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EI1E & B
1. 1 AWEOHERRUVEN
1. 1. 1 EHEOHE

199545 1 A 17 BICRA L- RERFBE S MBI R EN 2 EOBEEM I EROEELE X,
FTh, MEMERESSERA L2 & (1-3]11, SlEHNEDEROBMEL REBEADIFRTH
Sl NAF—DRIFHEEED Hasselt BIIRBRIND L 512, FMOMERCERTEL LA +5
ThHoBRIZIE, WL O0OBETHLIRMEBEIIRAE L[4l b0 o, HAEOEE OHMOmEE
FHEROAHERZBRIZLY, AXROBRVLEESKE IIIRMEBIEIREALACD ZLITENLDED
BBz DT

SEIOKMBEORRE, KHMEICLHMBEDOREBIBEORERSAN=ZALE2XHL, TOMRE
EAEOFEEM O, BIEICRBRL, MR ERIL L D SV ) [ENTEITEY £
Bofo. Lbif, BEMETE, Y¥FOEIEHEREECEAREEL LTI CDHES OERRRE
T, FE%EHLFERRICOVTOEGIFANITON TE . £, RERFRTIE, BEEEN
FERELLOEEDOSG L, () BABERSGMTSE PLL LTRHBRETOL 572 TREFS
MR LHET) CTOREREDOREREFTMERICOWT, RS, &it, 86, RE BFE
BMLREOmE»HEMAILRFBITbR CE7=(5-6]. ZOHTiX, BRLKEREZT 58K
VBEEAHIC EOREDHBERESCHMERBERINDIDN? ) EWVI T LHRPLT—THY,
e ORBEH 2 Eh, BEKE R EICH L TAERMRK LA E T 2 RS OFEFEIC OV
TRENZ I, TOFIEITWES TR 2808[7] & L TARIN TV S.

—7, SBICB VLTI, 1996 F, SH%OKMBICL 2BELLET 5720, BREBRAFEDOKRK
ENRRENT(8]. EARKIEAIT, OHES L LT, 1995 F0 LE R HEONEE TR O HES)
DB L BIROMRNTIC X S HRE, OTEROBERICM X THERRA AEMIEIC X 2tERE, O%F
RICBINMNT - L 2B EDOREMOREICHTIHEOREETH Y, BHBAKORL2MEICET
HREIIBCIRE SN o, —F, SEOKMEE, =A%, WHEHELRRER (~—
Ne=nA T xA) PI5 BT — X U BHOBATOKEE2RICO Y RBAE U 23RS RO
BMEEALTORMEBE Ch 7. LvL, ZORAMICITEERN SIXFEEES, ES 0. Tm
BEDT T NRE — 2 GEHREE) BRDO N0, EOEMBBEORERRIIAHATSH S LA
KLTWH[9,10]. T X5, BHMEAROMREBBEOSI L7252 LATRISN D IEHMHER
EDANZZALTREEN LTSN Z Lid7 <, BRSNS E T 2 EMBIEORANEE RN
BELVZA.
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AL, LREOFBUGIINE & O B4 B O OMrERBIRIZ /1T LT, ISHETHH b HRAT
BETTRAELCESHIEEBY LiFs 2 LilL, ZOEMERHOREIRERRUOREA I =X L%
FHAL, EESREERROFMFELREL, SOICFHAFEOBEAEORIELZANLTEHOT
5. MHAMETIE, £¥, MEFEOKBTH DI REMRIE L ELX T 2HERMEK OEER
DM ELLDORE % ERECERMICIEET 2. KIZ, 1RO ODOEHERHOREICHET I2MAEE
2, AEBEELISNEZHMED 235 A—F 2FHRICAV S EREEI SAT VA OBAOFEE
CERALT, SBEMIHER EICK > TREREGRUSIIROBER LBHEE % 5 1 28EHH OE
HE REERMZ, UESIRRARA RCEHRARLIER L - BEERRREN OB LNDEEEH
REZGFOEZLT- T, HETI/DOH LI TAT VA CETIREEITH. HEBICHIUE
BAIRE £ B 2 A L - SRR IR KETEARR LT E 2 AT L TEREITV, ABFL CIRET 2 EME X 5%
7747 VA ZERL, TOZEELRIETD.

