lu et al. (2017). The
collapse behavior of a non-uniform circular shallow arch was analytically studied for both fixed and
pinned boundary conditions by Yan et al. (2018). The behavior of prestressed high strength steel arched
trusses was evaluated by Afshan et al. (2019) by means of experimental tests and numerical simulations,
resulting in the development of design recommendations.

Figure 2-13: Experimental studies of (a) Guo et al (2016), (b) Lu et al. (2017), and (c) Afshan et al. (2019).
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2.3.2 Desigh recommendations

Design procedures for arches based on the ultimate inelastic strength studies have been proposed by
Kuranishi (1973), Komatsu and Shinke (1977), and Kuranishi and Yabuki (1984). Kuranishi (1973) pro-
posed an interaction-type formula similar to beam-column formulas for two-hinged parabolic arches
under unsymmetrical loading. Komatsu and Shinke (1977) presented practical formulas for the planar
ultimate-load intensity of two-hinged and fixed parabolic steel arches that are a function of the normal
thrust calculated at a quarter point of the arch rib by first-order elastic analysis. They also recommended
that the ultimate load capacity of arch ribs with varying and/or hybrid cross section can be evaluated
accurately by using mean values of the cross-sectional area and/or yield-stress level of the material,
which would be calculated by averaging along the entire axial length of the rib. Kuranishi and Yabuki
(1984) also presented accurate practical formulas for the in-plane ultimate strength of parabolic two-
hinged steel arch ribs and steel arch bridge structures with a stiffening girder. Sakimoto and Watanabe
(1995) proposed a design procedure based on nonlinear analysis that proportions each member auto-
matically, so as to meet the ultimate-strength requirements of the complete structural system. The
procedure is based on the tangent-modulus method and eigenvalue analysis. Pi and Trahair (1999) and
Pi and Bradford (2004) proposed interaction equations for the design of hinged and fixed circular arches
with I-shape cross sections, considering the presence of initial geometric imperfections and residual
stresses. Dimopoulos and Gantes (2008) proposed a series of appropriate modification factors for the
design of circular steel arches of circular-hollow-sections, that could be included in the Eurocode inter-
action equations in order to improve their accuracy.

2.4 OUT-OF-PLANE BEHAVIOR OF ARCHES

2.4.1 Elastic stability and ultimate strength

Early studies on the out-of-plane stability of arches were performed by Timoshenko & Gere (1961),
providing the critical loads of arches comprising various boundary conditions and types of loading. The
closed-form solutions were extended by Vlasov (1963) in order to include the warping rigidity in the
case of double symmetric cross sections. The elastic buckling of freestanding arches subjected to a
uniformly distributed load was further investigated by Namita (1968). Finite element analyses on both
free-standing and braced arches subjected to a uniformly distributed vertical load were performed by
Komatsu and Sakimoto (1977), Sakimoto and Komatsu (1983). Numerical results were compared to
relevant experimental results carried out by Sakimoto et al. (1979). Analytical solutions for the out-of-
plane buckling loads of arches were obtained by Papangelis and Trahair (1987), Rajasekaran and Pad-
manabhan (1989), Yang and Kuo (1986, 1987, 1991), Pi and Trahair (1998) and Pi and Bradford (2005).
Bradford and Pi (2006) investigated the elastic buckling of laterally fixed steel arches under uniform
bending. Pi et al. (2010), obtained the analytical solutions for the lateral-torsional buckling load of
circular steel pin-ended arches subjected to a central concentrated load. An experimental investigation
of the elastic-plastic out-of-plane buckling response of roller-bent circular steel arches comprising wide-
flange-sections and subjected to a single force applied to the crown, was carried out by La Poutré et al.
(2013). Finite element simulations of pertinent tests were performed by Spoorenberg et al. (2012c),
considering reliably the effects of roller-bending on the residual stresses, geometric imperfections and
the change in the material properties. An experimental study on the out-of-plane inelastic buckling
behavior of fixed circular steel I-section arches under symmetric three-point loading and non-symmetric
two-point loading was carried out by Guo et al. (2015). In this context, a pertinent numerical model
was developed and validated against the test results. Experimental and numerical investigations on the
out-of-plane ultimate resistance of parallel twin-arch under uniform radial load were performed by
Huang et al. (2019).
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Figure 2-14: Experimental studies of (a) La Poutré et al. (2013) and (b) Guo et al. (2015).

2.4.2 Design recommendations

Design recommendations for the out-of-plane stability of freestanding circular arches of I-sections were
provided by Pi and Trahair (1998) and Pi and Bradford (2005). In this context, appropriate interaction
equations were proposed, including the effects of imperfections and residual stresses. La Poutré (2005)
investigated the inelastic out-of-plane stability of roller-bent arches, comprising wide-flange-sections. It
was shown that the general method of Eurocode 3 part 1-1 (CEN, 2005), is an accurate method for
assessing the inelastic stability of arches in case that no closed-form buckling equations are available.
Design rules for roller-bent arches comprising wide-flange-sections were proposed by Spoorenberg et
al. (2012c). Appropriate column curve diagrams associated with suitable imperfection parameters were
derived to check the out-of-plane buckling response of a roller-bent steel arches.

2.5 CONCLUSIONS

An overview of the existing literature regarding the structural behavior of steel arches was presented in
this section, with emphasis on the residual stresses and material properties of roller-bent members,
elastic and inelastic stability issues, along with pertinent design recommendations. Even though the
spatial stability of arches has been investigated thoroughly in the literature, limited research work is
found on the residual stresses and the mechanical properties emanating from the fabrication process,
as well as their influence on the buckling resistance. Pertinent research studies are available only for
wide-flange-section arches, in which the importance of such parameters is highlighted. The present
doctoral thesis aims at bridging this gap, by investigating the structural behavior of roller-bent arches
comprising hollow sections. In this way, it intends to provide guidance for the analysis and design of
arches by (a) quantifying the residual stresses and deformations encountered in roller-bent hollow sec-
tions in terms of their distribution and amplitude, and (b) assessing the influence of such imperfections
on their structural behavior. In order to achieve this goal, a combined experimental, numerical and
analytical methodology is implemented.

Doctoral Thesis of Ilias D. Thanasoulas NTUA 2020



Literature Review 23

REFERENCES

Afshan, S., Theofanous, M., Wang, J., Gkantou, M., and Gardner, L. (2019). “Testing, numerical
simulation and design of prestressed high strength steel arched trusses.” Engineering Struc-
tures, vol. 183, pp. 510-522.

Austin, W. J. (1971). “In-Plane Bending and Buckling of Arches.” ASCE J. Struct. Div., vol. 97, pp.
1575-1592.

Beedle, L. S. (Ed.) (1991). Stability of Metal Structures, a World View. 2™ ed., Structural Stability
Research Council, Bethlehem, PA.

Bjorhovde, R. (2006). "Cold Bending of Wide-Flange Shapes for Construction." Engineering Journal,
vol. 4, pp. 271-286.

Bradford, M. A., and Pi, Y. (2002). “Elastic Flexural-Torsional Buckling of Discretely Restrained
Arches.” ASCE J. Struct. Eng., vol. 128, pp. 719-727.

Bradford, M. A., and Pi, Y. (2006). “Flexural — torsional buckling of fixed steel arches under uniform
bending.” Journal of Constructional Steel Research, vol. 62, pp. 20-26.

CEN (2005). Eurocode 3: Design of Steel Structures, Part 1-1: General Rules and Rules for Buildings,
EN 1993-1-1. Comité Européen de Normalisation (CEN), European Committee for Standardiza-
tion Brussels, Belgium.

Chiew, S.P., Jin, Y.F. and Lee, C.K. (2016). “Residual Stress Distribution of Roller Bending of Steel
Rectangular Structural Hollow Sections.” Journal of Constructional Steel Research, vol. 119, pp.
85-97.

Dimopoulos, C. A., and Gantes, C. J. (2008). “Nonlinear in-plane behavior of circular steel arches with
hollow circular.” Journal of Constructional Steel Research, vol. 64, pp. 1436—-1445.

Dowswell, B. (2018). Curved Member Design. American Institute of Steel Construction, Chicago, IL.

ECCS (1976). Manual on Stability of Steel Structures. European Convention for Constructional Steel-
work, Liege, Belgium.

ECCS (1984). Ultimate limit state calculation of sway frames with rigid joints. Technical Committee 8
— Structural Stability Technical Working Group 8.2, Publication No. 33, Paris.

Fukumoto, Y. (1996). Structural Stability Design, Steel and Composite Structures. Pergamon, Amster-
dam.

Guo, Y., Chen, H., Pi, Y., and Andrew, M. (2016). “In-plane strength of steel arches with a sinusoidal
corrugated web under a full-span uniform vertical load: Experimental and numerical investiga-
tions.” Engineering Structures, vol. 110, pp. 105-115.

Guo, Y., Zhao, S., Pi, Y., Andrew, M., and Dou, C. (2015). “An experimental study on out-of-plane
inelastic buckling strength of fixed steel arches.” Engineering Structures, vol. 98, pp. 118-127.

Hansen, N.E. and Jannerup, O. (1979). "Modeling of elastic-plastic bending of beams using a roller
bending machine. Journal of Engineering for Industry Transactions of ASME, vol. 101, pp. 304-
310.

Harries, H. (1970). "Traglast stahlerner Zweigelenkbogen mit ausgebreiteten Fliesszonen.” Stahlbau,
Vol. 6, pp. 170-177; vol. 8, pp. 2.

Hayashi, T. (Ed.) (1971). Handbook of Structural Stability. Corona Publishing, Tokyo.

Stability Criteria for Hollow-Section Steel Arches



24 Chapter 2

Huang, Y., Liu, A., Zhu, C,, Lu, H., and Gao, W. (2019). “Experimental and numerical investigations
on out-of-plane ultimate resistance of parallel twin-arch under uniform radial load.” Thin Walled
Structures, vol. 135, pp. 147-159.

Jukes, S. G., Hassani, F. P., and Whittaker, B. N. (1983). “Characteristics of Steel Arch Support Sys-
tems for the Mine Roadway, Part I, Modelling Theory, Instrumentation and Preliminary Results.”
Mining Sci. Technol., vol. 1, pp. 43-58.

Kennedy, 1.B, Seddeik, M. and Brady, F. (1986). “"Deformations in Cold-Bent HSS Members.” Engi/-
neering AISC, vol. 23, pp. 117-123.

Kennedy, 1.B. (1988). Design Aids - Minimum Bending Radli for Square and Rectangular Hollow Struc-
tural Sections Subjected to Cold Bending. CIDECT Report 11C-88-14-E, CIDECT.

Khan, U. H., Mitri, H. S., and Jones, D. (1996). “Full Scale Testing of Steel Arch Tunnel Supports.”
Int. J. Rock Mech. Min., vol. 33, pp. 219-232.

King, C., and Brown, D. (2001). Design of Curved Steel. The Steel Construction Institute, Berkshire,
UK.

Komatsu, S., and Sakimoto, T. (1977). “Ultimate Load Carrying Capacity of Steel Arches.” ASCE J.
Struct. Div., vol. 103, pp. 2323-2336.

Komatsu, S., and Shinke, T. (1977). “Practical Formulas for In-Plane Load Carrying Capacity of
Arches.” Proc. Jpn. Soc. Civ. Eng., No. 267, pp. 39-51 (in Japanese).

Kuranishi, S. (1973). “Allowable Stress for Two-Hinged Steel Arch.” Proc. Jpn. Soc. Civ. Eng., No.
213, pp. 71-75.

Kuranishi, S., and Lu, L. W. (1972). “Load Carrying Capacity of Two-Hinged Steel Arches.” Proc. Jpn.
Soc. Giv. Eng., No. 204, pp. 129-140 (in English).

Kuranishi, S., and Yabuki, T. (1984). “Lateral Load Effect on Arch Bridge Design.” ASCE J. Struct.
Eng., Vol. 110, No. 9, pp. 2263-2274.

Kuranishi, S., Sato, T., and Otsuki, M. (1980). “Load Carrying Capacity of Two-Hinged Steel Arch
Bridges with Stiffening Deck.” Proc. Jpn. Soc. Civ. Eng., No. 300, pp. 121-130.

La Poutré, D. B. (2005). “Inelastic Spatial Stability of Circular Steel Wide Flange Arches.” Ph.D. thesis,
Technische Universiteit Eindhoven, Eindhoven, The Netherlands.

La Poutré, D. B. La, Spoorenberg, R. C., Snijder, H. H., and Hoenderkamp, J. C. D. (2013). “Out-of-
plane stability of roller bent steel arches - An experimental investigation.” Journal of Construc-
tional Steel Research, vol. 81, pp. 20-34.

Lu, Y., Cheng, Y., and Han, Q. (2017). “Experimental investigation into the in-plane buckling and
ultimate resistance of circular steel arches with elastic horizontal and rotational end restraints.”
Thin Walled Structures, vol. 118, pp. 164-180.

Mitri, H. S., and Hassani, F. P. (1990). “Structural Characteristics of Coal Mine Steel Arch Supports,”
Int. J. Rock Mech. Min., vol. 27, pp. 121-127.

Namita, Y. (1968). "Second Order Theory of Curved Bars and Its Use in the Buckling Problem of
Arches,” Trans. Jpn. Soc. Civ. Eng., No. 155, pp. 3241 (in German).

Papangelis, J. P., and Trahair, N. S. (1987). “Flexural-Torsional Buckling of Arches,” ASCE J. Struct.
Eng., vol. 113, pp. 889-906.

Doctoral Thesis of Ilias D. Thanasoulas NTUA 2020



Literature Review 25

Pi, Y., and Bradford, M. A. (2009). “Non-linear in-plane postbuckling of arches with rotational end
restraints under uniform radial loading.” International Journal of Non-Linear Mechanics, vol. 44,
pp. 975-989.

Pi, Y., and Bradford, M. A. (2012). “Non-linear buckling and postbuckling analysis of arches with
unequal rotational end restraints under a central concentrated load.” International Journal of
Solids and Structures, vol. 49, pp. 3762-3773.

Pi, Y., Bradford, M. A., and Tin-loi, F. (2007). “Nonlinear analysis and buckling of elastically supported
circular shallow arches.” International Journal of Solids and Structures, vol. 44, pp. 2401-2425.

Pi, Y., Bradford, M. A., and Tin-loi, F. (2008). “"Non-linear in-plane buckling of rotationally restrained
shallow arches under a central concentrated load.” International Journal of Non-Linear Mechan-
ics, vol. 43, pp. 1-17.

Pi, Y., Bradford, M. A., and Tong, G. (2010). “Elastic lateral — torsional buckling of circular arches
subjected to a central concentrated load.” International Journal of Mechanical Sciences, vol. 52,
pp. 847-862.

Pi, Y., Bradford, M. A., and Uy, B. (2002). “In-plane stability of arches.” International Journal of Solids
and Structures, vol. 39, pp. 105-125.

Pi, Y.-L., and Bradford, M. A. (2004). “In-Plane Strength and Design of Fixed Steel I-Section Arches.”
Eng. Struct., vol. 26, pp. 291-301.

Pi, Y.-L., and Bradford, M. A. (2005). “Out-of-Plane Strength Design of Fixed Steel I-Section Arches.”
ASCE J. Struct. Eng., vol. 131, pp. 560-568.

Pi, Y.-L., and Trahair, N. S. (1998), “Out-of-Plane Inelastic Buckling and Strength of Steel Arches,”
ASCE J. Struct. Eng., vol. 124, pp. 174-183.

Pi, Y.-L., and Trahair, N. S. (1999). “In-Plane Buckling and Design of Steel Arches.” ASCE J. Struct.
Eng., vol. 125, pp. 1291-1298.

Rajasekaran, S., and Padmanabhan, S. (1989). “Equations of Curved Beams.” ASCE J. Eng. Mech.,
vol. 115, pp. 1094-1110.

Sakimoto, T., and Komatsu, S. (1983). “Ultimate Strength Formula for Steel Arches.” ASCE J. Struct.
Div., vol. 109, pp. 613-627.

Sakimoto, T., and Watanabe, H. (1995). "A New Procedure for Frame Design.” Proc. SSRC Annual
Tech. Session, Pittsburgh, PA, pp. 23-31.

Sakimoto, T., Yamao, T., and Komatsu, S. (1979). “Experimental Study on the Ultimate Strength of
Steel Arches.” Proc. Jpn. Soc. Civ. Eng., No. 286, pp. 139-149.

Schafer, B. W., and Pekoz, T. (1998). “Computational Modeling of Cold-Formed Steel: Characterizing
Geometric Imperfections and Residual Stresses.” J. Constr. Steel Res., vol. 47, pp. 193-210.

Singer, 1., Arbocz, J., and Weller, T. (1998). Buckling Experiments. Experimental Methods in Buckling
of Thin-Walled Structures. J Wiley, New York.

Spoorenberg, R. C., Snijder, H. H., and Hoenderkamp, J. C. D. (2010). “Experimental investigation of
residual stresses in roller bent wide flange steel sections.” Journal of Constructional Steel Re-
search, vol. 66, pp. 737-747.

Stability Criteria for Hollow-Section Steel Arches



26 Chapter 2

Spoorenberg, R. C., Snijder, H. H., and Hoenderkamp, J. C. D. (2011a). “Finite element simulations
of residual stresses in roller bent wide flange sections.” Journal of Constructional Steel Research,
vol. 67, pp. 39-50.

Spoorenberg, R. C., Snijder, H. H., and Hoenderkamp, J. C. D. (2011b). “Proposed Residual Stress
Model for Roller Bent Steel Wide Flange Sections,” Journal of Constructional Steel Research, vol.
67, pp. 992-1000.

Spoorenberg, R. C., Snijder, H. H., and Hoenderkamp, J. C. D. (2012a). “Mechanical Properties of
Roller Bent Wide Flange Sections—Part 1: Experimental Investigation,” Journal of Constructional
Steel Research, vol. 68, pp. 51-62.

Spoorenberg, R. C., Snijder, H. H., and Hoenderkamp, J. C. D. (2012b). “Mechanical Properties of
Roller Bent Wide Flange Sections - Part 2: Prediction Model.” Journal of Constructional Steel
Research, vol. 68, pp. 63—77.

Spoorenberg, R. C., Snijder, H. H., Hoenderkamp, J. C. D., and Beg, D. (2012c). “Design rules for
out-of-plane stability of roller bent steel arches with FEM.” Journal of Constructional Steel Re-
search, vol. 79, pp. 9-21.

Timoshenko, S. P. (1956). Strength of Materials Part II - Advanced Theory and Problems, 3™ Ed., D.
Van Nostrand Company, New York, NY.

Timoshenko, S. P., and Gere, 1. M. (1961). Theory of Elastic Stability. 2" ed., McGraw-Hill, New York.

Tsiatas, G. C., and Babouskos, N. G. (2017). “Linear and geometrically nonlinear analysis of non-
uniform shallow arches under a central concentrated force.” International Journal of Non-Linear
Mechanics, vol. 92, pp. 92-101.

Vlasov, V. Z. (1963). Thin Walled Elastic Beams, 2™ ed., Israel Program for Scientific Translations,
Jerusalem.

Yabuki, T., and Vinnakota, S. (1984). “Stability of Steel Arch-Bridges, A State-of-the-Art Report.” Solid
Mech. Arch., Vol. 9, No. 2, Martinus Nijhoff Publishers, The Hague, The Netherlands.

Yan, S., Shen, X., Chen, Z., and Jin, Z. (2018). “Collapse behavior of non-uniform shallow arch under
a concentrated load for fixed and pinned boundary conditions.” International Journal of Me-
chanical Sciences, vol. 137, pp. 46—67.

Yang, Y. B., and Kuo, S. R. (1986). “Static Stability of Curved Thin-Walled Beams,” ASCE J. Eng.
Mech, vol. 112, pp. 821-841.

Yang, Y. B., and Kuo, S. R. (1987). “Effect of Curvature on Stability of Curved Beams.” ASCE J. Struct.
Eng., vol. 113, pp. 1185-1202.

Yang, Y. B., and Kuo, S. R. (1991). “Use of Straight-Beam Approach to Study Buckling of Curved
Beams.” ASCE J. Struct. Eng., vol. 117, pp. 1963-1978.

Ziemian, R. D. (Ed.) (2010). Guide to Stability Design Criteria for Metal Structures. John Wiley & Sons,
Inc., United States of America.

Doctoral Thesis of Ilias D. Thanasoulas NTUA 2020



3 EXPERIMENTAL TESTS

3.1 INTRODUCTION

Several experimental studies regarding the spatial stability of arches are reported in the literature. Early
experiments on aluminum arches were carried out by Stiissi (1944), Kee (1961), Tokarz (1971), as well
as Di Tommaso and Viola (1976), aiming at verifying theoretical solutions based on the linear buckling
theory. Papangelis and Trahair (1987) performed flexural-torsional buckling tests on roller-bent arches
of aluminum I-sections, and pertinent results were compared to previous analytical solutions. An
experimental study on the spatial stability of arches comprising twin-arch ribs of welded box-sections
was carried out by Sakimoto et al. (1979). Sakata and Sakimoto (1990) investigated experimentally the
out-of-plane buckling resistance of twin-arch ribs comprising welded I-sections. Out-of-plane buckling
tests on steel arches of roller-bent and welded I-sections were carried out by La Poutré et al. (2013)
and Guo et al. (2015), respectively. Furthermore, Guo et al. (2016) tested the in-plane stability of steel
arches comprising welded I-section with corrugated webs. Lu et al. (2017) carried out experimental
tests to study the in-plane buckling resistance of roller-bent I-section arches. Recent experimental in-
vestigations on the out-of-plane buckling of twin-arch ribs of roller-bent Circular-Hollow-Sections were
carried out by Huang et al. (2019).

In this chapter, a state-of-the-art experimental study on the in-plane behavior of roller-bent arches
comprising Rectangular-Hollow-Sections (RHS) is presented. Scope of the experimental tests was to
investigate the effects of roller-bending on the structural behavior of RHS arches, as well as to employ
the experimental results as basis for calibration of pertinent numerical models (c.f. Chapter 4). Twelve
roller-bent specimens, grouped in two sets of curvatures, were examined under compression and ten-
sion loading. Appropriate dimension measurements were undertaken, aiming at evaluating the encoun-
tered geometric imperfections of specimens due to roller-bending. The material properties were ob-
tained through tensile coupon tests, machined prior to the curving process, in order to exclude the
effects of roller-bending on steel properties. An appropriate layout was employed for the execution of
the experimental tests, including configurations for the support and loading of arches. Measuring devices
were installed on each specimen, in order to capture the developed displacements and deformations
during the testing procedure. The experimental tests were carried out at the Institute of Steel Structures
in the National Technical University of Athens by Dr. Cyril E. Douthe and Dr. Xenofon A. Lignos under
the supervision of Prof. Charis J. Gantes.
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3.2 DESCRIPTION OF EXPERIMENTS

3.2.1 Test specimens

A total number of 12 circular steel arches (Figure 3-1) were tested at the Institute of Steel Structures
in the School of Civil Engineering of the National Technical University of Athens. The curving process
was carried out at EMEK SA facilities, using a roller-bending machine of roller diameter equal to 300mm
and distance of the outer-roller centers equal to 900mm. Cold-formed RHS 50x100x5mm sections of
S355 steel quality were employed in all specimens, exhibiting the longitudinal weld at the bottom wide-
flange. The arches were curved about their weak axis in order to exhibit high out-of-plane stiffness. The
first set of six arches were designed with radii of curvature equal to 3.71m (referred thereinafter as high
arches), while the second set of six arches were designed with radii of curvature equal to 4.10m (re-
ferred thereinafter as shallow arches). Both high and shallow arches were designed to cover the same
horizontal span of 4725mm. Three compression and three tension tests were performed for each set,
as summarized in Table 3-1.

Table 3-1: Experimental tests.
No. Arch Test
Sp. 1 High Compression
Sp. 2 High Compression
Sp. 3 High Tension
Sp. 4 High Compression
Sp. 5 High Tension
Sp. 6 High Tension
Sp. 7 Shallow Tension
Sp. 8 Shallow Compression
Sp. 9 Shallow Compression
Sp. 10 Shallow Compression
Sp. 11 Shallow Tension
Sp. 12 Shallow Tension

Figure 3-1: Arch specimens.

Steel arches manufactured by the roller-bending method usually exhibit large geometric imperfections
and a non-ideally uniform curvature. Six measurements were undertaken in each arch in order to eval-
uate the exact dimensions of the specimens, including the length of the horizontal span (L), as well as
the height at five locations along the member (/:-/5), as is shown in Figure 3-2. The measured dimen-
sions of the high and shallow arches are summarized in Table 3-2 and Table 3-3 along with the corre-
sponding theoretical dimensions. The mean horizontal span was found approximately 7mm longer for
the high arches and 13mm shorter for the shallow arches, compared to the theoretical one, while the
mean middle-height was found 3mm larger and 13mm shorter for the high and shallow arches respec-
tively. A maximum difference of approximately 9mm between the heights of the first and second semi-
span of the arches was also observed, demonstrating a loss of symmetry. The best fitting radius and
the deriving deviations of each specimen’s curvature are presented in Table 3-4 and Table 3-5, by
employing the least square method. The average fitting radii of the high and shallow arches were esti-
mated equal to 3.73m and 4.03m, respectively.
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L

Figure 3-2: Dimension measurements of test specimens.

Table 3-2: High arches dimensions.

Arch L h; h> hs hs hs
(mm) (mm) (mm) (mm) (mm) (mm)
Sp. 1 4726 453 735 825 736 454
Sp. 2 4738 449 723 811 728 454
Sp. 3 4737 458 730 815 729 456
Sp. 4 4734 453 734 821 728 452
Sp. 5 4730 455 732 827 737 458
Sp. 6 4728 467 740 832 739 464
Average 4732 456 732 822 733 456
Theoretical 4725 459 737 825 737 459
Table 3-3: Shallow arches dimensions.
Arch L hy hs hs hs hs
(mm) (mm) (mm) (mm) (mm) (mm)
Sp. 7 4709 406 654 736 652 401
Sp. 8 4706 409 659 739 661 407
Sp. 9 4725 403 648 723 643 394
Sp. 10 4716 400 659 740 659 402
Sp. 11 4707 402 659 744 660 398
Sp. 12 4711 405 657 739 654 401
Average 4712 404 656 737 655 401
Theoretical 4725 397 645 724 645 397
Table 3-4: Best fitting radii and deviations of high arches.
Best fitting radius St. deviation Min. deviation Max. deviation
Arch
(mm) (mm) (mm) (mm)
Sp. 1 3708 2.6 -3.6 2.7
Sp. 2 3776 2.1 -2.7 3.3
Sp. 3 3761 1.1 -1.2 1.8
Sp. 4 3733 2.9 -3.0 3.0
Sp. 5 3700 3.0 -3.9 3.9
Sp. 6 3700 2.4 -2.9 3.6
Average 3730 2.4 -2.9 3.0

Stability Criteria for Hollow-Section Steel Arches



30 Chapter 3

Table 3-5: Best fitting radii and deviations of shallow arches.

A Best fitting radius St. deviation Min. deviation Max. deviation
rch
(mm) (mm) (mm) (mm)

Sp. 7 4031 2.3 -2.4 4.3

Sp. 8 4007 2.3 -2.5 3.3

Sp. 9 4109 3.4 -2.6 5.6

Sp. 10 4014 1.9 -3.3 1.5

Sp. 11 3986 2.8 -4.7 2.9

Sp. 12 4022 1.8 -2.4 2.1
Average 4028 2.4 -3.0 3.3

3.2.2 Experimental setup

An appropriate layout was designed for the execution of the experimental tests, including configurations
for the support and loading of the specimens. The arch specimens were hinged to the laboratory testing
frame using pins at both ends. All arches were reinforced locally at their ends, by welding 10mm thick
plates at the webs of RHS, in order to avoid local yielding in the vicinity of pivot axes. The distance
between the hinges was designed to be 4725mm in all tests, but the actual span differed between
specimens, as described in the previous section. Therefore, a suitable displacement was imposed at the
one arch’s end, through a temporary sliding system, in order to bring the hinge to the proper position
before placement of pins. Lateral supports were placed at the thirds of the span in order to prevent the
occurrence of out-of-plane buckling. Their inner face was covered by Teflon™ foils in order to reduce
the friction between arches and lateral supports. The employed test configuration and the hinge assem-
bly are shown in Figure 3-3 and Figure 3-4, respectively. Compression and tension tests were performed
using a 300kN hydraulic actuator with a maximum stroke (STR) of 300mm. The load was imposed to
the arch crown through a 30mm thick loading plate, on which half of a cylinder with diameter 48mm
was welded (referred thereinafter as loading cylinder). In the compression test configuration, the load-
ing plate was fixed directly to the actuator by bolts, whereas in the tension test configuration, it was
attached to the actuator through four rods. A view of the loading plates used in both cases is shown in
Figure 3-5.