1. 2 RERFEBHEICESTIBREEH EATRICET HHEEKOHMR

1. 2. 1 EEREHHBEBICHITIWERES

19954 1 A 17 A 57 46 /3 ICHAAMIRATIE A BIRE LT~/ =F 2 — R 7.2 OFHE TR OME
RELRE. ZOHBOMERNIEINEZED, 6,000 ALLEOEELELEL OBEELH L2 L1
FRMOEETHD. ZORERETIHEBEIIZ OLAEEY - BEBSHICKRSAEOREL LZOL
7=[1-3]. EDS, R EMEERUVREEIZ= 7 ) — MESEW LV EME - BIEICE /- DICHUE
BEDOREFICH L THBHEZETHHEEXZ LN TERRZL2DPDLY, BKE OBRESRAE L.
WEBH OREIIH L EEEOCBREICHR L TEFIIP RV HLO0, FiEOBIBIREOERBRED
RELQKEZHBLILOTHY, HUBHOBERROEH L A = X LDMAKR VT DOBERELE
EF2ZLIRE5%OEELRETHS.

FEBHOBBEEFIIRNT D LUTOLIICHEEINS.

OHEDESE, OMAROBEERRUEHMOXR, QRO FEEE & OHEET,
@EHOBM Ot L E R, @FOM, 7 —RL hOMY, ERELHHRE OHEOK
PRI, 2L

ABFRORERIL, LLOMAROBRERRCRMICRAE LZER/THY, SFHIRHENTARS
NIZEFNI261H%. FD—DIE Fig 1. LITAT L 918, METHERR (~N— "~ T =)D PT5
WHBH (1L ET7 — A 488 OBARICHESRICOILVRELEZSHTHY, BHEBIELEES O
5. ZOX ) REEEHOBRMEBECRAIIEN - EALZEL THIHTOLOTHY, T OMHERE
DFEMZRE, BEDFRARLA I = X LAORHANRE B OFEEDOMBRFROCEEC L >TEbo
TEETHD. ZOREMEBIROEMRFE, BEORRA LI o0 T, ZARENRAKLTVABI(9, 10].
FhicE s L, OPT5 BHIORBEARICRAE L & RITBRME OB AL A OB EE R R OB N
RPEALTOREBETH DD, BT ERMER SIIFEEET, B 0. mBEDOT 1 7
RE = GEEBRE) BROONDIDOHRTH D, ZOEMBERADERITFTHATHS. QBRI
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Fig. 1.1 Cracks occurred in beam to column connections of

steel rigid frame pier P75 in Harbor Highway.
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b, WEETITHK 16%L HEE S, EMEVMORS M OHEE SN 2BMEITH 20~25%THDH & LT
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Fig. 1.2 Cracks occurred at base metal and weld metal in beam to column

connections of steel rigid frame pier P37 in Hamate Bypass.
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1. 2. 2 EMWERICEATIHEROHR

MR, —RICHESBNEDSH D VI TMRIFEER L LTHRA FEREL, TROVKE -
BHRTAZLICIVBIAZENRMONATWVS. £/, EHEBEORESMFICET HHEIIIER,S
ZLL B ENTEY, Thomason[12], McClintock[13,14], MK TUFRice and Tracey[15] LA A FOk&E
PIEMBEEIZ L TXENTHD LEZ, N FEREROBRAEZRBEL TWS. £72, McClintock
ETFNTERA FOREPISTEOBKERMNC L > TRES NS AIREME A BB L C, EEBRENAE
L& & DER TR LBBBERIZISHZEE CERIS N /SIS H) OBEZIT 5L ShTV5.
INOLOETNEEID, ERIRBAEICRITICAZUMEOCLEICET 2D, MEAYRE 2R
B BERBRA Z AWV TITo T35 (16, 17]. ZORRICI X, HEHEXRRAEBORELSMES
BISHEZMED ERICLVET T 5 Z EAEA DM IRICEROICEIE I N, EHEEHORET
FERBLICHZBBWMED 2 RFA—FIZLVXEINDIBDEEZ LN TS, LML, ZD2/37 A—
FORMEEHREEI FA T VAL E LTOBAOFREMICET 2REHE, &1 FBERE - #/T5C
LI o THMEERHPBET HHAIH L TOHLZINTEY, o, MBHREAFHLEYIXRE, HLL
RFEHERITZHABRAICRON TV SI16,18,19]. —7, Gurson i, RA FAFE L7k % R A
FOESE, BIbEREL LTRL, BEBOEITERA FEREETRRL, HIBROFA FiEEE
PEMXRBAOERMEL LTUWA[20]. 5220 Gurson 7 /L& BT, ZFLEMEHI X L T Gurson
DOHERIN120, 211 R DHLIRA[22, 23] F AW THEM E ROBEL BTN TRIT 2 FELRL LN
TW5b(24]. TR AT VAT LTHT LHYEAZETII R I TRV, Zhi
RWTISHEEMEORK L L TORSNDESEEIREERRELZ IKTMTEDS LOBERRINT
AY:S

Fio, EMEXRBABECE L CBEMLRESE»LLREERTWA. N5 TR, ThE Tk~
T X IDICHIZARA FRRE - EE T LI o TEMEHBRET L E WV o EE X RBAERET L
TERRY, ZORA FOGEBRFREABMERBEEIZEE LIMUNR A FIZ X 58 AR & 2[16]
RN FET 51 FRICRT B8R A F‘@%éii; CHEBEIC L TREIND EVI LD THB.

UEDX S, MEEROBEIEZEELENEMED 237 A—F LV XBINDEEZLNLT
B, TOZLHHITRIAEINTNEH, ZOZYMEDORIEIXIZEA EBEMAT TE L HEEEZRIZ
HTHHDTHY, 2L A LIEH—ERAED e B IERD b DI & HEERFFMR LN T
W5, TRbb, TOBELISHBMED 27X 27547 VA3, £ FHETICBWT
IR EBEMDO LD ITIGH—EARDPKEL, BHREAPOEEEHVBBET DL O RBEOEMEEH
RAERBZTM T DEEL LTEHTHE I LRFHEIR T, ZRICEALT, EAMKET®
PR &R EREFE OB ABEIE TIZ TN EREECH/INR A FOSEICI D EAMESHBIREL,
*DOPEOEE X KBERREIL, MHPREISEHEREBRBET D LD 2HFGIRE & i85
FRRICL->THONOEM S HRBEAEMRE LB L TR R LOBE LW 2RI TNS
(25,2623, AT — FOBWZ L o> TET 2BITHRISH—ERIES, MRARIENE S REEET
RIETEEBIZOVWTIHET LALLM IR TWVS EITE AR,

ZOE D RERNLRNERITTC, BEEBYICEL T, MIIMEMEBEOFR KR RF OB LEIC
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BLTUTOLCHELTWS[27]. £7, BESFBEOBMOT ot RAZLUTOIEMEILAR25Z
ERFHREN, FRITERBEERLABOMBE THEL S -BEMOBEMERAE» S bEERSh
T3,

BB IEMEERHORAE

52 Bt EMEEROBE

5 3 BB ; MEMEREE ~ DRk
Bl g, ENOARRE OWEE 2 EEMNETHEMECERET 5 L, BEAE DRMRENDL 2
H IV RV LEI Y OERIOHBICESEBEEZ KT T « T IAEERH Y, £ DRI OBERIGHEK
ICHEHERE T % 3 O b3 Y SRS IES o TN D,

FLT, &1, F1EMOEEEHOBRAICEALTE, 9, EHERBEZITOEEEY ¢,
MEIO—H % e, EMEROBRELD ) v TFEBOISH=ZMEOY— ik, T5E, X

€€ Tpeak’ (1.1)

OEFERH Y, HEO— R EEEHEAHIEO—D2DEEL LT3, KIZ, HEFO L I
B LS 20 A ZNLVREUT CRAT A 28I, BHEIHTHREREIHTHY, BFEOBHH
SIRAROEMEBEER O OBR LIC KO EMERRBETLHETE DL LTWVD. BRIZ, EHE
HREEFMEICHEDREITEN L LTS [27].

iz, EAEEDICE LT, KEFIE, HICHENBHBAROSEIOMERICZ L 2BEESEFITIE, Mtk
BIEREZAC CHEOEDLUENER LIy — AL ERHOKR ED 10cn BELT CHEHNICEE ST
WBTF—RERBHEDR, XEBRKERERETINOEEREORMEBAREL LTERET S, T/
bHEEREOTT & 25 HBHA/PS WER(EHEER) IS L TCEORELDET20O08R Lo
B REZFERBELTWA28]. LiL, ZoEEERICH LT, BAFMFESERIATH
BTk,