ACTUATOR
300kN
STR

Figure 3-3: Laboratory testing frame and test configuration.
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Figure 3-5: Views of the loading plates (detail D2) for the tension (left) and compression (right) tests.

3.2.3 Measuring devices

The imposed displacement and reaction force were measured by a displacement-cell and a load-cell
respectively, mounted on the actuator's head. Three Individual Linear Variable Differential Transformers
(LVDTSs) were installed in each specimen to measure the vertical displacement at a distance of 150mm
on the left of the crown and capture any possible torsional rotation. Two inclined LVDTSs, located at a
horizontal distance of 700mm from both arch’s ends, were also employed to measure deflections (per-
pendicular to the cross-section) in the opposite direction of that at crown. Four Strain Gauges (SGs)
consisting of two 90° tee rosettes and two linear gauges, were set on each specimen in order to measure
the developed longitudinal and transverse strains at a cross-section located 150mm on the right of the
crown. The two rosettes were placed in the middle of the top and bottom flanges, while the two linear
gauges were placed on the top flange edges, in order to assess the uniformity of the stress distribution.
The experimental set-up and the employed measuring devices are depicted in Figure 3-6 and Figure
3-7, respectively.

Stability Criteria for Hollow-Section Steel Arches



32 Chapter 3

hydraulic
actuator

strain gauges
vertical LVDTs

lateral support

inclined LVDT

hinge support

(a) Inclined LVDT

(c) Top-flange strain gauge (c) Bottom-flange strain gauge

Figure 3-7: Detailed views of measuring devices.
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3.2.4 Testing procedure

The forthcoming loading protocol was implemented in the displacement-controlled tests: a first loading
step up to 20mm followed by an unloading step back to 10mm were performed before the final loading
up to 80mm and 95mm for the tension and the compression tests, respectively. The magnitude of the
maximum displacement was sufficient for reaching the ultimate bearing capacity of the arches, while
the small cycle between 10mm and 20mm was aimed at remaining in the domain that clearances do
not influence the experimental results.

3.3 MATERIAL PROPERTIES

The material properties of the test specimens were obtained through tensile coupon tests conducted
according to ISO 6892-1:2009 (International Organization for Standardization, 2010). The coupons were
machined from three initially straight specimens (Sp. 2, 4 and 10), prior to the curving process, in order
to avoid the effects of roller-bending on the steel properties. Following the sectioning process, each
coupon was machined from the middle of the RHS wide flange opposite to the weld, aiming at avoiding
the localized effects at the corners due to the section forming as well as the influence of the heat
affected zone. The released tensile coupons were observed to curve from their initial flat geometry,
indicating the presence of high through-thickness flexural residual stresses, typical of cold-formed hol-
low sections which are not subjected to post-forming heat treatment. The flexural residual stresses
showed a tendency of tension on the outer surface and compression on the inner surface of the sections.
Views of the sectioned material’s deflection and the tensile coupon test are illustrated in Figure 3-8.

Tensile coupon tests provide forces and displacements which are used to compute engineering stresses
(0e) and engineering strains (&). However, it is necessary to convert engineering stress-strain data to
true stress-strain data before employing them in a large-strain finite-element-analysis [30]. The corre-
sponding true stress (or) and true strain (&) can be calculated according to Eq. (3-1) and Eq. (3-2).
Good agreement was found between the true stress - strain curves of the tensile coupon tests (Sp. 2,
4 and 10), shown in Figure 3-9. The modulus of elasticity was found equal to 205GPa. The vyield stress
occurred equal to 470MPa, taken as the 0.2% proof stress since the transition between the elastic and
the plastic domains was very smooth, which is typical of cold-formed sections in contrast to the hot-
rolled (Gardner et al., 2010). The ultimate tensile stress occurred approximately 550MPa at a strain of
10.1%. The limited ductility encountered in the tensile tests, is considered to be consequence of the
RHS cold forming.

Oy = ae(l + Se) (3'1)

g =In(1+¢,) (3-2)

Figure 3-8: Views of the sectioned material’s deflection (left) and the tensile coupon test (right).
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3.4 EXPERIMENTAL RESULTS

3.4.1 High arches under compression

Experimental results of the high arches under compressive loading are compared in terms of equilibrium
paths of load with vertical displacement at the crown (Figure 3-10) and transverse displacement at the
position of the inclined LVDT (Figure 3-11). Excellent repeatability is observed between the test results.
The ultimate strength capacity of the arches is found approximately equal to 48kN. A softer response is
noticed in the experimental load-displacement curves compared to the slope of the small unloading
cycle, indicating that the specimens exhibited premature yielding. This behavior cannot be attributed to
the initial imperfections of the specimens, since (a) imperfections are considered to affect the ultimate
strength when buckling is involved as failure mode, but not the elastic part of the response, and (b) the
softening response is shown consistent through all specimens. The roller-bending residual stresses prob-
ably could have caused premature yielding, but their effect on the initial stiffness of the arches is as-
sessed later to be small (c.f. Section 4.4). The encountered premature yielding is attributed to the
Bauschinger effect, since an opposite bending moment of the induced during roller-bending is developed
at the crown under the compressive load.
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Figure 3-10: Load-displacement curves at the crown of high arches under compression.
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Load (kN)
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Figure 3-11: Load-displacement curves at the position of inclined LVDT of high arches under compression.

Characteristic strain gauge measurements, including the developed longitudinal strains at the top and
bottom flange middles, along with the transverse strains at the bottom flange middle, are compared in
Figure 3-12. The developed longitudinal strains at the top and bottom flange middles are of similar
magnitude, while the transverse strains are also significant (one quarter of longitudinal strains), which
is due to Poisson effect and transverse bending that is typical for curved members. The softening re-
sponse is evidenced in all strain gauge measurements and the slope of the small unloading cycle is
parallel to the unloading stiffness, supporting the case of premature yielding at the crown due to the
Bauschinger effect. A characteristic deformed shape at the end of this set of tests (Sp. 1, 2 and 4) is
presented in Figure 3-13. The failure mode in all cases is dominated by yielding at the crown accompa-
nied by inelastic local buckling of the top flange.
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Figure 3-12: Longitudinal strain at the top flange (top-left), the bottom flange (top-right) and transverse strain at
the bottom flange (bottom) of high arches under compression.
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Figure 3-13: Characteristic deformed shape of high arches under compression at the end of tests.

3.4.2 High arches under tension

Experimental results of the high arches under tensile loading are compared in terms of equilibrium paths
of load with vertical displacement at the crown (Figure 3-14) and transverse displacement at the position
of the inclined LVDT (Figure 3-15). Excellent agreement is found between test results. The load-dis-
placement curves present an initial part of increasing displacement with a small increase of load, at-
tributed to the initial geometric clearances of the support assemblies. In Figure 3-14, an approximately
linear behavior is encountered for imposed load up to 55kN, followed by a gradual diminishing of stiff-
ness due to yielding at the crown before load is carried largely in tension. The small unloading cycle is
almost coincident to the loading-one, demonstrating that initially the specimens were in the elastic
domain. The Bauschinger effect is not encountered in this case, in which the developed bending moment
at the crown is towards the same direction as the one induced during roller-bending.
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Figure 3-14: Load-displacement curves at the crown of high arches under tension.
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Figure 3-15: Load-displacement curves at the position of inclined LVDT of high arches under tension.

Characteristic strain gauge measurements including the developed longitudinal strains at the top and
bottom flange middles along with the transverse strains at the bottom flange middle are compared in
Figure 3-16. Excellent agreement is observed in the strain-gauge results, which present an initially linear
elastic response. Thus, it is confirmed that the loading direction significantly affects the stress—strain
response of the material and the premature yielding is due to the Bauschinger effect. The developed
longitudinal strains at the top and bottom flange middles are found to exhibit similar magnitudes, while
transverse strains are also significant. A characteristic deformed shape at the end of tests (Sp. 3, 5 and
6), is presented in Figure 3-17.
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Figure 3-16: Longitudinal strain at the top flange (top-left), the bottom flange (top-right) and transverse strain at
the bottom flange (bottom) of high arches under tension.
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Figure 3-17: Characteristic deformed shape of high arches under tension at the end of tests.

3.4.3 Shallow arches under compression

Experimental results of the shallow arches under compressive loading are compared in terms of equi-
librium paths of load with vertical displacement at the crown (Figure 3-18) and transverse displacement
at the position of the inclined LVDT (Figure 3-19). Aiming at assessing the structural response to a
greater extent, a total displacement of 150mm was imposed in Sp. 10. The load-displacement curves
present an initial part of increasing displacement with a small increase of load, typically attributed to
the initial geometric tolerances of the hinge supports. The overall response is almost similar between
the shallow and high arches under compression and the softening response is evidenced here as well.
Shallow arches under compression develop higher axial forces and lower bending moments than high
arches and therefore the softening response due to the Bauschinger effect may be less prevalent.
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Figure 3-18: Load-displacement curves at the crown of shallow arches under compression.
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Figure 3-19: Load-displacement curves at the inclined LVDT of shallow arches under compression.

Characteristic strain gauge measurements, including the developed longitudinal strains at the top and
bottom flange middles, along with the transverse strains at the bottom flange middle, are compared in
Figure 3-20. The strain gauge measuring longitudinal strains at the top-flange middle of specimen 8,
failed during the test. The failure modes of specimens 8 and 10 are similar to the one depicted in Figure
3-13. Testing of specimen 9 was stopped prematurely due to material fracture at the arch’s crown
(Figure 3-21), demonstrating the limited ductility of the specimens as a result of the induced section-
forming and roller-bending cold-work.
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Figure 3-20: Longitudinal strain at the top flange (top-left), the bottom flange (top-right) and transverse strain at
the bottom flange (bottom) of shallow arches under compression.
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Figure 3-21: Fracture at the top flange of Sp. 9.

3.4.4 Shallow arches under tension

Experimental results of the shallow arches under tensile loading are compared in terms of equilibrium
paths of load with vertical displacement at the crown (Figure 3-22) and transverse displacement at the
position of the inclined LVDT (Figure 3-23). Once again, very good agreement is observed between test
results. The inclined LVDT of specimen 12 failed to measure accurately the transverse displacement, as
friction between the bottom flange and the LVDT introduced large error. The overall response is similar
between shallow and high arches under tension. Characteristic strain gauge measurements, including
the developed longitudinal strains at the top and bottom flange middles, along with the transverse
strains at the bottom flange middle, are compared in Figure 3-24. The deformed shape at the end of
this set of tests (Sp. 7, 11 and 12) is similar to the one depicted in Figure 3-17.
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Figure 3-22: Load-displacement curves at the crown of shallow arches under tension.
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Figure 3-23: Load-displacement curves at the inclined LVDT of shallow arches under tension.
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Figure 3-24: Longitudinal strain at the top flange (top-left), the bottom flange (top-right) and transverse strain at
the bottom flange (bottom) of shallow arches under tension.
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3.5 CONCLUSIONS

A state-of-the-art experimental study on the in-plane behavior of roller-bent arches comprising Rectan-
gular-Hollow-Sections was presented in this chapter. Twelve arch specimens, grouped in two sets of
curvatures, were tested under tensile and compressive loading. A cold-formed RHS 50x100x5mm was
employed in all specimens, which were curved about their weak axis into arch radii of 3.71m (high
arches) and 4.10m (shallow arches). Dimension measurements were undertaken in order to evaluate
the exact geometric imperfections of the arch specimens; significant deviations from the theoretical
shape were observed. The material properties were obtained through tensile coupon tests, machined
from specimens prior to the curving process, in order to avoid the effects of roller-bending on the steel
properties. The stress-strain curve was found to correspond reasonably to a steel grade S355, exhibiting
a smooth transition between the elastic and the plastic domains which is typical of cold-formed sections.
Overall, excellent repeatability was observed between the test results, in terms of load-displacement
equilibrium paths, developed deformations and failure mechanisms. The arches under compression
demonstrated a gradually softening response, even for low levels of loading, in contrast to the arches
under tension. Therefore, the loading direction affected significantly the stress-strain response of the
material and thus, it was concluded that the roller-bent arches in predominant compression exhibited
premature yielding due to the Bauschinger effect. The failure mode of the arches under compression
was dominated by yielding at crown due to the developed bending moment, accompanied by the ine-
lastic local buckling of the top flange. On the other hand, an increasing resistance was encountered in
the arches under tension, attributed to the steel hardening, as the load was carried in axial tension after
yielding of arches at crown.
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4 NUMERICAL SIMULATION OF
EXPERIMENTS

4.1 INTRODUCTION

Advances in computational engineering have facilitated the use of the Finite Element Method (FEM) in
the analysis and design of structures. Nowadays, the research practice is extensively based on finite
element models that are calibrated against experimental results, allowing for the execution of a large
number of reliable numerical analyses. Several numerical investigations associated with stability tests
on arches, are reported in the literature. Komatsu and Sakimoto (1977) as well as Sakimoto and Ko-
matsu (1983) performed finite element analyses on box-section steel arches. Numerical results were
compared with the experimental ones presented by Sakimoto et al. (1979) and Sakata and Sakimoto
(1990). Piand Trahair (1996) developed finite element models in order to investigate the spatial stability
of I-section steel arches. The accuracy of the proposed models had been validated on the stability tests
of Papangelis & Trahair (1987). A comprehensive humerical investigation on roller-bent arches compris-
ing wide-flange sections was performed by Spoorenberg et al. (2012), where numerical results were
validated against the experimental tests of La Poutré et al. (2013). More recent numerical studies on
the spatial stability of steel arches, along with pertinent experimental results, have been presented by
Guo et al. (2015, 2016), Lu et al. (2017) and Huang et al. (2019).

In this chapter, the finite element method (Bathe, 2014) is employed to simulate the pertinent experi-
mental tests of arches presented in Chapter 3. To that end, detailed numerical models of the shallow
and high arches are developed, aiming at assessing the effects of roller-bending on the in-plane behavior
of RHS arches. The encountered locked-in stress formations, emanating from the curving process of
initially straight workpieces, are estimated through explicit roller-bending simulations. Implicit static
analyses accounting for geometric and material nonlinearities are carried out to simulate the compres-
sion and tension tests, including the loading and support configurations of specimens. Numerical anal-
yses are performed in the general-purpose finite element software ADINA (ADINA, 2017), following the
practical aspects of the finite element method presented by Gantes and Fragkopoulos (2009). Experi-
mental and numerical results are compared in terms of load-displacement equilibrium paths, developed
deformations and failure mechanisms. Thus, the developed numerical models are validated, and the
accuracy of the finite element analyses is verified. Finally, the effects of locked-in stresses on the struc-
tural behavior of roller-bent arches are assessed, through the comparison of identical roller-bent and
stress-free numerical models, under various loading conditions.

Stability Criteria for Hollow-Section Steel Arches



46 Chapter 4

4.2 NUMERICAL MODELING

In order to maintain an acceptable level of accuracy and at the same time reduce the computational
effort, the finite element modeling is conducted in three successive phases, including the:

(i)  explicit roller-bending formation process,
(i)  configurations of hinge support and loading cylinders,
(iii)  compressive and tensile loading tests

Detailed finite element models of the roller-bending process are developed first, aiming at estimating
the locked-in stress/strain formations in a reliable manner. Initially straight workpieces of RHS
50x100x5mm are modeled using 4-node shell elements of five integration points in the element thick-
ness direction. The Newton-Cotes integration method is employed since it is more effective for capturing
the onset and spread of the materially nonlinear conditions, as the integration points are on the bound-
aries of the elements. Null initial residual stresses are assumed on the straight workpieces, since the
final patterns are independent of the initial conditions. Shell elements are employed on the surfaces of
bending rollers, which are connected to their center of rotation via rigid links in order to provide rigidity.
The interaction between workpieces and rollers is considered by introducing contact elements between
their interfaces. The Coulomb friction coefficient of the contacting surfaces is taken equal to 0.3. Implicit
static analyses accounting for geometric and material nonlinearities are carried out using the Newton —
Raphson solution algorithm. Large displacement and large strain formulations are incorporated, since
local or global buckling of the specimens are considered critical and the developed plastic strains due to
the curving process are significant. A bilinear material model (Figure 4-1) of Elasticity modulus equal to
205GPa, yield stress 470MPa and strain hardening 0.8GPa, is introduced to the elements of the RHS
segment, based on the results of tensile coupon tests (c.f. Section 3.3).

True stress (MPa)

True strain (%)

Figure 4-1: Bilinear material model based on the tensile coupon tests.

The analysis sequence is illustrated schematically in Figure 4-2, where a prescribed displacement at the
middle roller is applied first towards the beam, followed by a prescribed rotation at the centers of the
other two rolls. A sufficiently small load-step magnitude is required to reach uniform plastification along
the workpiece. The placement requirements within the three-point-bending restrain bending of the
workpiece close to its edges. These regions are trimmed in practice at the end of roller-bending, while
they were removed numerically using the element death feature of ADINA. In practice multiple passes
are required to roller-bent a workpiece. In numerical simulations only a single forming pass is analyzed,
as it is observed that the residual stresses are almost identical for single- and multiple- pass roller-
bending.
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Von Mises
stress
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L

(i) The middle roller moves towards the work-piece.
(ii) The rollers rotate, feeding the work-piece in the bending arrangement.
(iii) The middle roller releases the work-piece.

Figure 4-2: Numerical simulation of the roller-bending process.

The longitudinal residual stresses and strains along with the accumulated plastic strains of the shallow
and high arches at the end of the curving process, are illustrated in Figure 4-3. All distributions are
found to be uniform along the arches due to the constant curvature. The encountered longitudinal
stresses exhibit a non-symmetrical layout over the cross-sectional width and height differ, differing
remarkably from the theoretical distribution of Timoshenko (1956). Significant stress concentrations are
found at the edges of the bottom flange, being in agreement with the model proposed by Chiew et al.
(2016). The bending curvature is shown to have an insignificant effect on the residual stress formations
in contrast to the developed strains. It is worth noting that in both high and shallow arches, the accu-
mulated plastic strains are approximately one order of magnitude larger than the developed longitudinal
strains, demonstrating a significant reduction of the material’s ductility.

MAXIMUM
255651.

MINIMUM
-395842.

MAXIMUM
0.003775
MINIMUM

MAXIMUM

-0.009916

LONG. STRESS

ONG. STRAIN ACC. PL. STRAIN

SHELL MIDSURF SHELL MIDSURF SHELL MIDSURF
t 150000. t 0.003000 t 0.03060
L 90000. L 0.001500 L 0.02700
= 30000. = 0.000000 Z0.02340
= -30000. = -0.001500 0.01980
= -90000. C -0.003000 £0.01620
= -150000. L -0.004500 = 0.01260
MAXIMUM = -210000. MAXIMUM = -0.006000 MAXIMUM ~ 0.00900
285632, 2270000 0.003360 0.007500 £ 0.00540
MINIMUM : MINIMUM -0. :
-384383. [: -330000. -0.008844 -0.009000 0.00180

Figure 4-3: Longitudinal residual stresses (kPa), strains and accumulated plastic strains at the shell midsurface
of the high (top) and shallow (bottom) arches.
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The boundary conditions affect considerably the structural behavior of steel arches, as presented by
Dimopoulos and Gantes (2008). Aiming at estimating accurately the translational stiffness of hinge sup-
ports, a detailed numerical model of the assembly is developed using 8-node brick elements (Figure
4-4). The numerical model consists of (i) a short part of the RHS 50x100x5mm, (ii) two vertical plates
of S355 steel grade, and (iii) a M20 10.9 pin. Elastic — plastic material models are implemented in the
finite element analyses, comprising the material model based on tensile coupon tests (Figure 4-1) for
the RHS segment, while the characteristic values of mechanical properties are used for the pin and
plates in absence of more accurate experimental data. Appropriate contact elements are introduced to
the assembly’s interfaces of adjacent parts. The Coulomb friction coefficient is typically taken equal to
0.3.

Figure 4-4: Finite element model of hinged support.

The model is fixed at the base and a horizontal force, either compressive (negative) or tensile (positive),
is applied on the RHS centroid via the use of rigid links, while the rest degrees of freedom are restrained.
Different clearances are considered between the high and shallow arches, since high arches were initially
compressed while shallow arches were tensioned, in order to fit to the experimental setup. The hori-
zontal stiffness obtained from nonlinear analyses is presented in Figure 4-5. A similar response is en-
countered in the vertical direction; however, the support’s stiffness and clearances have a less significant
effect on the structural behavior in this case.
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Figure 4-5: Horizontal stiffness of hinged supports.
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Computational modeling of residual stresses by introducing appropriate stress values at the integration
points of the elements is a rather complicated process. Taking advantage of the explicit roller-bending
simulations that have been performed previously, the final state of pertinent analyses is introduced as
initial condition for the subsequent simulations of compressive and tensile loading tests, by employing
the restart analysis feature of ADINA. The element-death feature is employed for the finite elements
that are not needed at this time, such as the bending rollers, the workpiece parts at the edges, and the
contact elements. Rigid links are used to connect the nodes of the edged cross-sections to their geo-
metric centroids, in order to prescribe boundary conditions (Figure 4-6). The semi-rigid stiffness of the
supports is considered with the use of horizontal spring elements according to Figure 4-5. The rotation
is unrestrained for in-plane bending, while rigid supports are considered in the vertical direction. Addi-
tional out-of-plane restraints are applied at the positions of the intermediate lateral supports. The in-
duced force from the sliding system is obtained from relevant numerical analyses, equal to 0.40kN and
0.91kN, for imposing an average span shortening at the high arches and lengthening at the shallow
arches of 7mm and 13mm, respectively (c.f. Section 3.2.1). Nevertheless, this pre-loading step had a
negligible influence on the overall behavior of arches. The loading is applied at the arch’s crown similarly
to the experiments, through contact with a rigid cylinder (Figure 4-6). Such detailed simulation is ap-
propriate to capture the local buckling of the RHS top flange at the location of the imposed load, which
was observed in the experimental tests. A total number of four Geometric and Material Nonlinear Anal-
yses (GMNA) are carried out, including the cases of shallow and high arches, under tensile and com-
pressive loading.

Figure 4-6: Finite element model of experimental tests.

4.3 COMPARISON OF EXPERIMENTAL AND NUMERICAL RESULTS

In this section, the experimental results of arch specimens (Sp. 1-12) are compared to the corresponding
numerical results obtained from Geometric and Material Nonlinear Analyses (GMNA), in terms of load-
displacement equilibrium paths, developed strains and deformed shapes.
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4.3.1 High arches under compression

Experimental and numerical results of the high arches under compressive loading are compared in terms
of equilibrium paths of load with vertical displacement at the crown (Figure 4-7) and transverse dis-
placement at the position of the inclined LVDT (Figure 4-8). The ultimate strength capacity of the arches
is well predicted by the numerical model, which is found approximately 48kN. However, a softer re-
sponse is noticed in the experimental load-displacement curves at the crown compared to the GMNA.
The slope of the small unloading cycle is found reasonably parallel to the initial stiffness provided by
the numerical model, indicating that the specimens exhibited premature yielding due to the Bauschinger
effect (Lange and Grages, 2009), as was explained in Chapter 3.
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Figure 4-7: Load-displacement curves at the crown of high arches under compression.
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Figure 4-8: Load-displacement curves at the position of inclined LVDT of high arches under compression.
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Characteristic strain gauge measurements, including the developed longitudinal strains at the top and
bottom flange middle along with the transverse strains at the bottom flange middle, are compared to
the corresponding values obtained from GMNA, in Figure 4-9. The softening response is evidenced in
all strain gauge measurements and the slope of the small unloading cycle is parallel to the initial slope
of the GMNA, supporting the case of premature yielding at the crown due to the Bauschinger effect.
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Figure 4-9: Longitudinal strain at the top flange (top-left), the bottom flange (top-right) and transverse strain at
the bottom flange (bottom) of high arches under compression.

A characteristic deformed shape at the end of this set of tests (Sp. 1, 2 and 4) as well as the GMNA, is
presented in Figure 4-10. The failure mode in both cases is dominated by yielding at the crown accom-
panied by inelastic local buckling of the RHS top flange.

Figure 4-10: Characteristic deformed shape of high arches under compression from tests (left) and GMNA (right).
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4.3.2 High arches under tension

Experimental and numerical results of the high arches under tensile loading are compared in terms of
equilibrium paths of load with vertical displacement at the crown (Figure 4-11Figure 4-10) and transverse
displacement at the position of the inclined LVDT (Figure 4-12). Very good agreement is found between
the test results and the GMNA in this case, where the developed bending moment at the crown is
towards the same side as that induced in the bending operation. The load-displacement curves present
an initial part of increasing displacement with a small increase of load, attributed to the initial geometric
clearances of the support assemblies. An approximately linear behavior is encountered experimentally
for imposed load up to 55kN, followed by a gradual diminishing of stiffness due to yielding at the crown
before load is carried largely in tension. The plastic yield of GMNA is exhibited for lower imposed load
than 55kN. The increased yield strength of test specimens is attributed to the strain aging effect (Chajes
et al., 1963), in which a raise of yield/ultimate stress occurs when steel is deformed plastically and then
allowed for a period to age in room temperature.
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Figure 4-11: Load-displacement curves at the crown of high arches under tension.
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Figure 4-12: Load-displacement curves at the position of inclined LVDT of high arches under tension.
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Characteristic strain gauge measurements including the developed longitudinal strains at the top and
bottom flange middle along with the transverse strains at the bottom flange middle are compared to
the corresponding values obtained from GMNA, in Figure 4-13. Good agreement is observed in the
strain-gauge results, which present an initially linear elastic response. The experimentally measured
strains exhibit higher yield point than the corresponding numerical ones, confirming the presence of the
strain aging effect due to cold-forming process. The developed longitudinal strains at the top and bottom
flange middle are found to exhibit similar magnitudes, while transverse strains are also significant. A
characteristic deformed shape at the end of this set of tests (Sp. 3, 5 and 6) as well as the GMNA, is
presented in Figure 4-14; in both cases, the failure mode is dominated by yielding at the crown accom-
panied with inelastic local buckling of the bottom flange.
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Figure 4-13: Longitudinal strain at the top flange (top-left), the bottom flange (top-right) and transverse strain at
the bottom flange (bottom) of high arches under tension.

Figure 4-14: Characteristic deformed shape of high arches under tension from tests (left) and GMNA (right).
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4.3.3 Shallow arches under compression

Experimental and numerical results of the shallow arches under compressive loading are compared in
terms of equilibrium paths of load with vertical displacement at the crown (Figure 4-15) and transverse
displacement at the position of the inclined LVDT (Figure 4-16). Good agreement is found between the
test results and the GMNA; the overall response is almost similar between the shallow and high arches
under compression and the softening response is evidenced here as well. In Figure 4-17, characteristic
strain gauge measurements including the developed longitudinal strains at the top and bottom flange
middle along with the transverse strains at the bottom flange middle are compared to the corresponding
values obtained from GMNA; the strain gauge measuring longitudinal strains at the top-flange middle
of specimen 8, failed during the test. The failure modes of specimens 8, 10 and the GMNA are similar
to the one depicted in Figure 4-10. Testing of specimen 9 was stopped prematurely due to material
fracture at the arch’s crown, demonstrating the limited ductility of the specimens due to the induced
section-forming and roller-bending.
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Figure 4-15: Load-displacement curves at the crown of shallow arches under compression.
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Figure 4-16: Load-displacement curves at the inclined LVDT of shallow arches under compression.
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Figure 4-17: Longitudinal strain at the top flange (top-left), the bottom flange (top-right) and transverse strain at
the bottom flange (bottom) of shallow arches under compression.