1. 2. 3 EMBRICRIEITIEOERICHATINEOMR

EMBECRIET FEOEBII OV THLEL OMAERRINTEY, FEMEBRIHEIOEMEIC
RELEBERIFT LW ZEBELALATVS, —fKAIC, 5IRTELME LIZBETIISHO
BREEMIIEETERICIZIERLAI L TR T LI29-31], —F, EMTEERFE LBA TidsEE
AOHBTELSAVOHEANTIEITECLIEBEEEDETIXIZEAERLNT, ZOMEIERD S
HRATELNNVEBZD EBRBEEPREIETT2LEZ0ATVS. LL, FPEICLIEY
EHEOERTEZERTEMESIRTEMETHERLTARASDE, TRATOTFELANVZBWTIEMTE
MOFEREIRTEMIY b ZOETREIINEILA2529-32]. ZOXIRTE, FIERTEMIH
BOEMICRIETHED AN =X LIELTIE, FTEMGBRBTONR-M FORERLKR LATICED
FAMEORHEMEICER LBEMREENORFABRIN TS, RA FARELRWE S i
HFI/NEWERFTFELATHR, RICFELSAVOSERFEM B L TLY RELBEEELRFL
TR, ZRIHERFMFMORERIZE bi> TE UM OHEREIC X 28{EE, BibRy v
H—PRICLDERBPNS. £, MHBEFOH D —EDEMTELNVEBZD L TFECLDIEE

HEMEDETNRELLL 25, ZLIITFEMFEBETCORASL FOREIZLDHDEEZLND. &bIZ
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ERTFEMCBO I TFERR TORE, BL RS FORAICEE S RIETISHZEE )i D
EMICEEERRITTEOMELRINTWS(3Z]. LELARBLTFERRE, HIIEHETFTENRL-OT
Ny H—REFTNC X DM E REEETH S DI TORME~OREBICE L THRBEZHR
BELNDIZIEE-> TV,

DX/ RGERRARA 2 AW TS S HRERRLTMTLIFESMONTE 0, Znb%
EERICEM X HORBENBRE I N D HR LHTE T TOEMBETI O HEM: & PR A RRFIE~EH L
TeBHIFER IRV [34]. ZTHIIEMEITSIRTE, HHAVITER L FEEZIT - & ZOHMOLE
HERRELHROETOA D =X LBBAINTE LT, FICHBEE RA2EHMERE» D OEEEHD
BECHTDOA I =ALPRAMBEZINTORNIENRREREEZLND.

UED XSz, EHERICRIETTFEORRIBISBEE TOMRLENTH L, UTDLII
5.

[1] BESMPBRE L TEERZT B, EHEERORAICE L TR SN FHETESZRV.

2L, RAIARO L S, —tkhte (CFB L CTHEMEESRBATI TOBEMETe B REH L L
T30, ERETHICR L CIEEFISEN. £io, EEW TIZEM O X 5 28A 06 7127 i
ERPEAELTVDLOTIRZL, BELBTCEESRE»O bEHERIBEL TR, BEFOH
BHREBULIEEL T2 LIIREETHD L EZOND. Lo T, EEEXHREADOAREEDOH S
RFTREALICOEATE 5, SLIC—BNRI TAT VALV OMSIBLETHDEEXD.

(2] $RiC, BMRE)OOEMEEREEICKHT DI FAT VA0,

EMETH BN TL, BMRED O OEEBEORAEFFH OIS N, BHNBOZTR LY £L,
BICHIEOEMERBED I SAT VAV ORMVBEETHHEEXOLNDEDT, ZTREEAREDT
—vD—D¢ LTN5S.

EZTAMRTIE, £7, KHMERFICHEEDHZ T I RERER LARICEL 5, BERFRCED
EEROMEZREERICIVERT S, RIS, EIOOEMESRBEICET2MRELZEIC, MAY
BB LICHEWMED 2 XFA—FEXRREIFTAT VA OBEAFREMNICER LT, SRS
BRECEL > TRERERROGIROEEELBIR LT D56 OBERM OEE X RHEERRO
Ratz, MUSIRRBRA N OB/ ONDIER EHBEFUNOFMT 272DD 7 FA T VA ERHNT
179. E6iT, HEEIOMR LAREZIT, MHRE» OEMERBBAET IBEER LR LT,
R, ETEMOSERBRCRONANRNY VU H—NREEE LT, xR ARATMmFEL
RETURRAEY 5. &&%IC, HEREORERSR LAE TR 2 HRNEHIE A& g LR8I
REDBEEBRELTFEEZMEG L, 2RTA—FEEERITAT VA VEFEATHLICKY, FE
HERFEAERRTMEFIEORIE L ZUEORTEITS.

1. 3 FAXOMA

AR LIS ETHEMRINTEY, Fig. .37 —F¥— &5,
%1 EIERTHY, L.
F2ETIE, KERICHBIBHBATRNAZ T A2 REER LFEICL > T, EERFRVCEDER
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HEOMERLED L S IZB T2 ERCL > THRTS. BIb, MEEHIC—RICERAShLH
$t (SM490YB, 1R/E 13mm) DR, BRESEERRCBRESRBRRY, OBEFASIRTFEEZITEHE,
@—Fa#E LERBFELZII B4, OFEEREY A 7RV EMEF A 7OEAREER - 51
AR L FEEZITRBED, Yy A E—RIRTRL¥—, BE, 5RBE, BRIALREOHEEL
2 ERMICHERTS.

FIETIY, EERM CTREINZES - EEFENLOEMEREEEGHEZHLNIITHI L
ML LT, e 0XmERE2ETIMENR & 2RI - EFRARF ZAWT, I5h - EEH
EME X RWRAZMCRITTREBICOVWTER - BIBE1T). b, EMEBHELXITIEMS, 5
RAMEZIT 2BAOEMS X RRAEEHICHOVT, AEMOETL OHBREELIT) L&, EME
BEOEEZHO>WTHREITT 5.

FAETIE, EIETHONZMRCESE, HEMBLIOTEMOENE X RBEERARMEIZOV
T, HYEHELISHBEED 235 A—F 2V TEBHRIEZITS. Tokd, ERTEMOSI
ERBRTRONIZAT VU H—RNREETE DB EA T DL EEICES, EEELRID
REFEZEREL, WBIBM FEMATZ ER T 3.

ESETII, HBEREORE LAREZS T 2MIBETMOEEEREELBEL T, KREJEHR -
BIEMER LB E 22T MM OIS - BETE» D OEME X RRBEEGHEZHOMNICT S0, PR
+FRIRBRA 2 AW EBORR L ERT 5. £7-, EAECRIZER L/ FEMMIT2EM L, BHA
BIMBIBIRAME T ARARRTE LN 237 A —F M ERHBARAY, SERELATES
FEANRFRIABRA O ERBEEORRAEMG L L TEATETH DN E I DI O VT TFREIR
MEITS.

FE6ETIE, EMETHOKELXETIMEHRESEGOBE LTV, HICBRRLAFICL IV Y
VH—RE G L THEEMEFICER LEHF LOMEHREBESORREHS. X5, ZOHL
WHTEHE SISV T, SR LAT R ST 58 OB & RBARMEM & U OERAFRERILER
2NRGA—FEMEREEI TAT VA VEREL, E5EE TICRY LT - FEM R UR LESR
B Ot & HAEAERRZ M T HHEEL L TOBEREIZ OV TRETT 5.

B 7ETE, EREHEETMORERBEELWE T COEMHERBERRTMDO/-DDHF L2
REGA—BEMEZRRAE I SAT VA OBEAMICOWTEIET A7, MEGHEASEEELL
RERAEZEMLT, KBREMET COBH~ORELE 2 BE L EAREROGIR U = AhiTRAR,
BEOESHECRIZ AWK U#eT FEM BT 2 ERT 5. Sbil, BETHZ0I 547 Y 4073,
M & FBAER L0 OICBAMMKRE~EATE 5 Z L2 TTER» L, REUEHRATR
KOEFNLOHRBRIEF /AZx LT FEMMIT 2326 L, EHERBEAEROM EHRICOWVTRETT
5.