4.3.4 Shallow arches under tension

Experimental and numerical results of the shallow arches under tensile loading are compared in terms
of equilibrium paths of load with vertical displacement at the crown (Figure 4-18) and transverse dis-
placement at the position of the inclined LVDT (Figure 4-19). Very good agreement is again observed
between the test results and the GMNA. The overall response is very similar between the shallow and
high arches under tension. The inclined LVDT of specimen 12 failed to measure accurately the transverse
displacement, as friction between the bottom flange and the LVDT introduced a large amount of error.
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Figure 4-18: Load-displacement curves at the crown of shallow arches under tension.
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Figure 4-19: Load-displacement curves at the inclined LVDT of shallow arches under tension.

Characteristic strain gauge measurements, including the developed longitudinal strains at the top and
bottom flange middles, along with the transverse strains at the bottom flange middle, are compared to
the corresponding values obtained from GMNA in Figure 4-20. The increased yield strength of the roller-
bent specimens compared to the GMNA is attributed to the strain aging effect. The failure mode at the
end of this set of tests (Sp. 7, 11 and 12) as well as the GMNA are similar to the one depicted in Figure
4-14.
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Figure 4-20: Longitudinal strain at the top flange (top-left), the bottom flange (top-right) and transverse strain at
the bottom flange (bottom) of shallow arches under tension.
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4.4 COMPARISON OF ROLLER-BENT AND STRESS-FREE MODELS

Taking advantage of the computed residual stress distributions, a preliminary assessment of the roller-
bending influence on the structural behavior of arches is carried out in this section. To that end, a direct
comparison between identical roller-bent and stress-free numerical models of the high and shallow
arches is performed. Geometry and material nonlinear analyses are carried out under a concentrated
compressive and tensile load at the crown, similarly to the tests. A comparison of the equilibrium paths
between roller-bent and stress-free models of high arches under compressive and tensile loading is
presented in Figure 4-21 and Figure 4-22, respectively, in terms of imposed load and vertical displace-
ment at the crown. The residual stresses are found to have a negligible effect on the initial stiffness of
the arches for the specific loads. Furthermore, the load-bearing capacity under compressive loading is
slightly increased due to roller bending (~5%), while the response under tensile loading is almost un-
affected. The failure mode of the roller-bent and stress-free arches is dominated by inelastic local buck-
ling at the top and bottom flanges at the crown under compression and tension respectively, same as
in the tests. A similar response was encountered in the shallow arches as well.
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Figure 4-21: Comparison between roller-bent and stress-free model under compressive load.
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Figure 4-22: Comparison between roller-bent and stress-free model under tensile load.
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Moreover, GMNA are performed on the roller-bent and stress-free models under various load conditions
that are typically encountered in arched structures. A comparison of the obtained equilibrium paths
between the roller-bent and stress-free models is shown in Figure 4-23, in terms of imposed load and
vertical displacement at the crown, for uniform compressive loads in the gravity and radial directions,
as well as uniform suction and semi suction-pressure loads that correspond to the main actions of the
wind. Once again, residual stresses are found to have a negligible effect on the initial stiffness. The
load-bearing capacity under uniform gravity loading is increased due to roller bending by approximately
10%, while in the other load cases, residual stresses have a smaller effect. In all cases, the failure
modes are similar in both the roller-bent and stress-free models (Figure 4-23).
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Figure 4-23: Comparison of load-displacement equilibrium paths and failure modes between roller-bent and
stress-free arches under various loading conditions.

4.5 CONCLUSIONS

In this chapter, finite element simulation of the experimental tests on roller-bent arches comprising
Rectangular-Hollow-Sections (c.f. Chapter 3) was presented. In order to maintain an acceptable level
of accuracy and at the same time reduce the computational effort, the finite element simulation was
conducted in three successive phases, including the explicit roller-bending formation process, the con-
figurations of hinge support and loading cylinders, as well as the compressive and tensile loading tests.
A non-symmetrical residual stress layout about the bending axis was obtained, differing significantly
from the anti-symmetrical distribution of the theoretical model. Remarkable stress concentrations were
located at the edges of the bottom flange, in agreement with the proposed model of Chiew et al. (2016).
The bending curvature had an insignificant effect on the residual stress formations, similar to Timo-
shenko theory. Experimental and numerical results were compared in terms of load-displacement equi-
librium paths, strain-gauge measurements and deformed shapes, providing good quantitative and qual-
itative agreement. The roller-bent arches exhibited increased yield strength compared to GMNA, at-
tributed to the strain aging effect, which is encountered when steel is deformed plastically and then
allowed for a period to age in room temperature. A preliminary assessment of the roller-bending influ-
ence on the structural behavior of arches was performed through a direct comparison between identical
roller-bent and stress-free numerical models under various load conditions. In this context, the effect
of residual stresses on the overall response of arches was found quite small, exhibiting a varying effect
up to 10% which depends on the developed axial-bending interaction.
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5 ROLLER-BENDING SIMULATION
OF SHS/RHS ARCHES

5.1 INTRODUCTION

Curved constructional steel members have seen much use in modern construction, constituting an at-
tractive solution due to their aesthetic appeal and the variety of forms that can be created. Roller-
bending is a typical method of curving constructional steels using a 3-roller bending machine on hot-
finished steel sections. Square (SHS) and Rectangular Hollow Sections (RHS) comprise the most chal-
lenging cases, as, without the correct machinery to support internally the section’s flanges, the process
usually results in concavity distortion or even buckling. An example of roller-bending a workpiece of
square-hollow-section is depicted in Figure 5-1 (left). Rectangular-hollow-sections can be bent either
the “hard way”, about the major axis, or the “easy way”, about the minor axis, as shown in Figure 5-1
(right). Even though more pressure is required to produce a bend the hard way, the resulting section is
less likely to distort precisely because it is more rigid than a section curved the easy way.

Figure 5-1: Roller-bending of SHS (left) and RHS bent the “hard way” (top-right) and “easy way” (bottom-right).
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A classification of SHS/RHS according to their slenderness and steel grade is given in EN1993-1-1 (CEN,
2005). The sections that are classified as Class 1, are able to develop plastic deformations without the
occurrence of local buckling, constituting the ones commonly used in roller-bending applications. The
minimum allowed radius of curvature is limited by the maximum magnitude of cross-sectional distortion
that may take place during bending process. Square and Rectangular hollow sections tend to distort as
illustrated in Figure 5-2, exhibiting concave compression of the bottom flange and outward bowing of
the webs. The primary sources of distortion are sidewall crippling due to high contact forces from the
roller, web local buckling caused by the combined shear and flexural stresses. Another common form
of distortion for SHS/RHS is the reduction of the tension flange width, along with the widening of the
compression flange, due to the Poisson effect. Sectional distortions are often limited by implementing
internal support mechanisms, such as mandrels (smaller sections), or filling hollow cavities with sand.

Curvature tolerances are similar to the standard cambering tolerances of straight members, according
to the Code of Standard Practice for Steel Buildings (AISC, 2016); the maximum deviation in curvature
measured at the middle ordinate shall be less than the total arc length over 500. The allowable cross-
sectional variations for roller-bent square and rectangular hollow-sections are the mill tolerances given
in ASTM A500 (ASTM, 2016); for cross-sections larger than 140mm, the tolerance is 1% of the largest
outside flat dimension. However, it is impractical to expect post-bending imperfections to meet the
ASTM requirements, since the initial geometric imperfections are amplified during the bending process.
Post-bending tolerances of 1% to 2% are considered typical (Kennedy, 1988). For cases where the
section forms a keystone shape, maximum deformations of approximately £ 5% of the cross-sectional
width can be expected. For Architecturally Exposed Structural Steel, the suggested tolerance for all
distortion types is one-half of those specified in ASTM A500 (AISC, 2003). Following a limited survey on
the available bending capabilities of several roller-benders, records of past projects regarding the mini-
mum radii achieved without appreciable distortion, are given in Table 5-1 (Dowswell, 2018).

~ ) ( }
h ‘ ho _ bmax —-b
‘ min pw - b
pr = h— hmin
L ) | \ J v f h
I b | I L. |
| | | |
(a) Initial shape (b) Distorted shape

Figure 5-2: Example of SHS distortion due to roller-bending (o, = 8% and pr= 6%).

Table 5-1: General guidelines for minimum cold-bending radii of SHS/RHS (Dowswell, 2018).

Member Minim_um Bending Minimum
Radius, Rs(m) R/h
Square-Hollow-Sections
152.4x152.4x12.7 09to2.3 6.5to 16
152.4x152.4x6.35 14t09.1 6.5to 16
Rectangular-Hollow-Sections
304.8x152.4x12.7 2.7t0 3.7 9.5t013
152.4x304.8x12.7 2.6t06.1 18 to 41

Note: The minimum radii listed are for general guidance in the
conceptual design stages and smaller radii can often be obtained.
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A theoretical model of the residual stress distribution after curving has been proposed by Timoshenko
(1956), as a function of the steel’s yield stress 7, and the ratio a between the plastic and elastic section
modulus; the proposed model is based on the Euler-Bernoulli beam theory by aggregating uniaxial
stresses from inelastic bending and elastic spring-back, as shown in Figure 5-3. The ratio g ranges
between 1.20 and 1.30 for RHS curved about the major axis, 1.15 to 1.25 for SHS, and 1.10 to 1.20 for
RHS curved about the minor axis. Based on the assumptions of the simplified model, the theoretical
distribution is generally valid for bending beams exhibiting small shear stresses relative to the bending
stresses, as well as uniform bending stresses across the cross-sectional width.

(o-)f,

) W /< 777777 >/‘

(a-1)f;

(a) Loading M, (b) Unloading M_=-M, (c) Residual stresses M=0 (d) Residual stresses along SHS/RHS

Figure 5-3: Theoretical distribution of residual stresses.

The residual stress distributions of roller-bent RHS have been studied by Chiew et al. (2016), differing
significantly from the theoretical distribution. Differences can be interpreted by considering that the
classical beam theory is not accurate for bending beams that are deep and short in length, as the beam
segment within the three-point-bending length, where shear stresses become large relative to the bend-
ing stresses and thus cannot be neglected. Moreover, flanged sections under concentrated bending
forces exhibit localized effects of plates (Timoshenko and Woinowsky-Krieger, 1987), including stress
concentrations at the web-to-flange junctions (shear-lag effect), which result in non-uniform bending
stress distributions over the width. In this chapter, a more in-depth insight on the membrane residual
stress and strain formations emanating from the roller-bending process of SHS/RHS workpieces is pro-
vided, by means of nonlinear finite element simulations. Similar roller-bending simulations and pertinent
residual stresses have been validated in Chapter 4. Mesh sensitivity analyses are first performed to
verify the accuracy of the obtained results, followed by parametric investigations in order to assess the
effects of the main roller-bending characteristics on the developed stress/strain distributions.

5.2 NUMERICAL MODELING

Detailed finite element models of the roller-bending process are developed, aiming at estimating the
locked-in stress/strain formations in a reliable manner. Initially straight workpieces of SHS/RHS are
modeled with a uniform and sufficiently dense mesh of shell or solid elements, following a mesh con-
vergence study (cf. Section 5.3). Null initial residual stresses are assumed on the straight workpieces,
since the final patterns are independent of the initial conditions. Shell elements are employed on the
surfaces of bending dies, which are connected to their center of rotation via rigid links in order to provide
rigidity. The interaction between workpieces and dies is considered by introducing contact elements
between their interfaces. Advantage is taken of symmetry conditions in order to reduce the computa-
tional effort and thus, appropriate boundary conditions are applied on the pertinent Degrees of Freedom
(DOFs). The numerical model along with the employed boundary conditions are shown in Figure 5-4.
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Figure 5-4: Finite element model and boundary conditions.

Geometry and Material Nonlinear Analyses (GMNA) are carried out in the general-purpose finite element
software ADINA (ADINA, 2017). Large displacement and strain formulations are employed, since cross-
sectional ovalities and distortions are important. An elastic — fully plastic material model is employed in
the finite element analyses, comprising a bilinear constitutive law without hardening. The softening
response due to the Bauschinger effect, encountered when steel is cyclically yielded in tension and
compression, is not taken into account in the analyses. The influence of strain hardening and the
Bauschinger effect is considered negligible on the residual stress/strain formations, since the plastic
strains that are developed in roller-bending applications are typically small, and the yield direction re-
mains always towards the same side during multi-passes. The plasticity model is characterized by the
von Mises vyield criterion and the Prandtl-Reuss flow rule. The modulus of elasticity £is taken equal to
210GPa, while various steel grades are examined. Implicit analyses are carried out using the Newton —
Raphson solution algorithm for the geometrically and materially nonlinear equations. The rigid target
algorithm, which is mainly used for metal-forming applications, is employed for the solution of the
nonlinear contact equations. The Coulomb friction coefficient of the contacting surfaces is taken equal
to 0.3.

The analysis sequence is illustrated schematically in Figure 5-5, where a prescribed displacement at the
middle roller is applied first towards the beam, followed by a prescribed rotation at the centers of the
other two rolls. Through contact traction, the workpiece is fed inside the bending machine. A sufficiently
small load-step magnitude is required to reach uniform plastification, leading consequently to a uniform
distribution of residual stresses along the workpiece. The placement requirements within the three-
point-bending restrain bending of the workpiece close to its edges; these regions are trimmed in practice
at the end of roller-bending. Even though multiple passes are practically needed to achieve the desired
radius of curvature, a single-forming pass is analyzed, since residual stresses are found to be identical
for single- and multiple- pass roller-bending.
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Figure 5-5: Numerical simulation of the roller-
(a) Shell element model

VALIDATION STUDY

In this section, a validation study is performed in order to verify the accuracy of the stress/strain results
obtained from the finite element analyses. To that end, an RHS 50x100 workpiece of thickness 5mm is
modeled with either shell or solid elements, and afterwards the mesh is refined. In the first case, 4-
node shell elements (Figure 5-6a) with 5 integration points at the element thickness direction are used
to model the workpiece. The Newton-Cotes integration method is employed, since it is more effective
on the boundaries of the elements. Secondly, the workpiece is simulated with 8-node solid elements

(Figure 5-6b), exhibiting three integration points in each direction. In the third case, a mesh refinement
of the shell element model is performed by subdividing the mesh size one time in both directions (Figure

for capturing the onset and spread of the materially nonlinear conditions, as the integration points are
5-6¢). The element aspect ratio ranges between 1.0 and 2.0.

5.3

(c¢) Refined shell element model

6: Numerical validation models.

Figure 5-
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For comparison purposes, identical roller-bending characteristics are employed in the mesh sensitivity
analyses, regarding the curving radius R = 2.50m, the steel yield stress 7, = 355MPa, the bending length
S = 0.90m and the diameter of rolls d- = 0.30m. The convergence study is performed by comparing the
membrane residual stress/strain formations at the end of roller-bending. The membrane residual
stresses omem» are calculated by averaging stresses oxover the thickness direction, according to Eq.
(5-1). The membrane strains &nemp are calculated from the strains &respectively. In the case of shell
elements, gnems is identical to &rat the midsurface, due to the linear distribution of flexural strains over
the thickness. Note that section results are extracted with respect to the local Cartesian system of the
elements. Indices x and z refer respectively to the longitudinal and thickness directions.

1 t/2
Omemb = ?f oy dz (5_1)

—t)2

A comparison of the membrane residual stresses and strains between the shell (initial mesh) and solid
element models, is shown in Figure 5-7. As it is evidenced, the overall distribution is similar in both
cases. The slight discrepancies in membrane stresses are attributed to the different formulations be-
tween shell and solid elements. Solid elements tend to lock when they are very thin, making them
unsuitable for bending analyses of thin structures. Shell elements are more efficient for modeling thin-
walled structures but encounter the limitation that any flexural stress/strain distributions are captured
approximately. However, scope of the numerical model is to identify the predominant membrane com-
ponent of residual stresses, which can be exploited by analysts to assess the structural behavior of
roller-bent sections.
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Figure 5-7: Membrane residual stresses (left) and strains (right) of the shell and solid element models.

A comparison of the membrane residual stresses and strains between the initial and refined shell ele-
ment models, is shown in Figure 5-8. Very good convergence is evidenced in both cases; maximum
discrepancies do not exceed 0.14.
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Figure 5-8: Membrane residual stresses (left) and strains (right) of the initial and refined shell element models.
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Based on the results of sensitivity analyses, the shell element model employing the initial mesh size is
considered to provide sufficiently accurate results in terms of membrane residual stresses and strains
for the roller-bent RHS workpiece. Overall, a non-symmetrical residual stress layout about the bending
axis is obtained over the cross-sectional width and height, differing significantly from the anti-symmet-
rical distribution of the simplified theoretical model. More specifically, tensile residual stresses are en-
countered in both the top- (elongated) and bottom- (shortened) height of the roller-bent RHS, exhibiting
stress-concentrations at the web-to-flange junctions of the bottom flange. The magnitude of developed
strains in the shortened zone & are found slightly higher than the corresponding values of the tensioned
Zone &g The strains & and &g satisfy the fundamental strain-curvature relationship of Eq. (5-2) .

[uny
™
&
Gl
2
=

R~ d (5-2)

5.4 PARAMETRIC ANALYSES

In this section, parametric analyses are carried out aiming at estimating the quantitative and qualitative
effects of the main roller-bending characteristics on the residual stress/strain distributions. The para-
metric analyses are performed using the shell element model, based on the mesh convergence study
of Section 5.3. Three cross-sections of different aspect ratios //b are employed in the numerical anal-
yses, nhamely RHS 80x120, SHS 100x100 and RHS 120x80. The cross-sections remain constant in all
cases, while the cross-sectional thickness, the radius of curvature, the steel grade, the bending length
and the diameter of rolls are varied within an appropriate range, representing common-in-practice roller-
bending cases (Figure 5-9). The parameters are normalized with respect to the cross-sectional height,
in order to obtain dimensionless results. Therefore, residual stress/strain results are presented with
respect to: (i) the thickness ratio //% (ii) the bending ratio R/A, (iii) the yield stress £, (iv) the normalized
bending length S/h, and (v) the normalized roll diameter d;/h.

foS —
Ih (b) Workpiece
K \

(c) Roller die

\

\ \ (a) Bending arrangement

Figure 5-9: Main roller-bending parameters.
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5.4.1 Thickness ratio h/t

The thickness ratio A/t between the height /4 and thickness ¢ of the section, is associated with the cross-
sectional stiffness and slenderness. Parametric analyses are carried out for RHS workpieces roller-bent
about the minor axis, exhibiting a cross-sectional aspect ratio A/b of 0.66 and various A/t. The examined
thickness ratios are equal to 8.0, 10.0 and 13.3, which are typical of Class 1 cross-sections. For com-
parison purposes, identical roller-bending characteristics are employed in all cases regarding the bend-
ing ratio R/h = 43.75, the yield stress £, = 355MPa, the normalized bending length S/A = 11.25, and
the normalized roll diameter d/h = 3.75. The membrane residual stresses and strains between the
examined thickness ratios are compared in Figure 5-10. As it is observed, the locked-in stress formations
of roller-bent RHS are correlated with the cross-sectional thickness ratio.

ht=8.0 ---- h/it=10.0 ---- h/t=133
p—rE s i e i T e e e S,

S N 08% -~ femmmmmmmmmer s m === ~)
,’ s \\ N “
Log ~ e

§====§~‘§ ‘,==’=’ [ h
A R ! \
/ \

/ \ ' \

7 A ! \

7 N 1 \
o’ “ ! \
) & = Vo J |
Tmssomm= ey \ /

A\\\ ,/’ “ ’,/),\) 1.6% SSmmmmmm e e .

049f

Figure 5-10: Membrane residual stresses (left) and strains (right), for //b = 0.66.

Further parametric analyses are carried out for SHS workpieces exhibiting thickness ratios equal to 10.0,
12.5 and 16.6 and employing identical roller-bending characteristics in all cases (R/h = 35.00, /, =
355MPa, S/A = 9.00, and d/Ah = 3.00). A comparison of the membrane residual stresses and strains
between the examined thickness ratios is shown in Figure 5-11. Once again, the residual stresses are
found to vary significantly with A/t
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Figure 5-11: Membrane residual stresses (left) and strains (right), for //6 = 1.00.
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Finally, parametric analyses are carried out for RHS workpieces roller-bent about the major axis, exhib-
iting a cross-sectional aspect ratio A/b of 1.50 and various /A/t. The examined thickness ratios are equal
to 12.0, 15.0 and 20.0, while identical roller-bending characteristics are employed in all cases regarding
the bending ratio R/A = 29.16, the yield stress f, = 355MPa, the normalized bending length S/A = 7.50,
the normalized roll diameter d./A = 2.50. The membrane residual stresses and strains between the

examined thickness ratios are compared in Figure 5-12, exhibiting variations in the locked-in stress
formations.
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Figure 5-12: Membrane residual stresses (left) and strains (right), for /b = 1.50.

The variations in the locked-in formations can be interpreted by considering that short-in-length flanged
sections exhibit localized effects of plates, including stress concentrations at the web-to-flange junctions
(shear lag effect), which result in non-uniform bending stress distributions over the width under con-
centrated bending forces. As cross-sections become stockier (i.e. thick-walled SHS/RHS), the stress
concentrations at the web-to-flange junctions are reduced. Consequently, the theoretical assumptions
of the simplified model hold more accurately in the case of cross-sections exhibiting low #/% and perti-
nent residual stresses tend to the theoretical anti-symmetrical distribution (Timoshenko, 1956).

5.4.2 Bending ratio R/h

The bending ratio R/h defined by the radius of curvature R with respect to the cross-sectional height A
is related with the amount of required plastic work during roller-bending. Parametric analyses are carried
out for SHS roller-bent in a range of bending radii that are commonly met in curved constructional steel
members. To that effect, bending ratios equal to 35.0, 50.0 and 70.0 are examined, while typical char-
acteristics are employed regarding the thickness ratio A/t = 12.5, the yield stress f, = 355MPa, the
normalized bending length S// = 9.00, and the normalized roll diameter d;/h = 3.00. A comparison of
the membrane residual stresses and strains between the examined bending ratios is shown in Figure
5-13. It is observed that the radius of curvature has negligible effect on the residual stress formations,
in agreement with the theoretical model. The developed strains at the top and bottom height of the
section are given in Table 5-2. An approximately linear variation is evidenced between strains and the
inverse of bending ratio, in accordance with the fundamental strain-curvature relationship (Eq. (5-2)).
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Figure 5-13: Membrane residual stresses (left) and strains (right), for //6 = 1.00.

Table 5-2: Developed strains in the compression and tension zones of the cross-section.

WR Compression zone Tension zone
(bottom-height) (top-height)
0.029 -1.8% 1.1%
0.020 -1.1% 0.9%
0.014 -0.9% 0.5%

5.4.3 Steelyield stress f,

The yield stress £, of steel members is correlated with the magnitude of locked-in stresses, according to
the theoretical model of Timoshenko [14]. Parametric analyses are carried out for SHS of yield point
equal to 235MPa, 275MPa and 355MPa, which correspond to commonly used steel grades in the con-
structional industry. For comparison reasons, identical roller-bending characteristics are employed in all
cases, including A/t = 12.5, R/h = 35.00, S/h = 9.00, and d/h = 3.00. A comparison of the membrane
residual stresses and strains between the examined steel grades, is shown in Figure 5-14. It is observed
that the yield stress does not affect the residual stress/strain distributions. The magnitude of residual
stresses is varied proportionally to £, in all cases, being in accordance with the theoretical model.
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Figure 5-14: Membrane residual stresses (left) and strains (right), for A/6 = 1.00.
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5.4.4 Normalized bending length S/h

The normalized bending length S/, defined by the bending length S with respect to the cross-sectional
height #, is correlated with the magnitude of the induced shear force during roller-bending. Parametric
analyses are carried out for RHS roller-bent about the weak axis, exhibiting a cross-sectional aspect
ratio A/b of 0.66 and a range of S/h, covering most of the combinations between bending machines and
workpieces that are used in the roller-bending practice. To that end, normalized bending lengths equal
to 8.75, 11.25 and 13.75 are examined, while typical roller-bending characteristics are employed in all
cases, including A/t = 10.0, R/h = 43.75, f, = 355MPaq, and d//h = 3.75. A comparison of the membrane
residual stresses and strains between the examined S/dis presented in Figure 5-15. As it is observed,
the locked-in stress formations of roller-bent RHS are correlated with the normalized bending length.
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Figure 5-15: Membrane residual stresses (left) and strains (right), for A/b = 0.66.

Furthermore, parametric analyses are carried out for SHS workpieces employing a range S/ equal to
7.00, 9.00 and 11.00. For comparison reasons, identical roller-bending characteristics are employed in
all cases, including A/t = 12.5, R/h = 35.00, 7, = 355MPa, and d/// = 3.00. A comparison of the mem-
brane residual stresses and strains between the examined S/d'is presented in Figure 5-16. Once again,

the residual stresses are found to vary significantly with S/h.
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Figure 5-16: Membrane residual stresses (left) and strains (right), for /6 = 1.00.
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Finally, parametric analyses are carried out for RHS roller-bent about the strong axis, exhibiting a cross-
sectional aspect ratio A/b of 1.50 and employing a range of normalized bending lengths equal to 5.83,
7.50 and 9.16. For comparison reasons, identical roller-bending characteristics are employed in all cases,
including A/t = 15.0, R/h = 29.16, £, = 355MPa, and d/h = 2.50. A comparison of the membrane
residual stresses and strains between the examined S/d'is presented in Figure 5-17, exhibiting variations
in the locked-in stress formations.
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Figure 5-17: Membrane residual stresses (left) and strains (right), for /b = 1.50.

The variations in the locked-in formations can be interpreted by considering that the magnitude of the
induced shear force varies with bending length. As the normalized bending length increases, lower shear
stresses relative to the bending stresses are developed within the three-point-bending length. Conse-
quently, the theoretical assumptions of the simplified model [14] hold more accurately in the case of
higher S/h, and pertinent residual stress distributions tend to the anti-symmetrical distribution.

5.4.5 Normalized roll diameter d./h

The normalized roll diameter d/his defined by the diameter of bending rolls g with respect to the cross-
sectional height A. Parametric analyses are carried out for SHS workpieces roller-bent with rollers of
normalized roll diameters equal to 2, 3 and 4, which are typically used by steel fabricators. For compar-
ison reasons, identical roller-bending characteristics are employed in all cases, namely A/t = 12.5, R/h
= 35.00, f, = 355MPa, and S/A = 9.00. A comparison of the membrane residual stresses and strains
between the examined d/// ratios is shown in Figure 5-18. As it is observed, the residual stress for-
mations are not affected by the diameter of bending rolls, indicating that a similar roll-workpiece inter-
action is developed in the examined cases.
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Figure 5-18: Membrane residual stresses (left) and strains (right), for A/6 = 1.00.

5.5 RESIDUAL STRESS MODEL

Among the examined parameters, the thickness ratio A/t and the normalized bending length S/ are
found to mainly affect the residual stress formations within the examined ranges. In the case of very
stocky cross-sections that are roller-bent within large bending machines, the residual stress formations
are considered to be better approximated by the theoretical model. Representative residual stress dis-
tributions can be extracted on the basis of the roller-bending characteristics that are encountered most
commonly in practice. To that end, characteristic residual stress formations can be obtained using the
mean values of A/t and S/A, which are employed within the examined ranges of the parametric study.
The proposed numerical distributions are shown in Figure 5-19, Figure 5-20, and Figure 5-21, as well
as, pertinent values are given in Table 5-3, Table 5-4, and Table 5-5, for the examined SHS/RHS of
aspect ratios 0.66, 1.00 and 1.50, respectively. Finally, the numerical distributions satisfy the internal
equilibrium over the cross-sectional area A, which is expressed by the axial force / and bending mo-
ments M,, M: equilibrium equations (5-3), (5-4), and (5-5).

N=Ladi=0 (5-3)
My=Lax-sz=0 (5-4)
M, = Lax “ydA =0 (5-5)
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Figure 5-19: Proposed residual stress distribution of roller-bent RHS (A/b = 0.66).

Table 5-3: Proposed residual stresses along the semi-perimeter of RHS (/A/b = 0.66).

No Position Position Membrane No. Position Position Membrane

x(b) y(h) Stress (£) x(b) y(h) Stress (£,)
1 0.00 -0.50 0.13 17 0.50 0.04 -0.81
2 0.06 -0.50 0.13 18 0.50 0.13 -0.33
3 0.12 -0.50 0.13 19 0.50 0.22 0.52
4 0.17 -0.50 0.12 20 0.50 0.31 0.40
5 0.23 -0.50 0.11 21 0.50 0.40 0.27
6 0.28 -0.50 0.15 22 0.49 0.45 0.18
7 0.33 -0.50 0.31 23 0.47 0.49 0.05
8 0.38 -0.50 0.43 24 0.43 0.50 0.08
9 0.43 -0.50 0.40 25 0.38 0.50 0.06
10 0.47 -0.49 0.28 26 0.33 0.50 0.06
11 0.49 -0.45 -0.06 27 0.28 0.50 0.05
12 0.50 -0.40 -0.19 28 0.23 0.50 0.05
13 0.50 -0.31 -0.35 29 0.17 0.50 0.04
14 0.50 -0.22 -0.48 30 0.12 0.50 0.04
15 0.50 -0.13 -0.59 31 0.06 0.50 0.03
16 0.50 -0.04 -0.69 32 0.00 0.50 0.03
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Figure 5-20: Proposed residual stress distribution of roller-bent SHS (/4/6 = 1.00).

Table 5-4: Proposed residual stresses along the semi-perimeter of SHS (A/b = 1.00).

No. Position Position Membrane No. Position Position Membrane
x(b) y(h) Stress (1) x(b) y(h) Stress (1)

1 0.00 -0.50 0.20 17 0.50 0.07 -0.71

2 0.07 -0.50 0.20 18 0.50 0.14 0.25

3 0.14 -0.50 0.18 19 0.50 0.21 0.52

4 0.21 -0.50 0.20 20 0.50 0.28 0.39

5 0.28 -0.50 0.35 21 0.50 0.35 0.28

6 0.35 -0.50 0.44 22 0.50 0.42 0.16

7 0.42 -0.50 0.40 23 0.49 0.46 0.10

8 0.46 -0.49 0.30 24 0.46 0.49 0.04

9 0.49 -0.46 -0.01 25 0.42 0.50 0.06

10 0.50 -0.42 -0.11 26 0.35 0.50 0.02

11 0.50 -0.35 -0.24 27 0.28 0.50 0.05

12 0.50 -0.28 -0.37 28 0.21 0.50 0.04

13 0.50 -0.21 -0.47 29 0.14 0.50 0.02

14 0.50 -0.14 -0.55 30 0.07 0.50 0.02

15 0.50 -0.07 -0.64 31 0.00 0.50 0.01

16 0.50 0.00 -0.74
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Figure 5-21: Proposed residual stress distribution of roller-bent RHS (/4/b = 1.50).

Table 5-5: Proposed residual stresses along the semi-perimeter of RHS (h/b = 1.50).

No. Position Position Membrane No. Position Position Membrane

x(b) y(h) Stress (£,) x(b) y(h) Stress (£,)
1 0.00 -0.50 0.28 17 0.50 0.03 -0.78
2 0.08 -0.50 0.31 18 0.50 0.09 -0.54
3 0.16 -0.50 0.40 19 0.50 0.14 0.40
4 0.24 -0.50 0.43 20 0.50 0.20 0.51
5 0.32 -0.50 0.45 21 0.50 0.26 0.40
6 0.40 -0.50 0.41 22 0.50 0.32 0.31
7 0.45 -0.49 0.41 23 0.50 0.38 0.23
8 0.49 -0.47 0.12 24 0.50 0.43 0.13
9 0.50 -0.43 -0.02 25 0.49 0.47 0.08
10 0.50 -0.38 -0.15 26 0.45 0.49 0.03
11 0.50 -0.32 -0.27 27 0.40 0.50 0.03
12 0.50 -0.26 -0.37 28 0.32 0.50 0.01
13 0.50 -0.20 -0.45 29 0.24 0.50 0.05
14 0.50 -0.14 -0.51 30 0.16 0.50 0.05
15 0.50 -0.09 -0.59 31 0.08 0.50 0.04
16 0.50 -0.03 -0.68 32 0.00 0.50 0.03
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5.6 CONCLUSIONS

The membrane residual stress and strain formations of roller-bent SHS/RHS workpieces were assessed
in this section, by means of implicit analyses accounting for geometric, contact and material nonlinear-
ities. Mesh sensitivity analyses were first performed to verify the accuracy of the obtained results. The
influence of the major curving parameters, such as the cross-sectional dimensions, the yield stress, the
bending radius, and the roller-bending configuration have been examined following a comprehensive
parametric study. Among the examined parameters, the thickness ratio and the normalized bending
length were found to mainly affect the locked-in stress formations. Variations were evidenced between
the encountered distributions and the simplified theoretical model, in agreement with pertinent residual
stress models in the literature (Chiew et al., 2016). More specifically, tensile residual stresses are en-
countered in both the top- (elongated) and bottom- (shortened) height of the roller-bent RHS, along
with stress-concentrations at the web-to-flange junctions of the bottom flange. The magnitude of de-
veloped strains in the shortened zone &, are found slightly higher than the corresponding values of the
tensioned zone &e.

The encountered variations were interpreted by considering that RHS workpieces within the three-point-
bending length comprise short in length flanged-sections, in which significant shear and localized effects
of plates are developed that cannot be neglected (Timoshenko and Woinowsky-Krieger, 1987), including
stress concentrations at the web-to-flange junctions. As cross-sections become stockier and the bending
length increases, the residual stress formations are reasonably better approximated by the theoretical
model (Timoshenko, 1956). Furthermore, internal supporting of the hollow cross-section with mandrels
or other material such as sand, would reasonably lead to residual stress formations closer to the theo-
retical model. The obtained residual stress distributions were presented for the SHS/RHS of aspect ratios
0.66, 1.00 and 1.50, within the examined range thickness ratios and normalized bending lengths that
are commonly encountered in practice. Moreover, characteristic residual stress distributions were pro-
posed for square and rectangular hollow sections. Such membrane residual stress distributions can be
exploited from analysts to assess the structural behavior of roller-bent members.
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6 ROLLER-BENDING SIMULATION
OF CHS ARCHES

6.1 INTRODUCTION

Curved constructional steel members are seen in many architecturally exposed structural steel applica-
tions, as a way of expressing the structural integrity of the system and at the same time putting the
structural system at the aesthetic forefront. Typical examples of curved steel elements comprising Cir-
cular-Hollow-Sections (CHS) are met in large span roofs, bridges, domes, stadiums, atriums etc. Roller-
bending comprises the most common and cost-effective process to produce curved CHS elements in the
steel industry. In this context, customized sets of dies are adapted to the bending machine in order to
fit with the CHS diameter, encapsulating the workpiece. CHS workpieces of diameters up to 600mm can
be practically roller-bent, limited by the maximum diameter of bending dies that is available in the
fabrication industry. In the case of larger diameters, alternative curving methods, such as incremental
bending, are usually employed. An example of roller-bending a workpiece of Circular-Hollow-Section is
shown in Figure 6-1.

Figure 6-1: Example of roller-bending a CHS workpiece.
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A classification of CHS according to their slenderness and steel grade is given in EN1993-1-1 (CEN,
2005). The sections that are classified as Class 1, are able to develop plastic deformations without the
occurrence of local buckling. The magnitude of bending curvature is limited by the induced ovalization
that is allowed to take place during roller-bending; ovalization is typically expressed as a percentage of
the difference between the major and minor axis dimensions after bending, as shown in Figure 6-2.
Generally, CHS workpieces lend themselves well to bending since ovalization is limited due to the cross-
sectional encapsulation by the customized sets of dies (Figure 6-1). However, the roller-bent CHS may
encounter local buckling at the inner (compression) wall, in a single half-wave or a series of wrinkles.
This form of visible waviness, known as oil-canning, can significantly reduce the cross-sectional strength
resistance, due to the combined effect of ovalization and local buckling in a single half-wave. Distortion
and local buckling can be limited with the use of an internal support mechanisms, such as mandrels
(smaller CHS), or filling the CHS cavity with sand.

The curvature tolerances of roller-bent members are similar to the cambering tolerances of straight
members, according to the Code of Standard Practice for Steel Buildings (AISC, 2016); the maximum
deviation in curvature measured at the middle ordinate shall be less than the total arc length over 500.
Standard provisions regarding the allowable cross-sectional variations of roller-bent circular-hollow-sec-
tions are not available, and thus the mill tolerances of straight members are generally applied (ASTM,
2016). For curved segments in piping systems, a maximum ovalization tolerance of 8% is specified in
ASME B31.1 (ASME, 2016). A tolerance of 5% is usually achievable in most cases of CHS roller-bending.
Ovality tolerances of members used in Architecturally Exposed Structural Steel applications, are com-
monly selected, based on aesthetics. In this context, a 5% tolerance is likely to produce imperceptible
ovalization distortions and is usually considered adequate. Following a limited survey on the available
bending capabilities of several roller-bending companies, records of past projects regarding the mini-
mum cold-bending radii that have been successfully achieved without appreciable distortion, are sum-
marized in Table 6-1 (Dowswell, 2018).

min

-
-

max |
-« >

(a) Initial shape (b) Distorted shape

Figure 6-2: Example of CHS distortion due to roller-bending (p = 13%).

Table 6-1: General guidelines for minimum cold-bending radii of CHS (Dowswell, 2018).

Member dimensions Minimum Bending Minimum
(mm) Radius, Ry (m) R/D
219.1x12.7 1.1t0 3.0 49to 14
219.1x8.2 1.1t0 4.6 49to 21
219.1x4.8 3.0to 5.5 14 to 25

Note: The minimum radii listed are for general guidance in the
conceptual design stages; smaller radii can often be obtained.
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The theoretical distribution of residual stresses (Timoshenko, 1956) is shown along the radial direction
of a CHS in Figure 6-3, as function of the steel’s yield stress 7, and the ratio @ between the plastic and
elastic section modulus. The ratio g ranges between 1.30 and 1.40 for circular-hollow-sections. The
simplified model is based on the Euler-Bernoulli beam theory by aggregating uniaxial stresses from
inelastic bending and elastic spring-back. Based on the assumptions of the simplified model, the theo-
retical distribution is generally valid for bending beams exhibiting small shear stresses relative to the
bending stresses, as well as uniform bending stresses across the cross-sectional width.

(@),

(@-1)f,

(a-1)f,
(a-1)f
(a) Loading M, (b) Unloading My=-M, (c) Residual stresses M=0 (d) Residual stresses along CHS

Figure 6-3: Theoretical distribution of residual stresses.

The actual residual stresses emanating from roller-bending are found to differ significantly from the
simplified theoretical model for roller-bent wide-flange-sections (Spoorenberg et al., 2011) and rectan-
gular-hollow-sections (Chiew et al., 2016). Neither experimental nor computational studies have been
reported in the literature regarding the actual residual stress formations of roller-bent CHS, while their
influence on the structural response has not been assessed, mainly due to the lack of reliable stress
models. In this chapter, a numerical investigation regarding the membrane residual stress and strain
formations of roller-bent CHS workpieces is presented, by means of nonlinear finite element simulations.
Similar roller-bending simulations and pertinent residual stresses have been evaluated for members of
rectangular-hollow-sections in the previous chapters. Mesh sensitivity analyses are first performed to
verify the accuracy of the obtained results, followed by parametric investigations in order to assess the
effects of the main roller-bending characteristics on the developed stress/strain distributions. Numerical
results are discussed and pertinent residual stress distributions of roller-bent CHS are extracted.

6.2 NUMERICAL MODELING

Detailed finite element models of the roller-bending process are developed, aiming at estimating the
locked-in stress/strain formations in a reliable manner. Initially straight workpieces of CHS are modeled
with a uniform and sufficiently dense mesh of shell or solid elements, following a mesh convergence
study (cf. Section 6.3). Null initial residual stresses are assumed on the straight workpieces, since the
final patterns are independent of the initial conditions. Shell elements are employed on the surfaces of
bending dies, which are connected to their center of rotation via rigid links in order to provide rigidity.
The interaction between workpieces and dies is considered by introducing contact elements between
their interfaces. The computational effort is reduced by taking advantage of the symmetry conditions
and therefore, appropriate boundary conditions are applied on the pertinent Degrees of Freedom
(DOFs). The numerical model along with the employed boundary conditions are shown in Figure 6-4.
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Figure 6-4: Finite element model and boundary conditions.

Geometry and Material Nonlinear Analyses (GMNA) are carried out in the general-purpose finite element
software ADINA (ADINA, 2017). Large displacement and strain formulations are employed, since cross-
sectional ovalities and distortions are important. An elastic — fully plastic material model is employed in
the finite element analyses, comprising a bilinear constitutive law without hardening. The softening
response due to the Bauschinger effect, encountered when steel is cyclically yielded in tension and
compression, is not taken into account in the analyses. The influence of strain hardening and the
Bauschinger effect is considered negligible on the residual stress/strain formations, since the plastic
strains that are developed in roller-bending applications are typically small, as well as the yield direction
remains always towards the same side during multi-passes. The plasticity model is characterized by the
von Mises yield criterion and the Prandtl-Reuss flow rule. The modulus of elasticity £ is taken equal to
210GPa, while various steel grades are examined. Implicit analyses are carried out using the Newton —
Raphson solution algorithm for the geometrically and materially nonlinear equations. The rigid target
algorithm, which is mainly used for metal-forming applications, is employed for the solution of the
nonlinear contact equations. The Coulomb friction coefficient of the contacting surfaces is taken equal
to 0.3.

The analysis sequence is illustrated schematically in Figure 6-5. A prescribed displacement of the middle
roll is applied towards the workpiece, followed by a prescribed rotation at the centers of the other two
rolls. Through contact traction, the workpiece is fed inside the bending machine. A sufficiently small
load-step magnitude is required to reach uniform plastification, leading consequently to a uniform dis-
tribution of residual stresses along the workpiece. The placement requirements within the three-point-
bending restrain bending of the workpiece close to its edges; these regions are trimmed in practice at
the end of roller-bending. Even though multiple passes are practically needed to achieve the desired
radius of curvature, a single-forming pass is analyzed, since residual stresses are found to be identical
for single- and multiple- pass roller-bending.
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Von Mises

/\‘ Stressf;
/”‘ K

L,

Figure 6-5: Analysis sequence along with von Mises stress.

6.3 VALIDATION STUDY

In this section, a validation study is performed in order to verify the accuracy of the stress/strain results
obtained from the finite element analyses. To that end, a CHS 100 (& = 100mm) workpiece of thickness
5mm is modeled with either shell or solid elements, and afterwards the mesh is refined. In the first
case, 4-node shell elements (Figure 6-6a) with 5 integration points at the element thickness direction
are used to model the workpiece. The Newton-Cotes integration method is employed, since it is more
effective for capturing the onset and spread of the materially nonlinear conditions, as the integration
points are on the boundaries of the elements. Secondly, the workpiece is simulated with 8-node solid
elements (Figure 6-6b), exhibiting two integration points in each direction. In both cases, the semi-
circle perimeter is divided in 22 subdivisions. In the third case, a mesh refinement of the shell element
model is performed by subdividing the mesh size one time in both directions (Figure 6-6c). An aspect
ratio close to 1 is employed for shell elements. However, this is computationally unfeasible for solid
elements, which exhibit a maximum aspect ratio of approximately 4.

For comparison purposes, identical roller-bending characteristics are employed in the mesh sensitivity
analyses, regarding the curving radius R = 5.00m, the steel yield stress 7/, = 355MPa, the bending length
S = 0.70m, the diameter of rolls - = 0.30m and the encapsulating angle of dies 8- = n/2. The conver-
gence study is performed by comparing the membrane residual stress/strain formations at the end of
roller-bending. The membrane residual stresses omem» are calculated by averaging stresses oxover the
thickness direction, according to Eq. (5-1). The membrane strains gnems are calculated from the strains
&xrespectively. In the case of shell elements, gmems is identical to &rat the midsurface, due to the linear
distribution of flexural strains over the thickness. Note that section results are extracted with respect to
the local Cartesian system of the elements. Indices x and z refer, respectively, to the longitudinal and
thickness directions.
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Figure 6-6: Numerical validation models.

A comparison of the membrane residual stresses and strains between the shell (initial mesh) and solid
element models, is shown in Figure 6-7. As it is evidenced, the overall distribution is similar in both
cases. The slight discrepancies in membrane stresses are attributed to the different formulations be-
tween shell and solid elements. Solid elements tend to lock when they are very thin, making them
unsuitable for bending analyses of thin structures. Shell elements are more efficient for modeling thin-
walled structures but encounter the limitation that any flexural stress/strain distributions are captured
approximately. However, scope of the numerical model is to identify the predominant membrane com-
ponent of residual stresses, which can be exploited by analysts to assess the structural behavior of

roller-bent sections.

Shell elements ---- Solid elements

0.8%

Figure 6-7: Membrane residual stresses (left) and strains (right) of the shell and solid element models.
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A comparison of the membrane residual stresses and strains between the initial and refined shell ele-
ment models, is shown in Figure 6-8. Very good convergence is evidenced in both cases; maximum
discrepancies do not exceed 3%.

Initial mesh ---- Refined mesh

0.8%

Figure 6-8: Membrane residual stresses (left) and strains (right) of the initial and refined shell element models.

Based on the results of sensitivity analyses, the shell element model employing the initial mesh size is
considered to provide sufficiently accurate results in terms of membrane residual stresses and strains
for the roller-bent CHS workpiece. Overall, a non-symmetrical residual stress layout about the bending
axis is obtained, differing significantly from the distribution of the simplified theoretical model (anti-
symmetrical). More specifically, tensile residual stresses are encountered in both the top- (elongated)
and bottom- (shortened) height of the roller-bent CHS. The magnitude of developed strains in the
shortened zone & are found slightly higher than the corresponding values of the tensioned zone &e.
The strains & and &g satisfy the fundamental strain-curvature relationship of Eq. (5-2).

6.4 PARAMETRIC ANALYSES

In this section, parametric analyses are carried out aiming at estimating the quantitative and qualitative
effects of the main roller-bending characteristics on the residual stress/strain distributions. The roller-
bending simulations are performed following the modeling considerations of Section 2. Based on the
mesh convergence study of Section 3, the verified numerical model of CHS 100 workpiece is adopted
for the parametric simulations. The CHS diameter remains constant in all cases, while the cross-sectional
thickness, the radius of curvature, the steel grade, the bending length, the diameter of rolls and the
encapsulating angle of dies are varied within an appropriate range, representing common-in-practice
roller-bending cases. The parameters are normalized with respect to the CHS diameter, in order to
obtain dimensionless results. Therefore, residual stress/strain results are presented with respect to: (i)
the thickness ratio g/t (ii) the bending ratio R/d, (iii) the yield stress #, (iv) the normalized bending
length S/d, (v) the normalized roll diameter d,/d and (vi) the encapsulating angle ..
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(b) Workpiece

(a) Bending arrangement o, (c¢) Roller die

Figure 6-9: Main roller-bending parameters.

6.4.1 Thickness ratio d/t

The thickness ratio @/t between the diameter ¢ and thickness ¢ of the CHS, is associated with the cross-
sectional stiffness and slenderness. Parametric analyses are carried out for thickness ratios equal to 14,
20 and 33, typical of Class 1 cross-sections. For comparison purposes, identical roller-bending charac-
teristics are employed in all cases, including R/d = 50, f, = 355MPa, S/d=9, d/d=3 and 6-=n/2. A
comparison of the membrane residual stresses and strains between the examined g/t ratios is shown in
Figure 6-10. The encountered residual stresses at characteristic locations of the section are given in
Table 6-2. It is observed that the locked-in stress formations vary considerably with g/t The variations
can be interpreted by considering that short in length CHS members comprise cylindrical shells, in which
transverse stresses are developed apart from the longitudinal ones under concentrated bending forces.
As cross-sections become stockier (i.e. thick-walled CHS or solid bars), the longitudinal stresses become
more prevalent and uniform over the cross-sectional width. Consequently, the theoretical assumptions
of the simplified model hold more accurately in the case of cross-sections exhibiting low g/ and perti-
nent residual stresses tend to the theoretical distribution (anti-symmetrical).

=14 === df=20 ——- d/=33 |

0'43‘6\2\:’;{‘5‘:

Figure 6-10: Membrane residual stresses (left) and strains (right), for various g/t
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Table 6-2: Membrane residual stresses of CHS for various @/t

art Compression zone Near neutral axis Tension zone
(bottom-height) (mid-height) (top-height)

14 0.42f, -0.814, 0.014,

20 0.4314, -0.821, 0.0674,

33 0.421, -0.821, 0.14f,

6.4.2 Bending ratio R/d

The bending ratio R/d, defined by the radius of curvature R with respect to the CHS diameter g, is
related with the amount of required plastic work during roller-bending. Parametric analyses are carried
out for a range of bending radii that are commonly met in curved constructional steel members. To that
effect, bending ratios equal to 30, 50 and 70 are examined, while typical characteristics are employed
regarding the thickness ratio g/t = 20, the yield stress 7/, = 355MPa, the normalized bending length S5/d
= 9, the normalized roll diameter d;/d = 3 and the encapsulating angle of dies 8- = n/2. A comparison
of the membrane residual stresses and strains between the examined bending ratios is shown in Figure
6-11. It is observed that the radius of curvature has negligible effect on the residual stress formations,
which is in agreement with the theoretical model. The developed strains at the top and bottom height
of the section are given in Table 6-3. An approximately linear variation is evidenced between strains
and the inverse of bending ratio, being in accordance with the fundamental strain-curvature relationship.

R/d=30---- R/d=50 ---- R/d="70

Figure 6-11: Membrane residual stresses (left) and strains (right), for various R/d.

Table 6-3: Developed strains of CHS for various R/d.

AR Compression zone Tension zone
(bottom-height) (top-height)
0.033 -1.7% 1.6%
0.020 -1.1% 0.9%
0.014 -0.8% 0.6%
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6.4.3 Steel yield stress f,

The yield stress £, of steel members is correlated with the magnitude of locked-in stresses, according to
the theoretical model of Timoshenko. Parametric analyses are carried out for yield stresses equal to
235MPa, 275MPa and 355MPa, which correspond to commonly used steel grades in the constructional
industry. For comparison reasons, identical roller-bending characteristics are employed in all cases, in-
cluding g/t = 20, R/d = 50, S/d =9, d/d = 3 and G- = n/2. A comparison of the membrane residual
stresses and strains between the examined steel grades, is shown in Figure 6-12. It is observed that
the yield stress does not affect the residual stress/strain distributions. The magnitude of residual stresses
is varied proportionally to 7, in all cases, being in accordance with the theoretical model.

235MPa ---- 275MPa---- 355MPa

0.9%

Figure 6-12: Membrane residual stresses (left) and strains (right), for various #.

6.4.4 Normalized bending length S/d

The normalized bending length S/d, defined by the bending length S with respect to the CHS diameter
d, is correlated with the magnitude of the induced shear force during roller-bending. Parametric analyses
are carried out for a wide range of S/d, covering most of the combinations between bending machines
and CHS workpieces that are used in the roller-bending practice. To that end, normalized bending
lengths equal to 5, 7, 9 and 11 are examined, while typical roller-bending characteristics are employed
in all cases, including g/t = 20, R/d = 50, f, = 355MPa, d;/d = 3 and 6. = n/2. A comparison of the
membrane residual stresses and strains between the examined S/d is presented in Figure 6-13. The
encountered locked-in stresses at characteristic locations of the section are given in Table 6-4. It is
observed that the locked-in stress formations vary significantly with S/d. The variations can be inter-
preted by considering that the magnitude of the induced shear force varies with bending length. As the
normalized bending length increases, lower shear stresses relative to the bending stresses are devel-
oped within the three-point-bending length. Consequently, the theoretical assumptions of the simplified
model hold more accurately in the case of higher S/d, and pertinent residual stress distributions ap-
proach the anti-symmetrical distribution. Since the locked-in formations are found dependent on both
the thickness ratio and the normalized bending length, further parametric analyses are performed for
d/tequal to 14 and 33 (typical of Class 1 cross-sections) within the examined range of S/d.
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| S =5---- Sld=7---- Sld=9--- S/d=11

Figure 6-13: Membrane residual stresses (left) and strains (right), for various S/d.

Table 6-4: Membrane residual stresses of CHS for various S/d.

S/ Compression zone Near neutral axis Tension zone
(bottom-height) (mid-height) (top-height)
5 0.507, -0.867, 0.20/,
7 0.47f, -0.857%, 0.14f,
9 0.43/, -0.827, 0.067,
11 0.37f, -0.73%, -0.04/,

6.4.5 Normalized roll diameter d./d

The normalized roll diameter d/dis defined by the diameter of bending rolls d- with respect to the CHS
diameter d. Parametric analyses are carried out for normalized roll diameters equal to 2, 3 and 4, which
are typically used by steel fabricators. For comparison reasons, identical roller-bending characteristics
are employed in all cases, namely @/t = 20, R/d = 50, f, = 355MPa, 5/d =9 and G- = n/2. A comparison
of the membrane residual stresses and strains between the examined d,/d ratios is shown in Figure
6-14. As it is observed, the residual stress formations are not affected by the diameter of bending rolls,
indicating that a similar roll-workpiece interaction is developed in the examined cases.

Stability Criteria for Hollow-Section Steel Arches
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d/d=2--— d/d=3--~ d/d=4
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Figure 6-14: Membrane residual stresses (left) and strains (right), for various d/d.

6.4.6 Encapsulating angle 6-

The encapsulating angle &e of CHS is normally equal to n/2, so induced ovalities or distortions be mini-
mized. Aiming at assessing the effect of & on the residual stress/strain formations, parametric analyses
are carried out for various bending dies comprising angles equal to n/6, n/3 and n/2, as shown in Figure
6-15. Identical roller-bending characteristics are employed in all cases, including g/t = 20, R/d = 50, f,
= 355MPa for S/d = 9 and dr/d = 3. A comparison of the membrane residual stresses and strains
between the examined & is shown in Figure 6-16. It is observed that the locked-in formations vary
significantly with the encapsulating angle, due to the varying magnitude of transverse stresses that are
developed. In the case of inadequately encapsulated sections, significantly higher residual stresses are
encountered relative to the well encapsulated ones, which are associated with large cross-sectional
ovalization. However, it should be mentioned that CHS workpieces are usually well encapsulated in
practice.

[
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0=n/6 0=mn/3 0=mn/2

Figure 6-15: Bending dies of encapsulating angles - equal to n/6, n/3 and n/2.
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Encaptulation angle: 0 =n/2 --—~ 0=n/3 --— 0=n/6

Figure 6-16: Membrane residual stresses (left) and strains (right), for various &..

6.5 RESIDUAL STRESS MODEL

In this section, results of parametric analyses are summarized, and pertinent residual stress distributions
are extracted. Among the examined parameters, the thickness ratio g/t and the normalized bending
length S/dare found to mainly affect the residual stress formations as long as workpieces are adequately
encapsulated. The residual stress distributions, obtained from the numerical analyses within the exam-
ined ranges of 14 < g/t < 33 and 5 < §/d < 11, are summarized in Table 6-5. Results are given along
the semi-perimeter of CHS, with respect to the angle ¢, which is measured from the shortened zone
clock-wisely. Linear interpolation can be employed to calculate residual stresses for intermediate values
of S/d or d/t. In the case of very stocky cross-sections (i.e. @/t < 14) that are roller-bent within large
bending machines (i.e. S/d > 11), the residual stress formations are found to be better approximated
by the theoretical model (Timoshenko, 1956).