BRETIE, AMMETHONT-BERERIETD.
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MG - SIBRTELXXT 2HERMOMELE(L

y

MEAMORMZRREEICRET FPEOERRUTOFPEMOERESREESHICHT BN

HI3E MEAMOEMHEBURLELRIETFED $4E RAURTCETOTFTEMOEEEBRAR
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cEF - BB RIETRBRATERROCFEOR - FEM fE4T % AW T SRBEM O X HREARRIC
- SRy E5)
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CEMERRAESBICRITTTEORE FRAT F 1= DREST
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Bk MEERTFAOEMEABRARMIR | | 6% AEHEELARKLS T REER
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P—— - M & BISRAE A KR DA R OB
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BTE KEBHRERELFHETIZRT 5 MMNEMIE S HESERRAEOENE & BB A RN FE
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Fig. 1.3 Flow chart of this research.
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HoH XERBRELAGEICLSMEARRVBREBOMEEL

2.1 #&

SEUBIIY, B TROKHBIICE, ERISHREM OBRREEZBLZ, RERBRLUVEEELZRT
B. ZOKERBYETEIIFM OBBAEE CBENEICKE REE L RITT I EXTFREIND B,
ERITHASIR (FLIIHFER TECHETIHRENET, MEFREOL 5 RERDOHE L FER
BRAMEE L BRIMIC B X 2BV T, ST LRI TWRVV[35-36]. £ CTAET
X, K& e UYBNE T E 3 s A S OBBAHEE & BRI IC RIFTRBIC OV TERIICHD
MIZT D, Fie, BELNVICEDOD Z M LR TR LB TEDORBOMLS N ERR D AIHE
HEREZOLNDDOT, BEMFLIERL, BESEB & FEREROBIKEIMYEE &L Rt 0Lk
DRMEEBRLTEDL IR EN%E b EROITHLNIT S.

2. 2 EBRENERR

REBBRLTFELZITHZ LICLY, HERHEM, BEREERRVEESBHOBBIIEER
PR YN ED LD REERZT IV EREBTA-DICUTOEREITZ Y. Thbh, SEUEHIC
—REENZEH SN TV B8 (SMA90YB, #RIF 13mm) DR, IREBEEBN KR NEESRE S, ORX
20%FE COHEFBMIEBETELZTHHE, @2%X5 Ho—HFAR L EERETELZIT 58, KT, -
QEERIE S A 7 (£3% X5 [B) RUEEE & A 7 (£1%—£3%) OEARXEDER - 5IEERLTES
ZFBHAICHL, TERV AN E—RIN=RLF—, BE, FIRMS, BRARSCRITTRESY
ERHUTHALNICT D, 2B, Yy A E—RRTRAX —ORBED 12mm B LTED b TV
HZEEEZERLT, ERXSWRET 13m & 3°5.

2. 3 &M

AR T 5 RS DL R CHEBAIMERER Table 2.1~2.2 (77, #2d, AEEAHH
IX, JISG 3106 A EREEMMIICERTA2bDOTHD. Ei, EREEMEHT JISZ 3312 MK
WEUEEHBA~ /YY) v FUALY) QGW-1DICEETHYA Y (1.2mg) ZERALE. EH
—)b R R1Z 100%C0, & LTz,

Table 2.1 Chemical composition of SM490YB used.

Chemical composition (%)
(] Si Mn P S Cu Ni Cr Mo \' B Ceq | PCM
0.17] 033} 1.37] 0.018) 0.018] 0.01] 0.07 ] 0.06 | 0.08 | 0.0002 | 0.0001 ] 0.43 | 0.25

Table 2.2 Mechanical properties of SM490YB used.

Thickness| Yield point| Tensile strength| Elongation | Charpy absorved
(mm) (MPa) (MPa) (%) energy (J)

13 405 539 26 126(0°C)
(by Inspection certificate)
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2. 4 HABRFERRURREE

AERIZBITHTERBES Table 2.312, TORRIAR % Table 2.4 (Z7R7.

Table 2.3 Prestrain hysteresis in prestrain chracteristics test.

Repeated tensile compressive - tensile cyclic
Uniformly prestrain prestrain
tensile Constant Constant Gradually
prestrain strain strain increasing
ampl i tude ampl itude strain
Eore=0~20% |€,,,=Z€,F € abply €appiy=%(1.0%
=2%x5 =+3.0%x5 |+1.5%+2. 0%+2. 5%
(€,'=¢,'7") +3. 09%)
Base Metal @ |Base Metal @ Base Metal @ Base Metal
Heat-affected Zone®) |Heat-affected Zone@
Weld Metal ® (Weld Metal ®
r rrr Stress; Stress O'//_:
2| ( i m]
ﬁﬁStraine W%raine ‘/) //)
< Eore <= +3%

-10 -



Table 2.4 Parameters of prestrain chracteristics test.