A representative residual stress distribution can be developed on the basis of the roller-bending char-
acteristics that are encountered most commonly in practice, which are usually unknown in advance. By
averaging the residual stress formations in the typical range of d/tand S/d (Table 6-5), a characteristic
distribution is obtained. The average model satisfies the equilibrium requirement, since it comprises a
linear combination of self-equilibrated models. The numerically obtained residual stresses (Table 6-5)
and the characteristic distribution (Average) are shown expanded in Figure 6-17, with respect to the
angle @, which is measured from the shortened zone of the cross-section clock-wisely. As it is observed,
maximum deviations are encountered near the neutral axis of the cross-section. The proposed residual
stress model is shown along the CHS in Figure 6-18, and pertinent residual stress values are given in
Table 6-6.
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Table 6-5: Membrane residual stresses (with respect to £,) for various S/dand d/t.
S/d=5 Sd=7 S/d=9 Sd=11
(r;‘;) at at A/t At
14 20 33 14 20 33 14 20 33 14 20 33
0.00 0.56 0.50 0.34 048 047 0.44 042 043 042 0.36 037 0.31
0.15 0.53 049 0.35 0.45 045 0.43 0.40 0.41 0.40 0.36 0.37 0.30
0.30 045 044 0.36 0.37 0.39 0.40 0.34 036 0.35 0.31 032 0.28
0.45 0.34 036 0.33 0.28 0.31 0.33 0.25 0.28 0.29 0.23 0.24 0.23
0.60 0.18 0.23 0.26 0.16 0.19 0.22 0.14 0.16 0.20 0.12 0.14 0.16
0.75 0.03 0.07 0.13 0.02 0.05 0.09 0.01 0.02 0.08 -0.01 0.00 0.07
0.90 -0.15 -0.11 -0.03 -0.14 -0.12 -0.08 -0.14 -0.13 -0.08 -0.16 -0.15 -0.07
1.05 -0.32 -0.30 -0.21 -0.30 -0.29 -0.27 -0.31 -0.30 -0.26 -0.34 -0.33 -0.24
1.20 -0.47 -0.46 -0.39 -0.48 -0.47 -0.45 -0.50 -0.50 -0.46 -0.54 -0.53 -0.45
1.35 -0.63 -0.64 -0.55 -0.69 -0.68 -0.66 -0.73 -0.72 -0.70 -0.74 -0.76 -0.71
1.50 -0.84 -0.86 -0.81 -0.84 -0.85 -0.82 -0.81 -0.82 -0.82 -0.72 -0.73 -0.73
1.65 -0.70 -0.66 -0.57 -0.34 -0.45 -0.50 -0.08 -0.18 -0.25 0.09 0.08 0.04
1.80 -0.11 -0.19 -0.33 0.14 0.04 -0.10 0.25 0.16 0.02 0.39 0.32 0.19
1.94 0.05 -0.02 -0.09 0.16 0.09 -0.05 0.24 0.17 0.02 0.34 0.28 0.15
2.09 0.10 0.05 0.07 0.16 0.11 0.03 0.21 0.17 0.06 0.27 0.23 0.13
2.24 0.14 0.13 0.14 0.17 0.14 0.11 0.17 0.16 0.11 0.19 0.18 0.12
2.39 0.18 0.19 0.24 0.16 0.16 0.17 0.14 0.15 0.14 0.12 0.12 0.11
2.54 0.20 024 0.34 0.14 0.17 0.22 0.10 0.12 0.16 0.05 0.07 0.09
2.69 0.21 025 0.31 0.12 0.16 0.23 0.06 0.10 0.16 0.00 0.02 0.07
2.84 0.22 0.23 0.19 0.10 0.15 0.21 0.03 0.08 0.16 -0.04 -0.01 0.05
2.99 0.22 021 0.07 0.09 0.14 0.17 0.02 0.06 0.15 -0.07 -0.03 0.04
3.14 0.22 0.20 0.03 0.08 0.14 0.16 0.01 0.06 0.14 -0.07 -0.04 0.04
<
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Figure 6-17: Expansion of residual stresses distributions.
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Figure 6-18: Proposed residual stress distributions of roller-bent CHS.

Table 6-6: Proposed residual stresses along the semi-perimeter of CHS.

0] Membrane @ Membrane
(rad) stress (£) (rad) stress (£)
0.00 0.43 1.65 -0.29
0.15 0.41 1.80 0.07
0.30 0.36 1.94 0.11
0.45 0.29 2.09 0.13
0.60 0.18 2.24 0.15
0.75 0.05 2.39 0.16
0.90 -0.11 2.54 0.16
1.05 -0.29 2.69 0.14
1.20 -0.48 2.84 0.11
1.35 -0.68 2.99 0.09
1.50 -0.80 3.14 0.08

6.6 CONCLUSIONS

The membrane residual stress and strain formations of roller-bent CHS workpieces were assessed in
this section, which had not been investigated until now in the literature. An efficient computational
methodology was presented, providing the residual stress/strain formations in a reliable manner, by
means of implicit analyses accounting for geometric, contact and material nonlinearities. Similar roller-
bending simulations and pertinent residual stresses had been evaluated numerically and experimentally
in previous chapters. Mesh sensitivity analyses were first performed to verify the accuracy of the ob-
tained results, followed by parametric investigations aiming at assessing the effects of the main roller-
bending characteristics on the developed stress and strain distributions. Among the examined parame-
ters, the thickness ratio and the normalized bending length were found to mainly affect the locked-in
stress formations. Variations were evidenced between the encountered distributions and the simplified
theoretical model, same as for roller-bent sections of other shapes that have been reported in the
literature (Spoorenberg et al., 2011; Chiew et al., 2016)
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The encountered variations were interpreted by considering that CHS workpieces within the three-point-
bending length comprise short in length cylindrical shells, in which significant shear and transverse
stresses are developed that cannot be neglected (Timoshenko and Woinowsky-Krieger, 1987). As cross-
sections become stockier and the bending length increases, the residual stress formations are reasona-
bly better approximated by the theoretical model (Timoshenko, 1956). The obtained residual stress
distributions were presented within the examined range of section diameter over thickness ratio g/t and
bending length over section diameter ratio S/d that are commonly encountered in practice, namely
14 < g/t < 33 and 5 £ S/d < 11. Furthermore, internal supporting of the hollow cross-section with
mandrels or other material such as sand, would reasonably lead to residual stress formations closer to
the theoretical model. Moreover, a characteristic residual stress distribution was extracted. Such mem-
brane residual stress distributions can be exploited from analysts to assess the structural behavior of
roller-bent CHS members. Finally, results of the parametric study can be very useful for designing an
appropriate experimental testing program of residual stress measurements on roller-bent CHS speci-
mens.
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7 EFFECTS OF RESIDUAL STRESSES ON
ROLLER-BENT SECTIONS

7.1 INTRODUCTION

Metal-forming processes induce, typically, residual stresses and plastic deformations in steel members.
Systematic research regarding the effects of residual stresses on strength resistance was initiated in the
late 1940s, under the guidance of the Research Committee of the Column Research Council (Osgood,
1951; Yang et al., 1952; Beedle and Tall, 1960). The research work was continued through the early
1970s (Batterman and Johnston, 1967; Kishima et al., 1969; McFalls and Tall, 1970; Alpsten and Tall,
1970; Brozzetti et al., 1970a; Bjorhovde et al., 1972), while a large number of column tests were con-
ducted under the auspices of the European Convention for Constructional Steelwork (ECCS), in order to
provide further assurance of the results obtained from computational studies (Sfintesco, 1970; Beer and
Schultz, 1970). The presence of residual stresses was considered to affect the elastic domain of the
material, causing premature yielding of the cross-section and having considerable effect on the buckling
strength of steel members (ECCS, 1976). Based on the results of the aforementioned and supplementary
studies, the concept of column formulas was adopted in the normative provisions of most structural
steel design standards, which is enjoying popularity up to the present, as the example of the Perry-
Robertson formula (Robertson, 1925).

The strength of columns was found to be better represented by more than one column curve, thus
introducing the concept of multiple column curves in modern standards. Multiple column curves have
been developed in relevant studies of Bjorhovde and Tall (1971), Bjorhovde (1972), Beer and Schultz,
(1970), Jacquet (1970), and Sfintesco (1970), in which the buckling resistance of columns is differenti-
ated due to variations in the magnitude and distribution of residual stresses, depending on the type of
cross-section, the manufacturing process, and the material properties of steel. The Structural Stability
Research Council (SSRC) has suggested the implementation of the column curves, proposed by
Bjorhovde and Tall (1971) and Bjorhovde (1972), namely curves 1, 2, 3, 1P, 2P, and 3P. The European
Convention for Constructional Steelwork (ECCS, 1976) adopted the column curves of Beer and Schultz
(1970), Jacquet (1970), and Sfintesco (1970), comprising now part of the buckling curve formulation of
Eurocode 3, part 1-1 (CEN, 2005); this set of buckling curves, namely ao, a, b, ¢, and d, are shown in
Figure 7-1. The Canadian Standards Association (CSA, 2009) recommended the use of two column
curves, which were based on the SSRC curves 1 and 2. The American Institute of Steel Construction
(AISC), adopted the SSRC curve 2P in pertinent provisions of the Specification for Structural Steel Build-
ings (AISC, 2005).
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Figure 7-1: Eurocode 3 multiple column curves (CEN, 2005).

In this chapter, the effects of residual stresses on the structural behavior of roller-bent arches are
evaluated, using appropriate analytical expressions. To that end, reliable residual stress distributions
are implemented (Figure 7-2), emanating from the roller-bending process of Circular-Hollow-Sections
(CHS), Square-Hollow-Sections (SHS) and Rectangular-Hollow-Sections (RHS); the employed formations
have been thoroughly described in Chapter 5 and Chapter 6. Aiming at defining the elastic domain of
roller-bent sections, interaction diagrams of axial force with bending moment are developed for the
CHS, SHS, and RHS. Moreover, the effects of locked-in stresses on the inelastic critical loads of roller-
bent arches are assessed, following the general methodology of Beedle and Tall (1960). In this context,
the critical loads of CHS, SHS, and RHS arches are calculated considering that for a given force, the
section may have partly yielded prematurely due to the presence of residual stresses. Finally, the ana-
lytical results are discussed, and pertinent conclusions are extracted.

0.08 1

0517

Figure 7-2: Proposed residual stress distributions for roller-bent (a) CHS, (b) SHS,
(c) RHS (A/b = 1.50) and (d) RHS (4/b = 0.66).
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7.2  ANALYTICAL METHODOLOGY

The effect of residual stresses on the cross-sectional elastic domain can be evaluated by considering
that for any combination of normal force & and bending moment M, the total stress including locked-in
formations ors, should be lower than £, as shown in Eq. (7-1). Various residual stress models can be
implemented in pertinent calculations, depending on the examined cross-sectional shape and forming
process. However, the theoretical residual stress distribution of Timoshenko (1956), yields in a null
elastic domain, since stresses at the middle of the web have already reached the yield stress .

N M <
Z+7Z+Urs _fy (7-1)

Where, A, the cross-sectional area; I, the cross-sectional moment for in-plane or out-of-plane bending;
z, the distance from the neutral axis; o, the residual stress at position z

The effect of residual stresses on the buckling resistance of roller-bent arches can be evaluated through
the general methodology proposed by Beedle and Tall (1960). The methodology is based on the calcu-
lation of the flexural stiffness of a cross-section considering null rigidity of the yielded parts, as long as
an elastic - perfectly plastic material behavior is assumed. Reliable residual stress distributions are em-
ployed in the calculations, including the numerical and theoretical residual stress models of roller-bent
hollow sections which were presented in the previous chapters. The analytical methodology for obtaining
the in-plane and out-of-plane inelastic buckling load of arches is described next.

The axial force N of circular arches under pure compression is equal to the radial pressure g times the
curvature radius R, as shown in Figure 7-3. Well-known expressions regarding the in-plane and out-of-
plane elastic buckling forces of arches, are given by Timoshenko and Gere (1961). The in-plane buckling
load of a circular arch under uniform radial load, which is simply supported and free to rotate at the
arch ends, is given in Eq. (7-2). The out-of-plane buckling load of a circular ach under the same load,
which is simply supported and free to rotate in the principal in-plane and out-of-plane directions but
unable to rotate in torsion at the arch ends, is given in Eq. (7-3).

. El w2
in—-plane _ ~°YY _
Ner 20 = R2 ((a/Z)Z 1> (7-2)
or EI (% — a?)?
out—of—-plane _ Zz
Ner ~ Rz a?[n? + a?(El,,/C)] (7'3)

Where, £1,, the moment rigidity for in-plane bending; £Iz;, the moment rigidity for out-of-plane bend-
ing; G the torsional rigidity of the section.

gR

qR

Figure 7-3: Axial force of circular arches under radial compression.
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In order to evaluate effective bending stiffness of a cross-section including residual stresses ors, a uni-
form compressive stress oy is consider. Thus, the effective stress oes for this level of compression is
evaluated according to Eqg. (7-4).

Oeff = fy , if opstoy= fy
. 7-4
Ocff = Opstoy, If opstoy<fy (7-4)

By integrating the effective stress oer over the entire section, the associated normal force Neris calcu-
lated by Eq. (7-5).

N, zf eff dA -
1= ), s (7-5)
The corresponding average stress oaw is thus given by Eq. (7-6).

Ness
Gavg =~ (7-6)

The values of average stress gz and normal force Nesare used as reference levels to characterize the
critical inelastic slenderness of the cross-section. Based on the effective stress, the inertia of the elastic
parts of the section about the major and minor principal axis are given by Eq. (7-7) and Eq. (7-8),
respectively.

Iogs” ZL z%dydz for o.rr(y,2) < f, (7-7)

el

L™ = f y?dydz for Oerr(0,2) < fy (7-8)
Ael

The non-dimensional slenderness 1 of a steel member is defined by Eq. (7-9). Varying the non-dimen-

sional slenderness within a range between 0 and 4, which is typically met in steel structures, the corre-

sponding buckling loads are obtained.

1= I3 (7-9)

The effective critical loads for the in-plane Ncr,eff""‘p’“”e and out-of-plane Ncr,eff"”t“’f ~plane hckling
can be calculated according to Eq. (7-10) and Eq. (7-11), respectively.

yy
N in—plane _ p; in-plane Ieff
cr.eff — WNer I
yy

(7-10)

zz 2. 2 2z
N out-of-plane _ py out—of-plane Ieff . e C+a (Eleff )
creff e Il w2 C+a?(Ely) (7-11)

The minimum value of 1 is anticipated, for which the effective buckling load is equal to the supposed
normal force. For that 1, the reduction factor y of the buckling resistance can be calculated according
to Eq. (7-12).

_ Oavg

2 (7-12)
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7.3 EFFECT ON ELASTIC STRENGTH

7.3.1 Circular-Hollow-Sections

The elastic domain of roller-bent and stress-free arches, subjected to combined axial force /Vand bend-
ing moment M, is evaluated according to Eq. (7-1). Interaction diagrams N-M, regarding the in-plane
and out-plane bending of CHS arches, are shown in Figure 7-4 and Figure 7-5, respectively, employing
the proposed residual stress model (c.f. Section 6.5). Results are presented for a CHS 100x5, normalized
with respect to the elastic axial/bending capacity. Tensile axial forces, as well as in-plane bending mo-
ments that tend to open the arch (increase the radius of curvature), are denoted as positive. Notation
of the out-of-plane bending direction is not required, since residual stresses are symmetric in this case.
As it is evidenced, the presence of residual stresses reduces significantly the elastic domain. The reduc-
tion is more prevalent in the case of out-of-plane bending, since maximum residual stresses are located
near the cross-sectional mid-height.
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Figure 7-4: Interaction diagram N-M for the in-plane response of CHS.
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Figure 7-5: Interaction diagram N-M for the out-of-plane response of CHS.
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7.3.2 Square-Hollow-Sections

The elastic domain of roller-bent and stress-free SHS arches, subjected to combined axial force & and
bending moment M, is assessed, employing the proposed model of residual stresses (c.f. Section 5.5).
Interaction diagrams NV-M, regarding in-plane and out-plane bending of SHS arches, are shown in Figure
7-6 and Figure 7-7, respectively. Results are presented for an SHS 100x100x8, normalized with respect
to the elastic axial/bending capacity. The notation is same as in circular-hollow-sections. Once again,
the reduction is more prevalent in the case of out-of-plane bending, since maximum residual stresses
are located near the mid-height of SHS. The reduction is more pronounced in the case of SHS compared
to CHS, since high residual stresses are encountered at the web-to-flange junctions.
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Figure 7-6: Interaction diagram N-M for the in-plane response of SHS.
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Figure 7-7: Interaction diagram N-M for the out-of-plane response of SHS.
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7.3.3 Rectangular-Hollow-Sections

The elastic domain of roller-bent and stress-free RHS arches, subjected to combined axial force NV and
bending moment A, is assessed, employing the proposed residual stress model (c.f. Section 5.5). In-
teraction diagrams N-M for the in-plane and out-plane bending of RHS arches, comprising aspect ratio
of h/b = 1.50, are shown in Figure 7-8 and Figure 7-9, respectively. Results are presented for an RHS
120x80x8, normalized with respect to the elastic axial/bending capacity. The notation is same as in the
previous cases. The overall response is almost similar to the corresponding one of Square-Hollow-Sec-
tions.
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Figure 7-8: Interaction diagram N-M for the in-plane response of RHS (/A/b = 1.50).

Stress-free |[— — x——— 17— —— 17— — —
Roller-bent

0.5

el

M/M
(e
TN T T T I N

1

<

W
|

1
—
|

I

T
-1.5 -1 -0.5 0 0.5 1 1.5
N/N

pl

Figure 7-9: Interaction diagram N-M for the out-of-plane response of RHS (A/b = 1.50).
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Furthermore, the elastic domain of roller-bent and stress-free RHS arches, comprising an aspect ratio
h/b = 0.66, is evaluated; the characteristic residual stress distribution of roller-bent RHS (A/b = 0.66)
is employed (c.f. Section 5.5). Interaction diagrams N-M regarding in-plane and out-plane bending are
shown in Figure 7-10 and Figure 7-11, respectively. Results are presented for an RHS 80x120x8, nor-
malized with respect to the elastic axial/bending capacity. The overall response is similar to the corre-
sponding one of SHS and RHS comprising an aspect ratio of 1.50. Therefore, the cross-sectional aspect
ratio has a negligible effect on the elastic domain.
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Figure 7-10: Interaction diagram N-M for the in-plane response of RHS (4/b = 0.66).
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Figure 7-11: Interaction diagram N-M for the out-of-plane response of RHS (/4/b = 0.66).
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7.4 EFFECT ON BUCKLING LOAD

7.4.1 Circular-Hollow-Sections

The inelastic buckling resistance of roller-bent arches is assessed in this section, following the method-
ology of Beedle and Tall (1960). Critical loads for the in-plane and out-of-plane buckling of CHS arches
are shown in Figure 7-12 and Figure 7-13 respectively, including the numerical (Section 6.5) and theo-
retical (Timoshenko, 1956) residual stress distributions. Results are presented for arches of CHS 100x5,
steel grade S355, and included angle @ = n/8; relevant investigations, however, have shown that such
parameters have negligible influence on the dimensionless buckling curve results. As it is evidenced, the
presence of locked-in stresses reduces significantly the critical loads. The theoretical distribution results
in lower in-plane buckling resistances than the numerical one, since it comprises compressive values at
the CHS top-height. In both cases, the reduction of critical loads is more pronounced for out-of-plane
buckling, since the maximum residual stresses are located near the CHS mid-height, which contribute
significantly to the out-of-plane flexural resistance.

12 ] 1 1 1 1 I 1 1 1 1 ! 1 1 1 1 I 1 1 1 1 ! 1 1 1 1 ! 1 1 1 1 O
] | | | | | r
] [ [ | | \ L
1 ! ! -
- ‘ ‘ -
] | \ B
08—~ NN\ T T T T - - - ~
= ] C
5 . | \ -
£ ] | | C
§06———-— | \ -
51 . \ \ r
= . -
8 ] | \ C
04T~ T T T T T T NSNS T T T 1= - = = [ -
‘ -
] [ C
02— —— - =
1| © Numerical distribution | = N
1| © Theoretical distribution [ [ [ B
0 T T T T i T T T T i T T T T i T T T T I T T T T i T T T T
0 0.5 1 1.5 2 2.5 3
Non—dimensional slenderness
Figure 7-12: In-plane buckling resistance of roller-bent CHS arches.
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Figure 7-13: Out-of-plane buckling resistance of roller-bent CHS arches.
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7.4.2 Square-Hollow-Sections

The inelastic buckling resistance of roller-bent SHS arches is evaluated, employing the numerical (c.f.
Section 5.5) and theoretical (Timoshenko, 1956) residual stress distributions. Critical loads for the in-
plane and out-of-plane buckling of SHS arches are shown in Figure 7-14 and Figure 7-15, respectively.
Results are presented for arches of SHS 100x100x8, steel grade S355, and included angle @ = n/8, while
such parameters have negligible influence on the dimensionless buckling curve results. As it is evi-
denced, critical loads are remarkably reduced due to the presence of residual stresses, depending on
their distribution over the cross-section. Once again, the reduction is more pronounced in the case of
out-of-plane buckling, since the maximum residual stresses are located near the SHS mid-height. The
in-plane buckling results (theoretical distribution) exhibit two major load jumps, reflecting the loads for
which extensive flange yielding takes place, due to the uniform residual stresses along their length.
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Figure 7-14: In-plane buckling resistance of roller-bent SHS arches.
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Figure 7-15: Out-of-plane buckling resistance of roller-bent SHS arches.

Doctoral Thesis of Ilias D. Thanasoulas

NTUA 2020



Effects of Residual Stresses on Roller-Bent Sections 105

7.4.3 Rectangular-Hollow-Sections

The inelastic buckling resistance of roller-bent arches comprising RHS of aspect ratio 1.50, is evaluated
employing the numerical (c.f. Section 5.5) and the theoretical (Timoshenko, 1956) residual stress dis-
tributions. Critical loads regarding the in-plane and out-of-plane buckling of RHS arches (A/b = 1.50)
are shown in Figure 7-16 and Figure 7-17 respectively. Results are presented for arches of RHS
120x80x8, steel grade S355, and included angle @ = n/8, while those parameters have negligible influ-
ence on the dimensionless buckling curve results. As it is evidenced, the overall response is almost
similar to the corresponding one of square-hollow-sections.
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Figure 7-16: In-plane buckling resistance of roller-bent RHS arches (//b = 1.50).
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Figure 7-17: Out-of-plane buckling resistance of roller-bent RHS arches (//b6 = 1.50).
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Furthermore, the inelastic buckling resistance of roller-bent arches is evaluated for rectangular-hollow-
sections of aspect ratio 0.66. Once again, the corresponding numerical (Section 5.5) and theoretical
(Timoshenko, 1956) residual stress distributions of roller-bent RHS are employed. Critical loads for the
in-plane and out-of-plane buckling of RHS arches (A/6 = 0.66) are shown in Figure 7-18 and Figure
7-19 respectively. Results are presented for arches of RHS 80x120x8, steel grade S355, and included
angle g = n/8, while those parameters have negligible influence on the dimensionless buckling curve
results. The overall response is similar to the corresponding one of RHS comprising aspect ratio 1.50; it
is concluded, therefore, that the aspect ratio has a negligible effect on the dimensionless buckling loads.
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Figure 7-18: In-plane buckling resistance of roller-bent RHS arches (//b = 0.66).
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Figure 7-19: Out-of-plane buckling resistance of roller-bent RHS arches (//b = 0.66).
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7.5 CONCLUSIONS

An analytical investigation regarding the effects of residuals stresses on the in-plane and out-of-plane
behavior of roller-bent arches was carried out in this chapter, using expressions that rely on linear
analysis and employ reliable residual stress distributions. Interaction diagrams of axial force with bend-
ing moment were developed for roller-bent hollow sections, in order to define the elastic domain of the
cross-sections. It was found that the presence of residual stresses reduces significantly the elastic do-
main. The reduction is more prevalent in the case of out-of-plane bending, since maximum residual
stresses are located near the mid-height of roller-bent sections. In this case, the direction of bending
(opening or closing the arch) does not affect the response, as roller-bent residual stresses are symmetric
to the arch plane. The elastic domain of roller-bent sections was almost similar in all cases; the reduction
was slightly more pronounced in the case of SHS/RHS compared to CHS, since high residual stresses
are encountered additionally at the web-to-flange junctions. The cross-sectional aspect ratio of RHS had
a negligible effect on the elastic domain. The interaction diagrams can be directly applied in structural
engineering design practice to take into consideration the effects of cold bending in the elastic response
of arches.

Furthermore, the methodology of Beedle and Tall (1960) was adopted to obtain the inelastic buckling
loads of roller-bent arches comprising hollow sections. The calculations were performed employing both
the numerical and the theoretical residual stress distributions. The theoretical distribution was found to
yield lower in-plane buckling resistances than the numerical one, since it comprises compressive values
at the top-height of hollow sections. In both cases, the reduction of buckling strength was more pro-
nounced for out-of-plane buckling, since maximum residual stresses are located near the mid-height of
hollow sections. The presence of residual stresses had small effect on the maximum strength of very
slender arches, which exhibit buckling strengths approaching the Euler load. The overall response was
almost similar between CHS, SHS and RHS; the reduction was slightly more pronounced in the case of
SHS/RHS compared to CHS, since high residual stresses are encountered at the web-to-flange junctions.
The buckling curve results of this section are very useful to qualitatively assess the effect of residual
stresses on the inelastic buckling load of roller-bent arches, while they are not intended to be used for
design purposes, since initial imperfections and geometric non-linearities are not taken into account
here.
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8 STRUCTURAL STABILITY OF
ARCHES

8.1 INTRODUCTION

The structural stability of arches may be characterized by snap-through, in-plane, or out-of-plane buck-
ling. Snap-through buckling is usually the prevailing instability mechanism in cases of shallow arches
(low height to span ratio), which are restrained against out-of-plane displacements. In this case, the
arch stiffness is gradually reduced due to the induced axial shortening, resulting to a limit point in which
transition from compressive to tensile action occurs suddenly. The in-plane buckling is predominant in
cases of non-shallow arches, which are adequately braced against out-of-plane displacements. In this
context, either symmetric or antisymmetric mode shapes can be developed. The out-of-plane buckling
occurs in cases of arches exhibiting significant free-standing portions. This type of instability comprises
a combination of flexural and lateral-torsional buckling, and therefore is also denoted as flexural-tor-
sional buckling. Residual stresses and geometric imperfections have significant effect on the inelastic
stability of members which are subjected mainly to axial compression, as in the case of arches. In
practice, pure axial compression without moment cannot exist due to the presence of imperfections,
eccentricities, support spreading and unsymmetrical loading.

The effects of geometric imperfections and residual stresses on the stability of steel arches have been
reported in early studies conducted by Komatsu and Sakimoto (1977) and Sakimoto et al. (1979). In
this context, steel arches comprising welded box and wide-flange sections were examined, revealing
that the presence of geometric imperfections and residual stresses can cause a significant reduction on
the ultimate resistance load. The in-plane stability of steel arches was studied by Pi and Trahair (1999)
and Pi and Bradford (2004), while the out-of-plane stability was studied by Pi and Trahair (1998) and
Pi and Bradford (2005). In these studies, circular arches of I-sections were examined, and interaction
formulas of axial force with bending moment were proposed. La Poutré et al. (2013) carried out an
experimental study on the out-of-plane stability of roller-bent arches comprising wide-flange-sections.
Pertinent finite element analyses were carried out by Spoorenberg et al. (2012), and results were ex-
tracted in a column curve format that can be easily implemented in the structural design practice.
Indicative residual stress models, which were implemented in the studies of Komatsu and Sakimoto
(1977), Pi and Bradford (2004), and Spoorenberg et al. (2012), are depicted in Figure 8-1.
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Figure 8-1: Residual stress distributions of steel arches.

State-of-the-art column formulas are based on results of extensive computational studies incorporating
residual stresses and geometric imperfections, calibrated against experimental tests (Ziemian, 2010).
Appropriate buckling formulas can be developed similarly for steel arches employing the Finite Element
Method (FEM). In this context, Material Nonlinear Analyses (MNA) and Linearized Buckling Analysis
(LBA) are aimed at providing the plastic strength and the critical buckling loads of steel arches, respec-
tively. The nondimensional slenderness of arches can, thus, be determined for the in-plane and out-of-
plane buckling, as the square root of the plastic resistance divided by the corresponding critical buckling
load, according to Eqg. (8-1). Moreover, Geometric and Material Nonlinear Analyses with Imperfections
(GMNIA), are required to obtain the actual strength resistance for in-plane and out-of-plane buckling,
including geometric imperfections and residual stresses. Therefore, the reduction factor y of strength
can be determined from the actual strength resistance from GMNIA over the plastic strength resistance
from MNA, according to Eqg. (8-2).

- P,
1= |Mna
Pipa
_ Pomnia

 Puna (8-2)

(8-1)

In this chapter, the structural stability of arches is evaluated by means of finite element analyses, ac-
counting for geometry and material nonlinearities. Appropriate numerical models of arches comprising
roller-bent and stress-free Circular-Hollow-Sections (CHS) are developed in the general-purpose finite
element software ADINA (ADINA, 2017). The effects of geometric imperfections and residual stresses
are included in the developed numerical models, incorporating reliable residual distributions of CHS and
appropriate geometric tolerances of arches. Sensitivity analyses are performed, aiming at assessing the
separate and combined effects of residual stresses and geometric imperfections on the buckling strength
resistance. An extensive parametric study is carried out, in order to assess the spatial stability of arches
exhibiting various geometric dimensions. Various dimensions are examined, comprising a wide range of
arch non-dimensional slenderness, commonly encountered in practice. The results of parametric anal-
yses are presented in buckling curve diagrams, which are compared to the proposed column curves of
EN1993-1-1 (CEN, 2005).
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8.2 NUMERICAL MODELING

Steel arches of a Circular-Hollow-Sections (CHS) are modeled using 2-node Hermitian beam elements,
as shown in Figure 8-2. Appropriate axial force-strain M- and moment-curvature M-C diagrams are
introduced to the beam elements, representing reliably the cross-sectional properties of roller-bent and
stress-free CHS. The methodology of extracting the N-£ and M-C diagrams is based on finite element
simulations, accounting for material nonlinearities and the presence of residual stresses. A detailed
description of the employed procedure, along with the N-¢ and M-C diagrams, are presented in the
Appendix A.

—— Stress—free
1—— Roller—bentf

=5 0 5
£ x107

Figure 8-2: Beam element model of arch and N-¢ diagram of CHS 100x5.

8.3 VALIDATION STUDY

In this section, a validation study is performed in order to verify the accuracy of the proposed finite
element modeling. To that end, an arch comprising a CHS 100x5, radius of curvature 5.09m, and rise-
to-span ratio 0.11, is used as benchmark case to verify pertinent numerical models. In the first case,
the arch is modeled using 2-node Hermitian beam elements, following the modeling considerations of
Section 8.2. Appropriate N-¢ and M-C diagrams of a CHS 100x5 (Appendix A) are introduced to the
beam elements, incorporating an elastic-plastic material law without hardening (£ = 210GPa, /, =
355MPa) and the proposed residual stress model of roller-bent CHS. In the second case, the arch is
modeled using 4-node shell elements of 5 integration points at the element thickness direction. The
Newton-Cotes integration method is employed, since it is more effective for capturing the onset and
spread of the materially nonlinear conditions, as the integration points are on the boundaries of the
elements. The same material model and residual stress distribution is implemented, as in the case of
beam elements. The membrane residual stresses are introduced directly in the integration points of
shell elements, at the longitudinal direction of the arch axis. Rigid links are used to connect the nodes
of the edged cross-sections to their geometric centroids, in order to prescribe the boundary conditions.
Identical boundary conditions are employed in both models. Pinned supports are employed at the arch
ends for the in-plane and out-of-plane bending. The torsional degree of freedom is fixed at the arch
ends, and a lateral support is applied at the top-height of the arch, in order to increase the out-of-plane
buckling load. Numerical analyses are carried out under a uniform compressive load in the gravity di-
rection.
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Figure 8-3: Shell element model along with details of the rigid links and the residual stresses.

Material Nonlinear Analyses (MNA) and Linearized Buckling Analyses (LBA) are first performed to obtain
the plastic strength and the buckling eigenmodes respectively, using the beam and shell element mod-
els. In both cases, the plastic strength (Pwva) of the arch is found equal to 102kN, which is identical for
the roller-bent and stress-free sections, since the plastic strength is not affected by the presence of
residual stresses. The buckling eigenmodes of the arch are shown in Figure 8-4, for the beam and shell
element models. The 1% critical load (P.) is found equal to 150kN/m, comprising out-of-plane buckling,
and the 2" critical load (P2) is found equal to 159kN/m, comprising the anti-symmetrical in-plane
buckling. The buckling eigenmodes are identical for the roller-bent and stress-free sections, since the
initial tangent stiffness of the model is not affected by the presence of residual stresses. The nondimen-
sional slenderness of the arch can be determined as the square root of the plastic load divided by the
critical buckling load, which is equal to 0.80 and 0.82, for the out-of-plane and in-plane buckling re-
spectively. It should be noted that LBA provides in most cases an upper bound of the actual strength,
whereas Geometric and Material Nonlinear Analyses with Imperfections (GMNIA) are able to provide the
actual buckling resistance of steel elements.

/ Xiy /

MODE 1 ‘_

Figure 8-4: Buckling eigenmodes of beam (left) and shell (right) element models.
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Geometry and Material Nonlinear Analyses with Imperfections (GMNIA) are carried out to obtain the in-
plane and out-of-plane buckling response of roller-bent and stress-free arches using the beam and shell
element models. The Newton-Raphson and the Arc-length solution algorithms are implemented in the
analyses of beam and shell element models, respectively; the Arc-length solution algorithm is able to
provide the post-collapse response. An imperfection magnitude of the arch semi-length S over 500 is
employed, according to shape of the 15 or the 2" eigenmode for the out-of-plane and in-plane buckling,
respectively. The arch semi-length corresponds to the equivalent buckling length for the in-plane and
out-of-plane buckling, while the magnitude of imperfections is taken according to the maximum allow-
able geometric tolerances of curved members (AISC, 2016). A comparison of the equilibrium paths of
the imposed load with the out-of-plane deflection at the crown, between the shell and beam element
models of the roller-bent and stress-free CHS is shown in Figure 8-5. Pertinent equilibrium paths of the
imposed load with the vertical deflection at the crown, are compared in Figure 8-6. In both diagrams,
the imposed load is normalized with respect to the plastic strength of the arch (Pvwa = 102kN/m).
Excellent agreement is evidenced in both cases, in terms of stiffness and strength capacity.
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Figure 8-5: Comparison of the out-of-plane buckling response between shell and beam elements.
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Figure 8-6: Comparison of the out-of-plane buckling response between shell and beam elements.
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The equilibrium paths of load with in-plane deflection at the crown are compared between the shell and
beam element models of roller-bent and stress-free CHS in Figure 8-7. The imposed load is normalized
with respect to the plastic strength of the arch (Pww = 102kN/m). Excellent agreement is evidenced
between the beam and shell element models, in terms of stiffness and strength capacity.
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Figure 8-7: Comparison of the in-plane buckling response between shell and beam elements.

8.4  SENSITIVITY ANALYSES

In this section, sensitivity analyses are performed in order to assess the effects of geometric imperfec-
tions and residual stresses on the inelastic stability of arches, by means of Geometric and Material
Nonlinear Analyses with Imperfections (GMNIA). Pertinent analyses are carried out using the shell ele-
ment model of the benchmark case presented in the validation study. Numerical results are compared
in terms of load-displacement equilibrium paths.

8.4.1 Effect of geometric imperfections

Aiming at investigating the effect of geometric imperfections on the inelastic stability of roller-bent
arches, GMNI analyses are performed for various imperfection magnitudes. The shape of imperfections
is taken according to the 1tor the 2" eigenmode for the out-of-plane and in-plane buckling respectively,
while magnitudes equal to $/100, 5/500 and 5/1000 are examined. A comparison of the pertinent equi-
librium paths of imposed load with out-of-plane deflection at the crown is shown in Figure 8-8. The
equilibrium path of imposed load with vertical deflection at the crown, for the same imperfection mag-
nitudes, is shown in Figure 8-9. In both diagrams, the load is normalized with respect to the plastic
resistance of the arch obtained from MNA (Pww = 102kN/m). As it is evidenced, the ultimate strength
capacity is significantly reduced with increase of the imperfection magnitude.
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Figure 8-8: Out-of-plane buckling response for various imperfection magnitudes.
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Figure 8-9: Out-of-plane buckling response for various imperfection magnitudes.

The equilibrium paths of load with in-plane deflection at the crown are compared between the same
imperfection magnitudes in Figure 8-10. The load is normalized with respect to the plastic resistance
obtained from MNA (Pww = 102kN/m). Once again, the magnitude of imperfections has a significant
effect on the overall response of the arch, and especially on the ultimate strength capacity.
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Figure 8-10: In-plane buckling response for various imperfection magnitudes.

8.4.2 Effect of residual stresses

Aiming at investigating the effect of residual stresses on the inelastic stability of arches, GMNI analyses
are performed including or not the presence of residual stresses. To that end, the theoretical and nu-
merical residual stress distributions are examined. For comparison purposes the same imperfection
magnitude of $/500 is employed in all cases. The shape of imperfections is taken according to the 15tor
the 2" eigenmode for the out-of-plane and in-plane buckling, respectively. A comparison of the equi-
librium paths of imposed load with out-of-plane deflection at the crown between the examined cases,
is shown in Figure 8-11. The pertinent equilibrium paths of imposed load with vertical deflection at the
crown, are shown in Figure 8-12. In both diagrams, load is normalized with respect to the plastic re-
sistance of the arch obtained from MNA (Pwva = 102kN/m). As it is evidenced, the presence of residual
stresses has a significant effect on the out-of-plane buckling response, reducing the buckling strength
of the arch.
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Figure 8-11: Out-of-plane buckling response for various residual stresses.
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Figure 8-12: Out-of-plane buckling response for various residual stresses.

The equilibrium paths of load with in-plane deflection at the crown for the examined cases are shown
in Figure 8-13. The load is normalized with respect to the plastic resistance obtained from MNA (Pwva =
102kN/m). As it is evidenced, the presence of residual stresses has a less significant effect on the in-
plane buckling response.
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Figure 8-13: In-plane buckling response for various residual stresses.
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8.5 PARAMETRIC ANALYSES

In this section, a parametric study is conducted, aiming at assessing the inelastic stability of steel arches.
Parametric analyses are performed on CHS arches consisting of beam elements, following the modeling
aspects of Section 8.2. Various dimensions are examined, covering a wide range of circular arches that
are met in civil engineering applications. The cross-sectional properties of a CHS 100x5 (¢ = 100mm, ¢
= 5mm) remain constant in all cases, while the rise fand span /are varied appropriately in order to
obtain rise-to-span ratios in the range of 0.10 < £/ < 0.30 and bending ratios in the range of 10.9 <
R/d < 106.3, as shown in Table 8-1. The N-£ and M-C diagrams of a CHS 100x5 (Appendix A) are
introduced to the beam elements, incorporating the cross-sectional properties of roller-bent and stress-
free CHS. Pinned supports are employed at the arch ends for the in-plane and out-of-plane bending.
The torsional degree of freedom is fixed at the arch ends, and a lateral support is applied at the top-
height of the arch, in order to increase the out-of-plane buckling load. Material Nonlinear Analyses
(MNA) and Linearized Buckling Analyses (LBA) are first performed to obtain the plastic strength and the
buckling eigenmodes, respectively. Afterwards, the nondimensional slenderness is determined as the
square root of the plastic load divided by the critical buckling load. Geometric and Material Nonlinear
Analyses with Imperfections (GMNIA) are carried out to obtain the actual buckling strength for the in-
plane and out-of-plane buckling of the roller-bent and stress-free arches. The shape of imperfections is
taken according to the 1%t or the 2" buckling mode for the out-of-plane or the in-plane response re-
spectively, while the magnitude is typically taken equal to $/500. Parametric analyses are carried out
under uniform compressive loads in the radial direction, causing axial compression. Numerical results
regarding the out-of-plane and in-plane buckling of the arches are given in Table 8-2 and Table 8-3,
respectively.

Table 8-1: Examined arch configurations.

No. (m) /(m) R (m) 7 R/d
1 3.00 14.00 9.67 0.21 96.7
2 3.00 12.00 7.50 0.25 75.0
3 2.00 11.00 8.56 0.18 85.6
4 2.00 10.00 7.25 0.20 72.5
5 2.50 10.00 6.25 0.25 62.5
6 3.00 10.00 5.67 0.30 56.7
7 1.00 9.00 10.63 0.11 106.3
8 1.50 9.00 7.50 0.17 75.0
9 2.00 9.00 6.06 0.22 60.6
10 2.50 9.00 5.30 0.28 53.0
11 2.00 8.00 5.00 0.25 50.0
12 1.00 8.00 8.50 0.13 85.0
13 2.00 7.00 4.06 0.29 40.6
14 1.00 7.00 6.63 0.14 66.3
15 1.00 6.00 5.00 0.17 50.0
16 1.50 5.00 2.83 0.30 28.3
17 1.00 5.00 3.63 0.20 36.3
18 0.50 5.00 6.50 0.10 65.0
19 0.80 4.00 2.90 0.20 29.0
20 0.49 4.36 5.09 0.11 50.9
21 0.40 4.00 5.20 0.10 52.0
22 0.90 3.00 1.70 0.30 17.0
23 0.50 2.50 1.81 0.20 18.1
24 0.30 2.00 1.82 0.15 18.2
25 0.30 1.50 1.09 0.20 10.9
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Table 8-2: Out-of-plane buckling of roller-bent and stress-free arches under uniform radial load.

Roller-bent section Stress-free section

No. Per Prna Pemnia 7 ¥ Per Prna Pemnia 7 ¥
(kN/m) (kN/m) (kN/m) (kN/m) (kN/m) (kN/m)
1 5.5 57.5 4.7 3.23 0.08 5.5 57.5 5.2 3.23 0.09
2 8.4 74.1 7.1 2.97 0.10 8.4 74.1 7.9 2.97 0.11
3 11.3 64.9 9.0 2.40 0.14 11.3 64.9 10.3 2.40 0.16
4 15.2 76.7 12.0 2.25 0.16 15.2 76.7 13.7 2.25 0.18
5 14.5 89.0 11.8 2.48 0.13 14.5 89.0 13.3 2.48 0.15
6 12.9 98.1 10.8 2.76 0.11 12.9 98.1 12.1 2.76 0.12
7 16.7 52.3 12.0 1.77 0.23 16.7 52.3 14.2 1.77 0.27
8 20.3 74.1 15.2 1.91 0.21 20.3 74.1 17.7 1.91 0.24
9 20.7 91.7 16.1 2.11 0.18 20.7 91.7 18.5 2.11 0.20
10 18.8 104.9 15.2 2.36 0.14 18.8 104.9 17.2 2.36 0.16
11 28.3 111.2 21.9 1.98 0.20 28.3 111.2 25.2 1.98 0.23
12 25.5 65.4 17.8 1.60 0.27 25.5 65.4 21.3 1.60 0.33
13 39.1 136.9 29.9 1.87 0.22 39.1 136.9 34.6 1.87 0.25
14 40.8 83.9 27.2 1.43 0.32 40.8 83.9 32.9 1.43 0.39
15 68.6 111.2 43.1 1.27 0.39 68.6 111.2 52.6 1.27 0.47
16 103.2 196.2 70.1 1.38 0.36 103.2 196.2 84.3 1.38 0.43
17 121.6 153.4 71.1 1.12 0.46 121.6 153.4 87.2 1.12 0.57
18 91.0 85.5 45.8 0.97 0.54 91.0 85.5 55.7 0.97 0.65
19 237.5 191.7 114.7 0.90 0.60 237.5 191.7 137.5 0.90 0.72
20 148.6 109.1 66.6 0.86 0.61 148.6 109.1 79.3 0.86 0.73
21 178.3 106.9 70.8 0.77 0.66 178.3 106.9 82.5 0.77 0.77
22 477.6 327.1 216.3 0.83 0.66 477.6 327.1 253.4 0.83 0.77
23 972.8 306.8 251.0 0.56 0.82 972.8 306.8 269.8 0.56 0.88
24 1803.0 306.1 272.1 0.41 0.89 1803.0 306.1 280.8 0.41 0.92
25 4502.0 511.3 471.5 0.34 0.92 4502.0 511.3 480.5 0.34 0.94

A comparison of the out-of-plane buckling resistance, between the roller-bent and stress-free CHS
arches under radial pressure load, is shown in Figure 8-14. As it is evidenced, the geometric imperfec-
tions reduce significantly the buckling resistance of steel arches, up to approximately 38%. Moreover,
the presence of residual stresses causes an additional reduction up to approximately 12% on the out-
of-plane buckling resistance of roller-bent CHS arches.

1.2 ] 1 1 1 1 1 1 1 1 ! 1 1 1 1 ! 1 1 1 1 ! 1 1 1 1 i

1 [ \ \ \ -

] | | | | O Stress—free | [

1 T — ——r | © Roller—bent | 1

] a | B

] a \ C

8 087~~~ X\ b. i e By n

g ] '\ | -

= 4 | d L

2 0671~ [ Nt Y o \ N L e N
Q

= 8 [ -

el B -

51 ] [ C

P 04— - [ A N NS0 N N, i A —

- | ‘ -

] | \ C

02———--—~- e Bl =0 =0 oA -

. [ \ \ L

] | \ \ \ \ B

0 T T T T i T T T T I T T T T I T T T T i T T T T i T T T T
0 0.5 1 1.5 2 2.5 3

Non—dimensional slenderness

Figure 8-14: Out-of-plane buckling resistance of roller-bent and stress-free CHS arches.
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Table 8-3: In-plane buckling of roller-bent and stress-free arches under uniform radial load.

Roller-bent section Stress-free section
No. Per Puna Pemnia I ¥ Per Per Puna I ¥
(kN/m) (kN/m) (kN/m) (kN/m) (kN/m) (kN/m)
1 6.8 57.5 6.1 2.90 0.11 6.8 57.5 6.3 2.90 0.11
2 11.0 74.1 9.9 2.59 0.13 11.0 74.1 10.0 2.59 0.14
3 13.3 64.9 11.7 2.21 0.18 13.3 64.9 11.8 2.21 0.18
4 18.4 76.7 16.1 2.04 0.21 18.4 76.7 16.1 2.04 0.21
5 19.1 89.0 16.9 2.16 0.19 19.1 89.0 16.9 2.16 0.19
6 18.6 98.1 16.4 2.30 0.17 18.6 98.1 16.6 2.30 0.17
7 17.9 52.3 15.2 1.71 0.29 17.9 52.3 14.9 1.71 0.28
8 23.4 74.1 20.2 1.78 0.27 23.4 74.1 19.9 1.78 0.27
9 26.0 91.7 22.6 1.88 0.25 26.0 91.7 22.4 1.88 0.24
10 26.1 104.9 22.9 2.01 0.22 26.1 104.9 22.8 2.01 0.22
11 37.4 111.2 32.4 1.72 0.29 37.4 111.2 31.7 1.72 0.29
12 27.8 65.4 23.3 1.53 0.36 27.8 65.4 22.6 1.53 0.34
13 55.0 136.9 47.0 1.58 0.34 55.0 136.9 45.6 1.58 0.33
14 45.5 83.9 36.8 1.36 0.44 45.5 83.9 35.3 1.36 0.42
15 79.0 111.2 60.4 1.19 0.54 79.0 111.2 57.0 1.19 0.51
16 148.9 196.2 112.7 1.15 0.57 148.9 196.2 106.0 1.15 0.54
17 147.6 153.4 102.4 1.02 0.67 147.6 153.4 95.1 1.02 0.62
18 96.4 85.5 59.2 0.94 0.69 96.4 85.5 55.3 0.94 0.65
19 288.5 191.7 152.0 0.82 0.79 288.5 191.7 142.4 0.82 0.74
20 159.7 109.1 82.3 0.83 0.75 159.7 109.1 78.0 0.83 0.71
21 189.3 106.9 81.9 0.75 0.77 189.3 106.9 79.2 0.75 0.74
22 690.0 327.1 277.7 0.69 0.85 690.0 327.1 265.5 0.69 0.81
23 1187.0 306.8 270.5 0.51 0.88 1187.0 306.8 266.3 0.51 0.87
24 2050.0 306.1 275.6 0.39 0.90 2050.0 306.1 273.5 0.39 0.89
25 5561.0 511.3 476.6 0.30 0.93 5561.0 511.3 473.0 0.30 0.93

A comparison of the in-plane buckling resistance, between the roller-bent and stress-free CHS arches
under radial pressure load, is shown in Figure 8-15. It can be seen that the presence of residual stresses
has negligible effect on the in-plane buckling resistance of roller-bent CHS arches, which is mainly
affected by the presence of geometric imperfections.
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Figure 8-15: In-plane buckling resistance of roller-bent and stress-free CHS arches.
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8.6 CONCLUSIONS

The structural stability of steel arches was assessed in the present chapter, by means of finite element
analyses accounting for geometry and material nonlinearities. The effects of geometric imperfections
and residual stresses were included in the developed numerical models, incorporating reliable residual
distributions of CHS and appropriate geometric tolerances of arches. A validation study was first per-
formed for a benchmark case of an arch, in order to evaluate the accuracy of the proposed finite element
modeling. Sensitivity analyses were subsequently performed, aiming at assessing the separate and
combined effects of residual stresses and geometric imperfections on the buckling strength for the
aforementioned case. It was found that the magnitude of geometric imperfections and the distribution
of residual stresses are crucial for the determination of the in-plane and out-of-plane buckling resistance.
The reduction was more pronounced in the case of out-of-plane buckling, since the maximum residual
stresses of roller-bent arches are located near the cross-sectional mid-height, which contributes signif-
icantly to the out-of-plane flexural resistance.

An extensive parametric study was performed in order to assess the spatial stability of steel arches
exhibiting various geometric dimensions. Several arches that are not prone to snap-through buckling
were examined, comprising a wide range of rise-to-span ratio 7/ and bending ratio R/d that are com-
monly encountered in practice, namely 0.10 < //< 0.30 and 10.9 < R/d < 85.6. A systematic method-
ology consisting of MNA, LBA and GMNIA was employed to obtain the non-dimensional slenderness 1
and the normalized buckling resistance y for the in-plane and out-of-plane buckling of both roller-bent
and stress-free sections. Results were plotted in a column curve format and compared to the European
column curves, namely “ao”, “a”, “b"”, “c”, and “d " It was found that the presence of geometric imper-
fections reduces significantly the buckling resistance of steel arches (up to 38% for A = 1.0). Moreover,
the presence of residual stresses causes an additional reduction on the out-of-plane buckling resistance
of roller-bent CHS arches (up to 12% for A = 1.0). Finally, the effect of residual stresses on the in-plane
buckling resistance of roller-bent CHS arches is found negligible.

REFERENCES
ADINA R&D Inc. (2017). Theory and modeling guide. Watertown, MA, USA.

AISC (2016). Code of Standard Practice for Steel Buildings and Bridges. American Institute of Steel
Construction, Chicago, IL.

CEN (2005). Eurocode 3: Design of Steel Structures, Part 1-1: General Rules and Rules for Buildings,
EN 1993-1-1. Comité Européen de Normalisation (CEN), European Committee for Standardiza-
tion Brussels, Belgium.

Komatsu, S., and Sakimoto, T. (1977). “Ultimate Load Carrying Capacity of Steel Arches.” ASCE J.
Struct. Div., vol. 103, pp. 2323-2336.

La Poutré, D. B. La, Spoorenberg, R. C., Snijder, H. H., and Hoenderkamp, J. C. D. (2013). “Out-of-
plane stability of roller bent steel arches - An experimental investigation.” Journal of Construc-
tional Steel Research, vol. 81, pp. 20-34.

Pi, Y.-L., and Bradford, M. A. (2004). “In-Plane Strength and Design of Fixed Steel I-Section Arches.”
Eng. Struct., vol. 26, pp. 291-301.

Pi, Y.-L., and Bradford, M. A. (2005). “Out-of-Plane Strength Design of Fixed Steel I-Section Arches.”
ASCE J. Struct. Eng., vol. 131, pp. 560-568.

Pi, Y.-L., and Trahair, N. S. (1998), “Out-of-Plane Inelastic Buckling and Strength of Steel Arches,”
ASCE J. Struct. Eng., vol. 124, pp. 174-183.

Stability Criteria for Hollow-Section Steel Arches



122 Chapter 8

Pi, Y.-L., and Trahair, N. S. (1999). “In-Plane Buckling and Design of Steel Arches.” ASCE J. Struct.
Eng., vol. 125, pp. 1291-1298.

Sakimoto, T., Yamao, T., and Komatsu, S. (1979). “"Experimental Study on the Ultimate Strength of
Steel Arches.” Proc. Jpn. Soc. Civ. Eng., No. 286, pp. 139-149.

Spoorenberg, R. C., Snijder, H. H., Hoenderkamp, J. C. D., and Beg, D. (2012). “Design rules for out-
of-plane stability of roller bent steel arches with FEM.” Journal of Constructional Steel Research,

vol. 79, pp. 9-21.

Timoshenko, S. P. (1956). Strength of Materials Part II - Advanced Theory and Problems, 3™ Ed., D.
Van Nostrand Company, New York, NY.

Ziemian, R. D. (Ed.) (2010). Guide to Stability Design Criteria for Metal Structures. John Wiley & Sons,
Inc., United States of America.

Doctoral Thesis of Ilias D. Thanasoulas NTUA 2020



O DESIGN CRITERIA FOR
THE STABILITY OF ARCHES

9.1 INTRODUCTION

Several design methods for evaluating the structural adequacy of steel arches are based on normative
provisions of straight members. Such methods are very popular in the structural design practice due to
their simplicity, as second-order analyses are usually not required. A state-of-the-art design procedure
is described in the Curved Member Design (Dowswell, 2018), in which design equations of the Specifi-
cation for Structural Steel Buildings (AISC, 2016) are employed. A similar design methodology is pro-
posed by King and Brown (2001), based on the requirements of BS 5950-1 (BSI, 2001) with appropriate
modifications to account for the effects of curvature. Relevant design formulas are also given in the
SSRC Guide (Ziemian, 2010), which were originally developed by Pi and Trahair (1999) and Pi and
Bradford (2004) for in-plane strength, and by Pi and Trahair (1998) and Pi and Bradford (2005) for out-
of-plane strength. The accuracy of such desigh methods is mainly dependent on the existence of suitable
buckling curves, accounting for reliable residual stress distributions and representative geometric im-
perfection magnitudes. Pertinent design parameters have been proposed by Spoorenberg et al. (2012),
regarding the out-of-plane buckling of arches comprising roller-bent wide-flange-sections.

In the present chapter, suitable buckling curves are developed regarding the spatial stability of steel
arches comprising hollow sections. The lateral-torsional buckling is not critical in hollow sections and
therefore buckling curves are developed for the flexural in-plane and out-of-plane buckling under axial
compressive load. The column curve formulation of EN 1993-1-1 (CEN, 2005) is employed to obtain the
appropriate values of imperfection parameters, based on relevant parametric analyses accounting for
geometric and material nonlinearities. The effects of residual stresses and geometric imperfections are
included in the numerical models, incorporating residual distributions of roller-bent CHS and geometric
tolerances of curved members. Circular arches of various geometric dimensions are examined, corre-
sponding to non-dimensional slendernesses that are typically met in structural engineering applications.
The examined cases are not prone to snap-through buckling, according to the pertinent criteria of EN
1993-1-1. The structural design of arches can be facilitated by implementing the proposed buckling
curves, associated with appropriate interaction equations, in which the axial and flexural strength re-
sistances are calculated independently.

Stability Criteria for Hollow-Section Steel Arches
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9.2 METHODOLOGY

The non-dimensional slenderness 1 and the normalized buckling strength y of steel arches can be ob-
tained using the Finite Element Method (FEM). To that effect, Material Nonlinear Analyses (MNA) and
Linearized Buckling Analyses (LBA) are aimed at providing the plastic strength Pwwa and the critical
buckling load P.s4, respectively; the nondimensional slenderness is determined as the square root of the
plastic load Pwna divided by the critical buckling load P.s4. Geometric and Material Nonlinear Analyses
with Imperfections (GMNIA) are required to obtain the actual buckling strength Psmnia for the in-plane
and out-of-plane buckling of arches, accounting for reliable residual stress distributions and representa-
tive geometric imperfection magnitudes; the normalized buckling strength y is determined as the buck-
ling resistance Psmna normalized with respect to the plastic strength Pwwa4 of the arch. The European
column curve formulation, as described in EN 1993-1-1, can be employed to relate the non-dimensional
slenderness 1 to the normalized buckling strength x, as function of the generalized imperfection param-
eter n, according to Eq. (9-1) and Eq. (9-2).