Configuration Base metal _
Target prestrain of specimen | (SM490YB, as roll) Heat-affected zone Weld metal
_ INJIHT T T JT N JH T T T II T TN FH T IT T 10T,
Uniformly Ok 01010 01010 9 (_D_ ?—
tensile 4] o419 g === ® ——
- 10% O010]| © | OlO] ©] O|lO1] O]
prestrain e Plate type
20% specimen 0101© — — 1
Repeated Constant P
tensile strain 2% x5 @lojole|@d@|lo|O|lOe|®|OC|O|©
prestrain amp| i tude
Constant
strain | £3.0%x5 @|l|O] 0O} ©
Compressive - | amplitude
tensile +1.0%— Beam type
cyclic Gradually | %=1.5%— specimen
prestrain | increasing | *2. 0%— 0] 0O}|©
strain +2 5%—
+3.0%
T.N. . Test number (D~®)
H.T. : Hardness test
T.T. : Round-bar tensile test
|.T. : Charpy impact test
QO : Test at room temperature
© : Test at each temperature(-100°C~80°C)
2. 4. 1 BHOFERUERBORBRABRRUERAE

1) BHORRASIRFPERRREU—ARRE L FECEEREHR
© ‘M B TFED(E

Fig. 2. L IZARTIERBIRARA £ VT, BFEGIRTERV—FHMEE L TE (EERIB) 2 74
BExz7. RBRAREI 10m ¥y FOKTFEBEXZORAIIY A2l LT%, SIEREBREZITV, BR
HMBOBRBEHEEL RO D EDICERTEOEMNE /) FATHBE L. 2B, E/F—V(F—Vk
6.5mm) LA LM EEREZF v 7 L. FEOFEFFNL, SMOEELESRE L, HFRFIERTED
5 ERIT, &, =5, 10, 12, 15, 17 RO*20%, —XFMiiR L FE (EERE) O GBEEE L
EH0E, 2%X5EE Lz, 2B, kOO FELRME LW REBA b ERICE L.

350
100, 100, 50 100 ]
T e Y
‘ 5 ]9
_ | R0 w0 | ||
650
TS : Specimen for tensile test
HV : Specimen for hardness test
(i)For tensile and hardness test
350
1
10 100,100 4
onom omn 8 %[H
~— | {
140 RO L 140 | 1113
650

(ii)For Charpy impact test
Fig. 2.1 Tensile specimen.
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Q@ HBRFOEREHR

TEIBMICE X 2MEELI, BEIRR, AEBSRERE UV Yy LV E—ERARICLI - THEL
7o. Fig. 2.1 IZRT L9, ERBA T T _XTEORFFMEMMOELE TR &, - TEMEH A&
—HEE. Uy E—ERRBRAIIER B M EMEE S RICEA L L, RERRE HERER
L7=. ERBROFMEZLTIZRAS.

(a) M IAR

WS v 7 — AEEHE A, ROREST S
MBS o OCETE 4 4, 384, H7E 98N ' |
TRIEL, TOFHEERDT. 0 |1 - 2L

(b) FLEEGIHRHR (a)Base Metal

NS RABA OB % Fig. 2. 2 17T, HIE
HE X, BRFE, BRRKWERCHMHROZRET Fig. 2.2 Round-bar tensile specimen.
b5, £, DS H—OHEHMBRL KD,

$10

(c) ¥ b —EEAR

Ty LU —EEERBRA OFIKE Fig. 2.3 127 15
T BRBED LICRBRA & 3 ARERL, @ A
IR T b NI RILT R L ¥ — R QIR roos S 7 L[
RO, RRERT = XL —BBHHRE :
OREESHBRE LTELD, =X ¥—BH = 0
RERVHEEESREL RO, HREARBE
X, -100~80C¢& L7=. %2, Fig. 2. 1IZ;RL Fig. 2.3 Specimen for Charpy impact test.
TRABRA KT, HTHAR TL T L —
RTENEAINRNST-DT, GrRARA /
Y FFEMBEICEL T DT 5BETEN 2% D
HHOEBRABRA 1 7L —TL LTELHT,
EEARRICHE L.