1
sz,but)(s 1.0 (9-1)
@ =051+n+1% (9-2)

The generalized imperfection n considers all relevant imperfections, such as geometric tolerances and
residual stresses. It can be expressed as function of the non-dimensional slenderness 1 and the nor-
malized buckling strength y, as shown in Eq. (9-3).

n=)((X—12+)7)—1—ZZ (9-3)

Aiming at obtaining the generalized imperfection 7 based on the results of FEM, Eq. (9-3) is transformed
as following:

PGMNIA PMNA 2 PMNA PMNA
n= + -1-
Pyna

(9-4)

PGMNIA PLBA PLBA

A nonlinear expression for the generalized imperfection n, as function of the imperfection factor g, the
order 3, the non-dimensional slenderness 1, and the parameters 4, 4, is given by:

n=a[(A-2)F-2,]=0 (9-5)

I/8\Y

A linear formula of 17 is adopted for the column curves of EN1993-1-1, namely “a¢”, “a”, “b”, “c”, and
“d”, according to Eq. (9-6).

n=a(l-1,)=0 (9-6)

Selection of the appropriate buckling curve depends on the buckling plane and the member’s cross-
sectional shape and steel grade. Values of the imperfection factor ¢ for the multiple column curves of
EN1993-1-1 are shown in Table 9-1. The parameter 1, corresponds to the value of non-dimensional
slenderness below which the presence of imperfections has null effect on the strength resistance. The
parameter 1, is set to 0.2 for columns, irrespective of the column curve.

Table 9-1: Imperfection factor @ for column curves according to EN1993-1-1.

Column curve ao a b c d
Imperfection value g 0.13 0.21 0.34 0.49 0.76
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9.3 BUCKLING CURVES

Following the aforementioned methodology, appropriate buckling curves are developed for steel arches
comprising hollow sections. Based on a relevant parametric study (c.f. Chapter 8), circular arches of
various geometric dimensions are examined, covering a wide range of rise-to-span ratio 7//and bending
ratio R/dthat are commonly encountered in practice, namely 0.10 < //< 0.30 and 10.9 < R/d < 106.3.
Results regarding the out-of-plane buckling are summarized in Table 9-2. The diagram of generalized
imperfection 7 and non-dimensional slenderness for the roller-bent and stress-free sections is shown in
Figure 9-1. A linear correlation is found between 17 and 1 in both cases. Results regarding in-plane
buckling are summarized in Table 9-3. The diagram of generalized imperfection 17 and non-dimensional
slenderness for the roller-bent and stress-free sections is shown in Figure 9-2. The generalized imper-
fection 7 and the non-dimensional slenderness 1 are linearly correlated regarding the stress-free CHS.
On the contrary, a nonlinear correlation is found between 7 and 1 in the case of roller-bent CHS. This
can be interpreted by considering that residual stresses induce premature yielding of arches exhibiting
low values of 1 (material yield is critical). This results in axial shortening of the arch that causes addi-
tional in-plane bending moments, reducing reasonably the in-plane buckling strength.

Table 9-2: Out-of-plane buckling of roller-bent and stress-free arches under uniform radial load.

Roller-bent section Stress-free section
No. = -
A X n a A X n a
1 3.23 0.08 1.75 0.58 3.23 0.09 0.65 0.20
2 2.97 0.10 1.51 0.55 2.97 0.11 0.54 0.18
3 2.40 0.14 1.25 0.57 2.40 0.16 0.47 0.20
4 2.25 0.16 1.14 0.56 2.25 0.18 0.46 0.21
5 2.48 0.13 1.22 0.54 2.48 0.15 0.47 0.19
6 2.76 0.11 1.30 0.51 2.76 0.12 0.47 0.17
7 1.77 0.23 0.93 0.59 1.77 0.27 0.40 0.23
8 1.91 0.21 0.97 0.57 1.91 0.24 0.40 0.21
9 2.11 0.18 1.04 0.54 2.11 0.20 0.42 0.20
10 2.36 0.14 1.13 0.52 2.36 0.16 0.43 0.18
11 1.98 0.20 0.93 0.52 1.98 0.23 0.37 0.19
12 1.60 0.27 0.81 0.58 1.60 0.33 0.35 0.22
13 1.87 0.22 0.85 0.51 1.87 0.25 0.34 0.18
14 1.43 0.32 0.69 0.56 1.43 0.39 0.30 0.21
15 1.27 0.39 0.59 0.55 1.27 0.47 0.26 0.20
16 1.38 0.36 0.58 0.49 1.38 0.43 0.24 0.18
17 1.12 0.46 0.48 0.52 1.12 0.57 0.21 0.19
18 0.97 0.54 0.43 0.56 0.97 0.65 0.21 0.21
19 0.90 0.60 0.35 0.50 0.90 0.72 0.17 0.18
20 0.86 0.61 0.35 0.54 0.86 0.73 0.18 0.20
21 0.77 0.66 0.31 0.53 0.77 0.77 0.16 0.21
22 0.83 0.66 0.28 0.45 0.83 0.77 0.14 0.16
23 0.56 0.82 0.16 0.46 0.56 0.88 0.10 0.18
24 0.41 0.89 0.11 0.50 0.41 0.92 0.08 0.18
25 0.34 0.92 0.08 0.55 0.34 0.94 0.06 0.17
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Figure 9-1: Generalized imperfection curves for the out-of-plane buckling.

Table 9-3: In-plane buckling of roller-bent and stress-free arches under uniform radial load.

Roller-bent section

Stress-free section

No. = =
A X n a A X n a
1 2.90 0.11 0.89 0.11 2.90 0.11 0.71 0.24
2 2.59 0.13 0.69 0.11 2.59 0.14 0.58 0.23
3 2.21 0.18 0.56 0.11 2.21 0.18 0.53 0.24
4 2.04 0.21 0.47 0.11 2.04 0.21 0.47 0.23
5 2.16 0.19 0.49 0.10 2.16 0.19 0.48 0.22
6 2.30 0.17 0.58 0.11 2.30 0.17 0.53 0.23
7 1.71 0.29 0.36 0.11 1.71 0.28 0.42 0.24
8 1.78 0.27 0.36 0.11 1.78 0.27 0.41 0.23
9 1.88 0.25 0.40 0.11 1.88 0.24 0.43 0.23
10 2.01 0.22 0.44 0.11 2.01 0.22 0.45 0.23
11 1.72 0.29 0.33 0.10 1.72 0.29 0.38 0.22
12 1.53 0.36 0.30 0.11 1.53 0.34 0.36 0.23
13 1.58 0.34 0.28 0.10 1.58 0.33 0.34 0.22
14 1.36 0.44 0.24 0.11 1.36 0.42 0.31 0.23
15 1.19 0.54 0.20 0.11 1.19 0.51 0.26 0.22
16 1.15 0.57 0.18 0.10 1.15 0.54 0.25 0.21
17 1.02 0.67 0.15 0.10 1.02 0.62 0.22 0.21
18 0.94 0.69 0.17 0.12 0.94 0.65 0.23 0.25
19 0.82 0.79 0.12 0.10 0.82 0.74 0.18 0.22
20 0.83 0.75 0.16 0.13 0.83 0.71 0.20 0.25
21 0.75 0.77 0.17 0.15 0.75 0.74 0.20 0.27
22 0.69 0.85 0.11 0.10 0.69 0.81 0.14 0.21
23 0.51 0.88 0.10 0.11 0.51 0.87 0.12 0.23
24 0.39 0.90 0.10 0.11 0.39 0.89 0.10 0.27
25 0.30 0.93 0.07 0.08 0.30 0.93 0.07 0.24
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Figure 9-2: Generalized imperfection curves for the in-plane buckling

Aiming at proposing appropriate design formulas of the imperfection parameter 7, the obtained results
are approximated via regression equations. Linear regression is employed for the out-of-plane buckling
of both roller-bent and stress-free sections. A parameter 1, of 0.20 and a mean imperfection factor a
of 0.53 with standard deviation equal to 0.037 are proposed in the former case, while a mean imper-
fection factor g of 0.19 with standard deviation 0.016 are proposed in the latter case. Second-order
regression is employed for the in-plane buckling of roller-bent CHS, using a parameter 1, of -0.80, a
parameter 1, of 0.20 and an imperfection factor g of 0.11 with standard deviation equal to 0.013. Linear
regression is employed for the in-plane buckling of stress-free CHS, using a mean imperfection factor a
of 0.23 with standard deviation equal to 0.016. The proposed design equations for the in-plane and out-
of-plane buckling of roller-bent and stress-free sections are summarized in Table 9-4. The proposed
imperfection parameter diagrams and pertinent buckling curves are shown in Figure 9-3 and Figure
9-4, respectively.

Table 9-4: Proposed imperfection parameter 7.

Section

Out-of-plane buckling

In-plane buckling

Roller-bent
Stress-free

0.53(1—0.20) =0
0.191 >0

0.11[(1 — 0.20)2 + 0.80] = 0
0.231>0
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Figure 9-3: Proposed imperfection diagrams for out-of-plane (left) and in-plane (right) buckling.
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Figure 9-4: Proposed design buckling curves for out-of-plane (left) and in-plane (right) buckling.

9.4 CONCLUSIONS

In this chapter, the column curve formulation of EN 1993-1-1 is employed to determine appropriate
values of design parameters for the spatial stability of steel arches. Based on the results of a relevant
parametric study (c.f. Chapter 8), the generalized imperfection parameter nis calculated from the non-
dimensional slenderness 1 and the normalized reduction factor y for circular arches of CHS under axial
compression loading. Several arches that are not prone to snap-through buckling are examined, com-
prising a wide range of rise-to-span ratio 7/ and bending ratio R/d that are commonly encountered in
practice, namely 0.10 < 7/ < 0.30 and 10.9 < R/d < 85.6. A linear correlation is found between n and
A regarding the out-of-plane buckling of both roller-bent and stress-free sections. The 7 and 1 are
linearly correlated regarding the in-plane buckling of stress-free sections, in contrast to roller-bent sec-
tions; in the latter case, residual stresses induce premature yielding of arches exhibiting low values of
A (material yield is critical), resulting in axial shortening that causes additional vertical deflections and
reduces the in-plane buckling resistance. Appropriate design formulas and pertinent buckling curves are
proposed for the in-plane and out-of-plane buckling of roller-bent and stress-free sections. These guide-
lines can be implemented in the structural design practice of hollow section steel arches, as the effects
of residual stresses are similar among them (c.f. Chapter 7).
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10 SUMMARY AND CONCLUSIONS

10.1 EXTENDED SUMMARY

Objective of the present dissertation is to gain insight in the structural behavior of steel arches compris-
ing hollow cross-sections. Curved steel members are typically manufactured from initially straight mem-
bers which are subjected to bending in order to meet the desired curvature. The roller-bending process
is the most common and cost-effective method for curving constructional steel members in the fabrica-
tion industry. It is a cold-forming process, in which a workpiece is passed iteratively through a three-
roller-bending machine. Residual stresses, or commonly called “locked-in" stresses, along with signifi-
cant plastic deformations, are induced to the material during cold-forming. A theoretical distribution of
the residual stresses emanating from the inelastic bending of beams is given by Timoshenko, based on
simplifications, such as the development of plane stress conditions without shear. Limited research work
is found on the residual stresses and the mechanical properties emanating from roller-bending, as well
as their effects on the spatial stability of arches. Pertinent research studies were found only for wide-
flange-section arches, in which the importance of such parameters was highlighted. The present doc-
toral thesis aims at bridging this gap, by investigating the structural behavior of roller-bent arches com-
prising hollow sections. In order to achieve this goal, a combined experimental, numerical and analytical
methodology is implemented during the whole research work.

A state-of-the-art experimental study regarding the in-plane behavior of roller-bent arches comprising
Rectangular-Hollow-Sections was presented. Twelve roller-bent specimens, grouped in two sets of cur-
vatures, were examined under compression and tension loading. Appropriate dimension measurements
were undertaken, aiming at evaluating the encountered geometric imperfections due to roller-bending.
The material properties were obtained through tensile coupon tests, machined prior to the curving
process, in order to avoid the effects of roller-bending on steel properties. Overall, excellent repeatability
was observed between the test results, in terms of load-displacement equilibrium paths, developed
deformations and failure mechanisms. The arches under compression demonstrated a gradually soften-
ing response, even for low levels of loading, in contrast to the arches under tension. Therefore, the
loading direction affected significantly the stress-strain response of the material and thus, it was con-
cluded that the roller-bent arches in predominant compression exhibited premature yielding due to the
Bauschinger effect. The failure mode of the arches under compression was dominated by yielding at
crown due to the developed bending moment, accompanied by the inelastic local buckling of the top
flange. On the other hand, an increasing resistance was encountered in the arches under tension, at-
tributed to the steel hardening effect, as the load was carried in axial tension after yielding of arches at
crown.
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Subsequently, detailed finite element simulations of the experimental tests were performed. In order to
maintain an acceptable level of accuracy and at the same time reduce the computational effort, the
finite element simulation was conducted in three successive phases, including the explicit roller-bending
formation process, the configurations of hinge support and loading cylinders, as well as the compressive
and tensile loading tests. A non-symmetrical residual stress layout about the cross-sectional bending
axis was obtained from roller-bending simulations, differing significantly from the anti-symmetrical dis-
tribution of the theoretical model. Remarkable stress concentrations were located at the edges of the
bottom flange. The bending curvature had an insignificant effect on the residual stress formations,
similar to the Timoshenko theory. Experimental and numerical results were compared in terms of load-
displacement equilibrium paths, strain-gauge measurements and deformed shapes, providing good
quantitative and qualitative agreement. The roller-bent arches exhibited an increased yield strength
compared to numerical analyses, attributed to the strain aging effect, which is encountered when steel
is deformed plastically and then allowed for a period to age in room temperature. A preliminary assess-
ment of the roller-bending influence on the structural behavior of arches was performed through a direct
comparison between identical roller-bent and stress-free numerical models under various loading con-
ditions. In this context, the effect of residual stresses on the overall response of arches was found small,
exhibiting a varying effect up to 10% depending on the developed axial-bending interaction.

Since the developed numerical models were validated and the accuracy of the finite element analyses
was verified, the effects of the main roller-bending characteristics on the residual stress/strain for-
mations of roller-bent hollow sections were assessed, following a comprehensive parametric study.
Among the examined parameters, the thickness ratio and the bending length were found to mainly
affect the locked-in stress formations of Circular-Hollow-Sections (CHS), Square-Hollow-Sections (SHS)
and Rectangular-Hollow-Sections (RHS). Variations were evidenced between the encountered distribu-
tions and the simplified theoretical model, same as for roller-bent wide-flange sections that have been
reported in the literature. More specifically, tensile residual stresses were encountered in both the top-
(elongated) and bottom- (shortened) height of the roller-bent hollow sections, along with stress-con-
centrations at the web-to-flange junctions. The magnitude of developed strains in the shortened zone
was found slightly higher than the corresponding values of the tensioned zone. The encountered varia-
tions were interpreted by considering that workpieces within the three-point-bending length comprise
short in length members, in which significant shear and effects of plates/shells are developed, that
cannot be neglected. As cross-sections become stockier and the bending length increases, the residual
stress formations were reasonably better approximated by the theoretical model. Moreover, character-
istic residual stress distributions were proposed for roller-bent circular, square and rectangular hollow
sections. Such membrane residual stress distributions can be exploited from analysts to assess the
structural behavior of roller-bent members.

An analytical investigation regarding the effects of residuals stresses on the behavior of roller-bent
arches was carried out next, using expressions that rely on linear analysis and employ the reliable
residual stress distributions that have been assessed previously. Aiming at defining the elastic domain
of roller-bent sections, interaction diagrams of axial force with bending moment were developed for the
CHS, SHS, and RHS. It was found that the presence of residual stresses reduces significantly the elastic
domain of hollow cross-sections. The reduction is more prevalent in the case of out-of-plane bending,
since maximum residual stresses are located near the mid-height of roller-bent CHS, SHS, and RHS. The
elastic domain of hollow sections was almost similar in all cases; the reduction was slightly more pro-
nounced in the case of SHS/RHS compared to CHS, since high residual stresses were encountered at
the web-to-flange junctions. The cross-sectional aspect ratio of rectangular sections had a negligible
effect on the elastic domain. The interaction diagrams can be directly applied in structural engineering
design practice, in order to take into account the effects of cold bending in the elastic response of the
cross-sections.
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Furthermore, an analytical methodology was employed to calculate the inelastic buckling loads of roller-
bent arches comprising hollow sections. The calculations were performed, implementing comparatively
the numerical and theoretical residual stress distributions of roller-bent CHS, SHS and RHS arches. The
theoretical distribution was found to yield lower in-plane buckling loads than the numerical one, since
the former comprises compressive values at the cross-sectional top-height. In both cases, the reduction
of critical load was more pronounced for out-of-plane buckling, since maximum residual stresses are
located near the mid-height of roller-bent CHS, SHS and RHS. The presence of residual stresses had
small effect on very slender arches, which exhibit buckling loads approaching the Euler load. The overall
response was almost similar between CHS, SHS and RHS; the reduction was slightly more pronounced
in the case of SHS/RHS compared to CHS, since high residual stresses are encountered at the web-to-
flange junctions. The inelastic buckling loads are very useful to qualitatively assess the effect of residual
stresses on the stability of roller-bent arches, while they are not intended to be used for design pur-
poses, since initial imperfections and geometric non-linearities are not taken into account.

State-of-the-art design column formulas are based on results of extensive computational studies incor-
porating residual stresses and geometric imperfections. Appropriate buckling formulas can be developed
similarly for steel arches employing the Finite Element Method (FEM). To that end, finite element anal-
yses of circular-hollow-section arches were carried out, accounting for geometry and material non-
linearities, as well as, incorporating reliable locked-in distributions and appropriate geometric tolerances.
A validation study was first performed for an arch benchmark case in order to evaluate the accuracy of
the proposed finite element modeling, followed by sensitivity analyses aiming at assessing the separate
and combined effects of residual stresses and geometric imperfections on the strength resistance. It
was found that the magnitude of geometric imperfections and the distribution of residual stresses are
crucial for determining the in-plane and out-of-plane buckling resistance. The reduction was more pro-
nounced in the case of out-of-plane buckling, since the maximum residual stresses of roller-bent arches
are located near the cross-sectional mid-height, which contributes significantly to the out-of-plane flex-
ural resistance. An extensive parametric study was performed in order to assess the spatial stability of
steel arches exhibiting various geometric dimensions. Several arches that are not prone to snap-through
buckling were examined, comprising a wide range of arch non-dimensional slenderness, commonly en-
countered in the civil engineering practice.

A systematic methodology was employed to obtain the non-dimensional slenderness and the normalized
buckling resistance for the in-plane and out-of-plane buckling of both roller-bent and stress-free arches.
Results were plotted in a column curve format and compared to the European column curves. It was
found that the presence of geometric imperfections reduces significantly the buckling resistance of steel
arches, up to approximately 38%. Moreover, the presence of residual stresses causes an additional
reduction on the out-of-plane buckling resistance of roller-bent CHS arches, up to approximately 12%.
The effects of residual stresses on the in-plane buckling resistance of roller-bent CHS arches were found
negligible. The column curve formulation of EN 1993-1-1 was employed to determine appropriate values
of design parameters for the spatial stability of steel arches. Based on the results of parametric analyses,
design formulas for the generalized imperfection parameter were developed via regression equations.
Linear correlations were found for the out-of-plane imperfection parameter of both roller-bent and
stress-free CHS arches, as well as, the in-plane imperfection parameter of stress-free arches, while a
non-linear correlation was found for the in-plane buckling of roller-bent arches. Finally, appropriate
buckling curves were proposed for the in-plane and out-of-plane buckling of roller-bent and stress-free
CHS arches. These guidelines can be reliably implemented in the structural design practice of steel
arches comprising hollow sections, since the effects of residual stresses are similar between CHS, SHS
and RHS, according to the analytical results.
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10.2 CONCLUDING REMARKS

The main conclusions, extracted in the frame of the present dissertation, are summarized as following:

Limited research work is available in the literature, regarding the residual stresses and mechanical
properties emanating from roller-bending, as well as their effects on the spatial stability of arches.
Pertinent research studies are found only for wide-flange-section arches.

Roller-bent arches under compression loading exhibit premature yielding, in contrast to the corre-
sponding arches under tensile loading. The loading direction affects significantly the stress-strain
response of roller-bent arches due to the Bauschinger effect.

Roller-bent arches exhibit increased yield strength and decreased ductility, attributed to the strain
aging effect. The strain aging effect is encountered when steel is deformed plastically and then al-
lowed for a period to age in room temperature.

The residual stress formations of roller-bent hollow cross-sections vary from the theoretical distribu-
tion. Variations are attributed to the simplifications of the theoretical model, assuming plane stress
conditions without shear stresses.

Tensile residual stresses are encountered in top and bottom height of roller-bent hollow sections,
along with stress-concentrations at the web-to-flange junctions. Workpieces within the three-point-
bending length comprise short-in-length members, exhibiting large shear and effects of plates/shells.

The thickness ratio and the bending length affect the locked-in stress formations of roller-bent hollow
sections. As cross-sections become stockier or the bending length increases, residual stresses are
better approximated by the theoretical model.

The presence of residual stresses causes a reduction in the elastic domain of hollow cross-sections.
The reduction is more prevalent in the case of out-of-plane bending, since maximum residual stresses
are located near the mid-height of roller-bent CHS, SHS, and RHS.

The presence of residual stresses causes a reduction in the inelastic critical loads of hollow-section
arches. Once again, the reduction is more prevalent in the case of out-of-plane bending, since max-
imum residual stresses are located near the mid-height of roller-bent CHS, SHS, and RHS.

Reduction of the elastic domain and the inelastic critical loads is almost similar between CHS, SHS
and RHS. The reduction is slightly more pronounced in the case of SHS/RHS compared to CHS, since
high residual stresses are encountered additionally at the web-to-flange junctions.

The theoretical residual stress model results in lower in-plane buckling loads than the numerical one,
since the former comprises compressive values at the cross-sectional top-height. In both cases, buck-
ling loads approach the Euler load for very slender arches.

State-of-the-art design buckling formulas can be developed for steel arches, based on the results of
nonlinear finite element analyses, incorporating reliable locked-in distributions and appropriate geo-
metric tolerances.

The magnitude of geometric imperfections and the distribution of residual stresses are crucial for
determining the appropriate imperfection parameters for the in-plane and out-of-plane buckling re-
sistance of steel arches.

The presence of geometric imperfections reduces significantly the out-of-plane buckling resistance of
steel arches, up to approximately 38%. Moreover, the presence of residual stresses causes an addi-
tional reduction on the out-of-plane buckling resistance of roller-bent arches, up to approx. 12%.

The presence of geometric imperfections reduces significantly the in-plane buckling resistance of steel
arches, up to approximately 38%. The presence of residual stresses has a negligible effect on the in-
plane buckling resistance of arches.
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10.3 RESEARCH CONTRIBUTION AND INNOVATION

The innovations and contributions of the present dissertation to the advancement of engineering science
and design practice can be summarized as following:

Results of experimental tests on roller-bent steel arches were presented, providing qualitative under-
standing and quantitative evaluation of the structural response (Thanasoulas et al., 2018).

Detailed numerical simulations of the experimental tests were included, demonstrating useful mod-
eling features that can prove beneficial for researchers (Thanasoulas et al., 2018)

Extensive parametric studies were conducted to evaluate the parameters affecting the residual stress
formations of roller-bent hollow sections. Results can be useful for designing appropriate experi-
mental programs of residual stress measurements on roller-bent members.

Residual stress models were proposed for roller-bent CHS, SHS, and RHS. Pertinent models can be
exploited from analysts to assess the structural behavior of roller-bent members (Thanasoulas and
Gantes, 2020a; Thanasoulas and Gantes, 2018).

Interaction diagrams of axial force with bending moment were developed for roller-bent hollow sec-
tions. The interaction diagrams can be directly applied in structural engineering design practice to
take into consideration the effects of cold bending in the elastic response of arches.

Inelastic critical buckling loads were provided for roller-bent arches comprising hollow sections. The
results are very useful to qualitatively assess the effect of residual stresses on the inelastic buckling
load of roller-bent arches, while they are not intended to be used for design purposes.

Appropriate buckling formulas were proposed for the spatial stability of hollow-section steel arches,
via regression equations. The buckling curves can be reliably implemented in the structural design
practice according to modern structural design standards (Thanasoulas and Gantes, 2020b).

10.4 SUGGESTIONS FOR FUTURE RESEARCH

Based on the present dissertation, some suggestions for future research are summarized next:

Execution of an appropriate experimental program, including residual stress measurements on roller-
bent hollow sections. Relevant locked-in stress measurements are currently available only for roller-
bent wide-flange-sections.

Implementation of more sophisticated material models in the finite element simulations of arches,
accounting for a different response under tension and compression, due to the Bauschinger effect.
However, such material models usually encounter limitations when residual stresses are introduced.

Experimental investigation of the material properties encountered in roller-bent hollow sections. De-
sign formulas for calculating a modified non-dimensional slenderness can be provided, considering
the premature yielding of the material due to the Bauschinger effect.

Evaluation of the structural adequacy of steel arches according to normative provisions of straight
members. The implementation of pertinent interaction equations should be evaluated through nu-
merical analyses and appropriate experimental tests.

Assessment of the arch spatial stability, incorporating residual stress distributions from welding or
induction-bending manufacturing processes. The hot-forming residual stresses can be obtained ac-
curately through thermomechanical analyses, according to the modeling methodologies presented in
Thanasoulas et al. (2015, 2016, 2017, and 2018).
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APPENDIX

Axial force-strain (V-¢€) and moment-curvature (M-C) diagrams of steel cross-sections can be developed
accurately, accounting for material non-linearities and the presence of residual stresses. Such diagrams
can be easily implemented in beam element analyses, using the finite element method. A numerical
methodology of extracting the N-cand M-Cdiagrams for a CHS 100x5 is described next, using the finite
element software ADINA. A short CHS member of length equal to 200mm, is modeled using 4-node
shell elements of 5 integration points at the element thickness direction. The Newton-Cotes integration
method is employed, since it is more effective for capturing the onset and spread of the materially
nonlinear conditions, as the integration points are on the boundaries of the elements. An elastic-fully-
plastic material law is employed in the numerical model, comprising a bilinear constitutive law without
hardening; the modulus of elasticity £is taken equal to 210GPa and the yield stress 7, equal to 355MPa.
The proposed residual stresses of roller-bent CHS (c.f. Chapter 6) are introduced as initial conditions in
the longitudinal direction. The nodes at the edges of CHS are connected to their centers via rigid links,
in order to prescribe the load and boundary conditions. Fixed conditions are applied at the one end,
while various load combinations of axial force with bending/torsional moment are applied at the other
end. Material Nonlinear Analyses (MNA) are carried out using the Newton-Raphson solution algorithm.
For comparison reasons, MNA are performed in identical roller-bent and stress-free CHS. The obtained
N-gand M-Cdiagrams are normalized with respect to the plastic resistances of the cross-section. Tensile
axial forces, and moments that tend to open the arch (increase the radius of curvature), are denoted
as positive. The employed numerical model, along with the introduced residual stresses, are presented
in Figure A-1. A comparison of the axial force-strain response between the roller-bent and stress-free
CHS, is shown in Figure A-2.
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Figure A-2: Axial force-strain response of roller-bent and stress-free CHS.
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Appendix

The axial force-strain values of roller-bent and stress-free CHS are given in Table A-1.

Table A-1: Axial force-strain values of roller-bent and stress-free CHS 100x5.

Roller-bent Stress-free

Straine N (kN) Straine  N(kN)
-1.00E-02 -556.12 -1.00E-02 -556.12
-9.50E-03 -556.11 -9.50E-03 -556.11
-9.00E-03 -556.11 -9.00E-03 -556.11
-8.50E-03 -556.10 -8.50E-03 -556.10
-8.00E-03 -556.10 -8.00E-03 -556.10
-7.50E-03 -556.09 -7.50E-03 -556.09
-7.00E-03 -556.08 -7.00E-03 -556.09
-6.50E-03 -556.06 -6.50E-03 -556.07
-6.00E-03 -556.03 -6.00E-03 -556.05
-5.50E-03 -555.99 -5.50E-03 -556.01
-5.00E-03 -555.93 -5.00E-03 -555.96
-4.50E-03 -555.86 -4.50E-03 -555.90
-4.00E-03 -555.77 -4.00E-03 -555.82
-3.50E-03 -555.65 -3.50E-03 -555.72
-3.00E-03 -555.49 -3.00E-03 -555.58
-2.50E-03 -555.25 -2.50E-03 -555.41
-2.00E-03 -534.51 -2.00E-03 -555.03
-1.50E-03 -436.13 -1.50E-03 -495.48
-1.00E-03 -308.71 -1.00E-03 -330.34
-5.00E-04 -162.31 -5.00E-04 -165.17
0.00E+00 0.00 0.00E+00 0.00
5.00E-04 165.49 5.00E-04 165.17
1.00E-03  327.78 1.00E-03  330.34
1.50E-03  447.39 1.50E-03  495.48
2.00E-03  514.01 2.00E-03  555.03
2.50E-03  545.25 2.50E-03  555.41
3.00E-03  555.19 3.00E-03  555.58
3.50E-03  555.57 3.50E-03  555.72
4.00E-03  555.73 4.00E-03  555.82
4.50E-03  555.84 4.50E-03  555.90
5.00E-03  555.91 5.00E-03  555.96
5.50E-03  555.97 5.50E-03  556.01
6.00E-03  556.01 6.00E-03  556.05
6.50E-03  556.04 6.50E-03  556.07
7.00E-03  556.06 7.00E-03  556.09
7.50E-03  556.08 7.50E-03  556.09
8.00E-03  556.09 8.00E-03  556.10
8.50E-03  556.10 8.50E-03  556.10
9.00E-03  556.11 9.00E-03  556.11
9.50E-03  556.11 9.50E-03  556.11
1.00E-02  556.12 1.00E-02  556.12
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The moment-curvature diagrams of roller-bent and stress-free CHS for in-plane bending and various
levels of axial compression, are compared in Figure A-3.
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Figure A-3: Moment-curvature diagrams for in-plane bending.
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The moment-curvature values of roller-bent CHS for in-plane bending and various levels of axial com-
pression, are given in Table A-2.

Table A-2: Moment-Curvature values for roller-bent CHS 100x5.

Curvature In-plane bending moment (kN/m), under various levels of axial compression
(rad/m) ONy  -0.1Ny -0.2Ny 03Ny -0.4Ny -0.5Ny -0.6Ny -0.7Ny  -0.8Ny -0.9MNy
-0.500 -17.74 -17.53 -16.88 -15.81 -14.36 -12.55 -10.43 -8.06 -5.49 -2.80
-0.460 -17.74 -17.53 -16.88 -15.81 -14.36 -12.55 -10.43 -8.05 -5.48 -2.80
-0.420 -17.73 -17.52 -16.87 -15.81 -14.35 -12.54 -10.42 -8.05 -5.47 -2.80
-0.380 -17.72  -17.52 -16.87 -15.80 -1435 -12.54 -1042 -8.04 -5.47 -2.79
-0.340 -17.71  -17.51 -16.86 -15.80 -14.34 -12.53 -10.41 -8.03 -5.46 -2.79
-0.300 -17.69 -17.50 -16.86 -15.79 -14.33 -12.52 -10.40 -8.02 -5.45 -2.78
-0.260 -17.66 -17.49 -16.84 -15.78 -14.32 -12,51 -10.39 -8.00 -5.43 -2.77
-0.220 -17.60 -17.47 -16.83 -15.76 -14.30 -12.49 -10.37 -7.97 -5.41 -2.76
-0.180 -17.51 -1743 -16.80 -15.74 -14.28 -12.46 -10.33 -7.93 -5.38 -2.75
-0.140 -17.33 -17.31 -16.76 -15.70 -14.24 -12.42 -10.28 -7.86 -5.34 -2.74
-0.100 -16.92 -16.97 -16.67 -15.62 -14.15 -12.33 -10.16 -7.77 -5.29 -2.72
-0.090 -16.74 -16.82 -16.57 -15.59 -14.12 -12.29 -10.11 -7.74 -5.27 -2.71
-0.080 -16.48 -16.61 -16.40 -15.55 -14.08 -12.24 -10.06 -7.70 -5.25 -2.70
-0.070 -16.12 -16.30 -16.14 -1549 -14.02 -12.18 -9.99 -7.66 -5.23 -2.69
-0.060 -15.59 -15.86 -15.77 -1529 -13.95 -12.10 -9.91 -7.61 -5.20 -2.68
-0.050 -14.74 -15.14 -15.19 -14.84 -13.85 -11.98 -9.82 -7.55 -5.17 -2.67
-0.040 -13.23 -13.91 -14.16 -13.99 -13.31 -11.79 -9.70 -7.48 -5.13 -2.66
-0.030 -11.05 -11.59 -12.02 -12.20 -11.78 -10.90 -9.47 -7.37 -5.09 -2.63
-0.020 -8.17 -8.28 -8.28 -8.29 -8.32 -8.35 -8.05 -7.06 -5.01 -2.61
-0.010 -4.15 -4.15 -4.15 -4.16 -4.19 -4.23 -4.31 -4.41 -4.33 -2.57
0.000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.010 4.10 4.10 4.09 4.07 4.01 3.91 3.73 3.44 2.96 2.08
0.020 8.22 8.22 8.21 8.16 8.04 7.80 7.35 6.37 4.48 2.40
0.030 12.26 12.35 12.30 12.14 11.72 10.49 8.63 6.70 4.68 2.49
0.040 14.53 15.37 15.81 14.49 12.69 10.82 8.90 6.92 4.83 2.55
0.050 15.95 16.99 16.30 14.85 13.01 11.09 9.13 7.10 4.93 2.59
0.060 16.94 17.26 16.42 15.10 13.28 11.35 9.34 7.24 5.00 2.61
0.070 17.33 17.31 16.51 15.24 13.54 11.56 9.51 7.34 5.06 2.64
0.080 17.46 17.35 16.57 15.35 13.73 11.75 9.64 7.43 5.11 2.65
0.090 17.53 17.38 16.62 1543 13.87 11.91 9.75 7.50 5.15 2.67
0.100 17.57 17.40 16.66 15.49 13.96 12.03 9.85 7.56 5.18 2.68
0.140 17.65 17.45 16.74 15.64 14.16 12.31 10.11 7.73 5.27 2.71
0.180 17.69 17.48 16.79 15.71 14.24 12.41 10.25 7.84 5.33 2.74
0.220 17.71 17.49 16.82 15.74 14.28 12.46 10.32 7.91 5.37 2.75
0.260 17.72 17.50 16.84 15.77 14.31 12.49 10.36 7.96 5.40 2.76
0.300 17.73 17.51 16.85 15.78 14.32 12.51 10.38 7.99 5.42 2.77
0.340 17.73 17.52 16.86 15.79 14.34 12.52 10.40 8.01 5.44 2.78
0.380 17.74 17.52 16.87 15.80 14.34 12.53 10.41 8.02 5.46 2.79
0.420 17.75 17.53 16.87 15.81 14.35 12.54 10.42 8.04 5.47 2.79
0.460 17.75 17.53 16.88 15.81 14.35 12.54 10.42 8.04 5.47 2.80
0.500 17.75 17.53 16.88 15.81 14.36 12.55 10.43 8.05 5.48 2.80
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The moment-curvature values of stress-free CHS for in-plane bending and various levels of axial com-
pression, are given in Table A-3.

Table A-3: Moment-Curvature values for stress-free CHS 100x5.

Curvature In-plane bending moment (kN/m), under various levels of axial compression
(rad/m) ONy 01Ny 02Ny 03Ny -0.4Ny -0.5My -0.6Ny -0.7Ny  -0.8Ny -0.9Ny
-0.500 -17.75 -17.53 -16.88 -15.81 -14.36 -12.55 -10.43 -8.05 -5.48 -2.80
-0.460 -17.75 -17.53 -16.88 -15.81 -1435 -12.54 -10.42 -8.05 -5.47 -2.80
-0.420 -17.74 -17.52 -16.87 -15.80 -14.35 -12.54 -10.42 -8.04 -5.47 -2.79
-0.380 -17.73 -17.51 -16.86 -15.80 -14.34 -12.53 -10.41 -8.03 -5.46 -2.79
-0.340 -17.72 -17.51 -16.86 -15.79 -14.33 -12.52 -10.40 -8.01 -5.44 -2.78
-0.300 -17.72 -17.50 -16.85 -15.78 -14.32 -12.51 -10.38 -7.99 -5.43 -2.77
-0.260 -17.70  -17.48 -16.83 -15.76 -1430 -12.49 -10.36 -7.96 -5.40 -2.76
-0.220 -17.68 -17.46 -16.81 -15.74 -14.28 -12.46 -10.32 -7.92 -5.37 -2.75
-0.180 -17.64 -17.42 -16.77 -15.70 -14.23 -12.41 -10.25 -7.85 -5.33 -2.74
-0.140 -17.57 -17.35 -16.69 -15.61 -14.14 -12.30 -10.11 -7.74 -5.28 -2.72
-0.100 -17.39 -17.17 -16.50 -15.41 -13.91 -12.00 -9.83 -7.56 -5.18 -2.68
-0.090 -17.31  -17.08 -16.41 -1531 -13.79 -11.86 -9.73 -7.50 -5.15 -2.67
-0.080 -17.19 -16.96 -16.29 -15.17 -13.62 -11.69 -9.61 -7.42 -5.11 -2.66
-0.070 -17.01 -16.78 -16.09 -1496 -13.35 -11.47 -9.46 -7.33 -5.06 -2.64
-0.060 -16.72 -16.49 -15.79 -1460 -12.97 -11.18 -9.26 -7.21 -5.00 -2.62
-0.050 -16.24 -15.99 -15.24 -13.96 -12.46 -10.81 -9.01 -7.04 -4.91 -2.59
-0.040 -15.26 -1496 -14.10 -13.00 -11.72 -10.27 -8.64 -6.82 -4.80 -2.55
-0.030 -12.38 -12.37 -12.08 -11.45 -10.56 -9.43 -8.07 -6.47 -4.62 -2.48
-0.020 -8.25 -8.25 -8.25 -8.25 -8.23 -7.85 -7.03 -5.84 -4.30 -2.38
-0.010 -4.13 -4.13 -4.13 -4.13 -4.13 -4.13 -4.13 -4.09 -3.48 -2.12
0.000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.010 4.13 4.13 4.13 4.13 4.13 4.13 4.13 4.09 3.48 2.12
0.020 8.25 8.25 8.25 8.25 8.23 7.85 7.03 5.84 4.30 2.38
0.030 12.38 12.37 12.08 11.45 10.56 9.43 8.07 6.47 4.62 2.48
0.040 15.26 14.96 14.10 13.00 11.72 10.27 8.64 6.82 4.80 2.55
0.050 16.24 15.99 15.24 13.96 12.46 10.81 9.01 7.04 4,91 2.59
0.060 16.72 16.49 15.79 14.60 12.97 11.18 9.26 7.21 5.00 2.62
0.070 17.01 16.78 16.09 14.96 13.35 11.47 9.46 7.33 5.06 2.64
0.080 17.19 16.96 16.29 15.17 13.62 11.69 9.61 7.42 5.11 2.66
0.090 17.31 17.08 16.41 15.31 13.79 11.86 9.73 7.50 5.15 2.67
0.100 17.39 17.17 16.50 15.41 13.91 12.00 9.83 7.56 5.18 2.68
0.140 17.57 17.35 16.69 15.61 14.14 12.30 10.11 7.74 5.28 2.72
0.180 17.64 17.42 16.77 15.70 14.23 12.41 10.25 7.85 5.33 2.74
0.220 17.68 17.46 16.81 15.74 14.28 12.46 10.32 7.92 5.37 2.75
0.260 17.70 17.48 16.83 15.76 14.30 12.49 10.36 7.96 5.40 2.76
0.300 17.72 17.50 16.85 15.78 14.32 12.51 10.38 7.99 5.43 2.77
0.340 17.72 17.51 16.86 15.79 14.33 12.52 10.40 8.01 5.44 2.78
0.380 17.73 17.51 16.86 15.80 14.34 12.53 10.41 8.03 5.46 2.79
0.420 17.74 17.52 16.87 15.80 14.35 12.54 10.42 8.04 5.47 2.79
0.460 17.75 17.53 16.88 15.81 14.35 12.54 10.42 8.05 5.47 2.80
0.500 17.75 17.53 16.88 15.81 14.36 12.55 10.43 8.05 5.48 2.80
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The moment-curvature diagrams of roller-bent and stress-free CHS for out-of-plane bending and various
levels of axial compression, are compared in Figure A-4.

—— Stress—free
—— Roller—bent

M/M

C(radm) ' " C (rad/m)

Figure A-4: Moment-curvature diagrams for out-of-plane bending.
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The moment-curvature values of roller-bent CHS for out-of-plane bending and various levels of axial
compression, are given in Table A-4. The response of stress-free CHS is identical to in-plane bending.

Table A-4: Moment-Curvature values for roller-bent CHS 100x5.

Curvature Out-of-plane bending moment (kN/m), under various levels of axial compression
(rad/m) 0Ny -0.1Ny  -0.2N, -0.3N, -0.4N,  -0.5M, -0.6Ny -0.7Ny -0.8N, -0.9N,
-0.500 -17.75 -17.53 -16.88 -15.81 -14.35 -12.54 -10.42 -8.04 -5.47 -2.80
-0.460 -17.74 -17.52 -16.87 -15.81 -14.35 -12.54 -10.42 -8.04 -5.47 -2.79
-0.420 -17.74 -17.52 -16.87 -15.80 -14.34 -12.53 -10.41 -8.02 -5.46 -2.79
-0.380 -17.73 -17.51 -16.86 -15.80 -14.34 -12.53 -10.40 -8.01 -5.44 -2.78
-0.340 -17.72  -17.50 -16.85 -15.79 -1433 -12.51 -10.38 -7.98 -5.43 -2.77
-0.300 -17.71  -17.50 -16.84 -15.78 -14.31 -12.49 -10.35 -7.95 -5.41 -2.77
-0.260 -17.70 -17.48 -16.83 -15.76 -14.29 -1246 -10.30 -7.91 -5.38 -2.76
-0.220 -17.68 -17.46 -16.80 -15.73 -14.26 -12.41 -10.22 -7.84 -5.34 -2.74
-0.180 -17.64 -17.42 -16.76 -15.67 -14.18 -12.27 -10.08 -7.73 -5.29 -2.72
-0.140 -17.57 -17.34 -16.66 -15.55 -13.95 -11.98 -9.83 -7.57 -5.21 -2.70
-0.100 -17.39 -17.13 -16.38 -14.97 -13.28 -11.40 -9.39 -7.29 -5.07 -2.66
-0.090 -17.30 -17.02 -16.12 -14.67 -13.02 -11.18 -9.23 -7.18 -5.01 -2.64
-0.080 -17.17 -16.81 -15.70 -1430 -12.68 -10.91 -9.03 -7.05 -4.94 -2.62
-0.070 -16.96 -16.28 -15.17 -13.82 -12.26 -10.57 -8.78 -6.88 -4.84 -2.60
-0.060 -16.30 -15.51 -1447 -13.19 -11.71 -10.13 -8.46 -6.66 -4.72 -2.56
-0.050 -15.16 -14.46 -13.51 -12.30 -10.99 -9.57 -8.04 -6.37 -4.55 -2.50
-0.040 -13.55 -12.94 -12.08 -11.10 -10.00 -8.79 -7.46 -5.97 -4.31 -2.41
-0.030 -10.97 -10.55 -10.02 -9.36 -8.56 -7.66 -6.60 -5.37 -3.94 -2.25
-0.020 -7.73 -7.47 -7.15 -6.77 -6.36 -5.86 -5.22 -4.40 -3.34 -1.97
-0.010 -4.07 -3.96 -3.80 -3.58 -3.34 -3.10 -2.85 -2.56 -2.12 -1.37

0.000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.010 4.07 3.96 3.80 3.58 3.34 3.10 2.85 2.56 2.12 1.37
0.020 7.73 7.47 7.15 6.77 6.36 5.86 5.22 4.40 3.34 1.97
0.030 10.97  10.55 10.02 9.36 8.56 7.66 6.60 5.37 3.94 2.25
0.040 13.55 12.94 12.08 11.10 10.00 8.79 7.46 5.97 431 2.41
0.050 15.16  14.46 13.51 12.30 10.99 9.57 8.04 6.37 4.55 2.50
0.060 16.30  15.51 1447  13.19 11.71 10.13 8.46 6.66 4.72 2.56
0.070 16.96  16.28 15.17 13.82 12.26  10.57 8.78 6.88 4.84 2.60
0.080 17.17 16.81 1570 14.30 1268 1091 9.03 7.05 4.94 2.62
0.090 17.30 17.02 16.12 14.67 13.02 11.18 9.23 7.18 5.01 2.64
0.100 1739 1713 16.38  14.97 13.28  11.40 9.39 7.29 5.07 2.66
0.140 17.57 17.34 16.66 15.55 13.95 11.98 9.83 7.57 5.21 2.70
0.180 17.64 17.42 16.76 15.67 14.18 12.27 10.08 7.73 5.29 2.72
0.220 17.68 17.46 16.80 15.73 14.26 12.41 10.22 7.84 5.34 2.74
0.260 1770 17.48 16.83 15.76 1429 12.46 10.30 7.91 5.38 2.76
0.300 17.71 17.50 16.84  15.78 14.31 12.49 10.35 7.95 5.41 2.77
0.340 17.72 17.50 16.85 15.79 14.33 12.51 10.38 7.98 5.43 2.77
0.380 17.73 17.51 16.86 15.80 14.34 12.53 10.40 8.01 5.44 2.78
0.420 17.74  17.52 16.87  15.80 1434  12.53 10.41 8.02 5.46 2.79
0.460 17.74  17.52 16.87  15.81 14.35 12.54 10.42 8.04 5.47 2.79
0.500 17.75 17.53 16.88  15.81 14.35 12.54 10.42 8.04 5.47 2.80
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The torsion-twist diagrams of roller-bent and stress-free CHS for various levels of axial compression,
are compared in Figure A-5.

—— Stress—free
—— Roller—bent

0. . 2
Twist (rad/m) Twist (rad/m)

Figure A-5: Torsion-twist diagrams.
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The torsion-twist values of roller-bent CHS for various levels of axial compression, are shown in Table
A-5. The response is identical regardless the direction of torsion/twist.

Table A-5: Torsion-Twist values for roller-bent CHS 100x5.

Twist Torsional moment (kN/m), under various levels of axial compression
(rad/m) 0Ny -0.1Ny  -0.2Ny -0.3Ny -0.4N, -0.5MN, -0.6Ny -0.7Ny -0.8Ny -0.9Ny
-0.500 -16.02 -15.94 -15.70 -15.28 -14.68 -13.88 -12.82 -11.44 -9.62 -6.99
-0.460 -16.02 -15.94 -15.70 -15.28 -14.68 -13.88 -12.82 -11.44 -9.62 -6.99
-0.420 -16.02 -15.94 -15.70 -15.28 -14.68 -13.88 -12.82 -11.44 -9.62 -6.99
-0.380 -16.02 -15.94 -15.70 -15.28 -14.68 -13.88 -12.82 -11.44 -9.62 -6.99
-0.340 -16.02 -1594 -15.70 -15.28 -14.68 -13.88 -12.82 -11.44 -9.62 -6.99
-0.300 -16.02 -15.94 -15.70 -15.28 -14.68 -13.88 -12.82 -11.44 -9.62 -6.99
-0.260 -16.02 -15.94 -15.70 -15.28 -14.68 -13.88 -12.82 -11.44 -9.62 -6.99
-0.220 -16.02 -15.94 -15.70 -15.28 -14.68 -13.88 -12.82 -11.44 -9.61 -6.99
-0.180 -16.02 -15.94 -15.69 -15.28 -14.68 -13.87 -12.82 -11.44 -9.61 -6.98
-0.140 -16.00 -15.92 -15.68 -15.27 -14.68 -13.87 -12.81 -11.44 -9.61 -6.98
-0.100 -1593 -15.87 -15.64 -15.24 -14.66 -13.86 -12.81 -11.44 -9.61 -6.98
-0.090 -15.88 -15.83 -15.61 -15.22 -14.64 -13.85 -12.80 -11.43 -9.61 -6.98
-0.080 -15.81 -15.76 -15.56 -15.19 -14.62 -13.84 -12.80 -11.43 -9.60 -6.98
-0.070 -15.69 -15.65 -15.46 -15.12 -14.58 -13.82 -12.79 -11.43 -9.60 -6.97
-0.060 -1541 -15.38 -15.21 -1491 -1443 -13.74 -12.77 -11.42 -9.60 -6.97
-0.050 -14.63 -14.56 -14.31 -14.01 -13.66 -13.20 -12.52 -11.39 -9.59 -6.96
-0.040 -12.46 -12.30 -12.14 -11.98 -11.79 -11.56 -11.26 -10.77 -9.56 -6.95
-0.030 -9.47 -9.42 -9.36 -9.27 -9.19 -9.08 -8.95 -8.78 -8.47 -6.93
-0.020 -6.31 -6.31 -6.29 -6.26 -6.23 -6.18 -6.12 -6.05 -5.94 -5.72
-0.010 -3.16 -3.16 -3.15 -3.14 -3.13 -3.10 -3.07 -3.02 -2.96 -2.88
0.000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.010 3.16 3.16 3.15 3.14 3.13 3.10 3.07 3.02 2.96 2.88
0.020 6.31 6.31 6.29 6.26 6.23 6.18 6.12 6.05 5.94 5.72
0.030 9.47 9.42 9.36 9.27 9.19 9.08 8.95 8.78 8.47 6.93
0.040 12.46 12.30 12.14 11.98 11.79 11.56 11.26 10.77 9.56 6.95
0.050 14.63 1456 1431 14.01 13.66 13.20 12,52  11.39 9.59 6.96
0.060 15.41 1538  15.21 14.91 14.43 13.74 12.77 11.42 9.60 6.97
0.070 15.69 15.65 15.46 15.12 14.58 13.82 12.79 11.43 9.60 6.97
0.080 15.81 15,76 1556 15.19 1462 13.84 1280 11.43 9.60 6.98
0.090 15.88 15.83 15.61 15.22 14.64 13.85 12.80 11.43 9.61 6.98
0.100 15.93 1587 15.64 1524 1466 13.86 12.81 11.44 9.61 6.98
0.140 16.00 1592 15.68 1527 14.68 13.87 1281 11.44 9.61 6.98
0.180 16.02 1594 1569 1528 14.68 13.87 12.82 1144 9.61 6.98
0.220 16.02 1594 1570 1528 14.68 13.88 12.82 1144 9.61 6.99
0.260 16.02 1594 15.70 1528 1468 13.88 12.82 11.44 9.62 6.99
0.300 16.02 1594 15,70 1528 1468 13.88 12.82 11.44 9.62 6.99
0.340 16.02 1594 15,70 15.28 14.68 13.88 12.82 1144 9.62 6.99
0.380 16.02 1594 15,70 15.28 14.68 13.88 12.82 1144 9.62 6.99
0.420 16.02 1594 15,70 1528 1468 13.88 12.82 11.44 9.62 6.99
0.460 16.02 1594 15.70 1528 14.68 13.88 12.82 11.44 9.62 6.99
0.500 16.02 1594 1570 1528 14.68 13.88 12.82 1144 9.62 6.99
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The torsion-twist values of stress-free CHS for various levels of axial compression, are shown in Table
A-6. The response is identical regardless the direction of torsion/twist.

Table A-6: Torsion-Twist values for stress-free CHS 100x5.

Curvature Torsional moment (kN/m), under various levels of axial compression
(rad/m) ONy  -0.1Ny -0.2Ny 03Ny -0.4Ny -0.5MNy -0.6Ny -0.7Ny -0.8Ny -0.9Ny
-0.500 -16.02 -1594 -15.70 -15.28 -14.68 -13.88 -12.82 -11.44 -9.62 -6.99
-0.460 -16.02 -15.94 -15.70 -15.28 -14.68 -13.88 -12.82 -11.44 -9.62 -6.99
-0.420 -16.02 -15.94 -15.70 -15.28 -14.68 -13.88 -12.82 -11.44 -9.62 -6.99
-0.380 -16.02 -1594 -15.70 -15.28 -14.68 -13.88 -12.82 -11.44 -9.62 -6.99
-0.340 -16.02 -1594 -15.70 -15.28 -14.68 -13.88 -12.82 -11.44 -9.62 -6.99
-0.300 -16.02 -1594 -15.70 -15.28 -14.68 -13.88 -12.82 -11.44 -9.62 -6.99
-0.260 -16.02 -15.94 -15.70 -15.28 -14.68 -13.88 -12.82 -11.44 -9.62 -6.99
-0.220 -16.02 -15.94 -15.70 -15.28 -14.68 -13.88 -12.82 -11.44 -9.61 -6.99
-0.180 -16.02 -1594 -15.70 -15.28 -14.68 -13.87 -12.82 -11.44 -9.61 -6.98
-0.053 -16.00 -1594 -15.70 -15.28 -14.68 -13.87 -12.82 -11.44 -9.61 -6.98
-0.050 -15.69 -15.94 -15.70 -15.28 -14.68 -13.87 -12.81 -11.44 -9.61 -6.98
-0.045 -14.20 -15.94 -15.70 -15.28 -14.68 -13.87 -12.81 -11.43 -9.61 -6.98
-0.040 -12.62 -1594 -15.70 -15.28 -14.68 -13.87 -12.81 -11.43 -9.60 -6.98
-0.035 -11.05 -1594 -15.70 -15.28 -14.68 -13.87 -12.81 -11.43 -9.60 -6.97
-0.030 -9.47 -1594 -15.70 -15.28 -14.68 -13.87 -12.81 -11.43 -9.60 -6.97
-0.025 -7.89  -15.65 -15.54 -15.27 -14.67 -13.87 -12.81 -11.43 -9.59 -6.96
-0.020 -6.31 -12.62 -12.62 -12.62 -12.62 -12.62 -12.57 -1141 -9.59 -6.95
-0.015 -4.73 -9.47 -9.47 -9.47 -9.47 -9.47 -9.47 -9.47 -9.38 -6.94
-0.010 -3.16 -6.31 -6.31 -6.31 -6.31 -6.31 -6.31 -6.31 -6.31 -6.27
-0.005 -1.58 -3.16 -3.16 -3.16 -3.16 -3.16 -3.16 -3.16 -3.16 -3.16
0.000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.005 1.58 3.16 3.16 3.16 3.16 3.16 3.16 3.16 3.16 3.16
0.010 3.16 6.31 6.31 6.31 6.31 6.31 6.31 6.31 6.31 6.27
0.015 4.73 9.47 9.47 9.47 9.47 9.47 9.47 9.47 9.38 6.94
0.020 6.31 12.62 12.62 12.62 12.62 12.62 12.57 11.41 9.59 6.95
0.025 7.89 15.65 15.54 15.27 14.67 13.87 12.81 11.43 9.59 6.96
0.030 9.47 15.94 15.70 15.28 14.68 13.87 12.81 11.43 9.60 6.97
0.035 11.05 15.94 15.70 15.28 14.68 13.87 12.81 11.43 9.60 6.97
0.040 12.62 15.94 15.70 15.28 14.68 13.87 12.81 11.43 9.60 6.98
0.045 14.20 15.94 15.70 15.28 14.68 13.87 12.81 1143 9.61 6.98
0.050 15.69 15.94 15.70 15.28 14.68 13.87 12.81 11.44 9.61 6.98
0.053 16.00 15.94 15.70 15.28 14.68 13.87 12.82 11.44 9.61 6.98
0.180 16.02 15.94 15.70 15.28 14.68 13.87 12.82 11.44 9.61 6.98
0.220 16.02 15.94 15.70 15.28 14.68 13.88 12.82 11.44 9.61 6.99
0.260 16.02 15.94 15.70 15.28 14.68 13.88 12.82 11.44 9.62 6.99
0.300 16.02 15.94 15.70 15.28 14.68 13.88 12.82 11.44 9.62 6.99
0.340 16.02 15.94 15.70 15.28 14.68 13.88 12.82 11.44 9.62 6.99
0.380 16.02 15.94 15.70 15.28 14.68 13.88 12.82 11.44 9.62 6.99
0.420 16.02 15.94 15.70 15.28 14.68 13.88 12.82 11.44 9.62 6.99
0.460 16.02 15.94 15.70 15.28 14.68 13.88 12.82 11.44 9.62 6.99
0.500 16.02 15.94 15.70 15.28 14.68 13.88 12.82 11.44 9.62 6.99
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