10

Q) BHOREEERUVEREIAXETRE - 5I5KRE L PERR
® BHMixtT 3 FEONE

Fig. 2. 4 IR RABREBZ AVWT, TERBERVENEOEAREINM - SIEMRE L TELBHIC
Bz, ZORRMEIT Fig. 2.5 [ORTHEFRIA L L. BRBRAKT7 7 POREROD Fig. 2.6
ORTALEICES — V(UK 6. 5mm) # fhFHT, EARXELN « 51RER LEAT 21TV, BEEE
EEHAIL., FEDEZFIX, EERESY A 7OBAIE, £3%X5EE L, TEHEEZ 4 FOEAIT,
+1. 0%+ 1. 5%—+2. 0%—+2. 5%—=+3.0%& L.
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1500

/ 1350

)

875

1650

Fig. 2.4 Setup for compressive - tensile cyclic prestrain tests.

1, 550

50

1, 000

65|60!60I65
250

B

-4

/ Loading P fl

700
250
|
|
|

Fixed end
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§-1
$-2
$-3
$-4
§-5
§-6
§-7

1-PL 540 X 50X 700 (SM400A)
2-FLG 250 X 19 X 500 (SM400A)
1-WEB 224 X 19X 1500 (SM4004)
2-PL 240X 19X 240 (SM400A)}
8-RIB 93 X 19X 224 (SH400A)
6-RIB 118X 19X 224 (SM400A)
2-FLG 200 X 13X 1000 (SM490YB)

|
: ]
Coger | ! ir
R
I
ICEd
RIS = A
@ i T/]‘\T'
| . 1
Sodgbms
o-9le-o
45| 150 | 150 |_ 150
sdo
B-B

Fig. 2.5 Test beam for compressive ¢ tensile cyclic prestrain tests.




== e
| SRS [ ISR R o
1] w
e = ¥ g
] o 8 g
_____________________________ 2
+  + + + 4+ 1 a8
3
- + +~ e o S

63 | 65 43| |48 65 |48 |48 65 | 48

- : Location of strain—gage

Fig. 2.6 Location of strain-gages for compressive - tensile cyclic prestrain test beam.

QORBRA DERER

TESBMIZEZOMEERT, BIER, B RARKO Y v VU —ERAREZITVRE L.
RRAT N TRFIAPEMOEZESEE 22 L ORB L. VvV E—ERABRA I EREES
WS EESICEAE U, IREDREOHER L. BB ORRALE %L Fig. 2.7 IZ7R L.
BERR, WBSIERRE VY v L E—HBAROFMI(DOER—L L.

3 : Charpy impact specimen

CIr—=(] : Round-bar specimen for tensile test

Fig. 2.7 Order of removal of mechanical specimens from

compressive - tensile cyclic prestrain test beam.

-14 -



2. 4. 2 BERERROEWSIRRV-HAARELEEERETEHR

OrEMFRABREOER
BB EROEHS BRI C—H R LE
ERIETERRZITH> I, 3, HtAHH
20 Fig. 2. 8 IR T FRRIKZBUE L 1.
FOBERER, RPN R AT
BELL, TOBRERNKE Fig. 2.912, BHERMH
% Table 2. 51Z/RY. 228, ZORAREDOL—F
FIRRIEE AR 72 6mm & L7=. IO ORI,
BASETIR, MR OVARES I MBUE IR A
Hicxt L CTHERINR TV R LD THS.
7ziE L, BERRIIEHEBAROSEAIE, —&E
K EREDZELESALEREBEETH LM, KE
ROBEIRY FIBICERICFEDTERMH 5T
ZZEEAMLELT, BYTEMfEOVERES
L. ¥, BREHRFERRECEVYTE, £oR

v REARES, ERRERY, EI0LEIEBA,

KRS IRARA R UERARA BERTE D LD

EE LT

70

[<_>] q T T T T T 1 -
-—1L-l:r'1ir-1:r-'l:r'1:r-1[r-1: %

iy B
R R b
| ity 318
'u: ‘L | : ' v 1 -] L]
00700 7091700 70917001 70013001300 13

900

Fig. 2.8 Welded joint specimen.

|

e

G==6mm : Specimen for heat-affected zone Test

G=10mm : Specimen for Weld metal Test

Fig. 2.9 Groove geometry of welded

Joint specimen.

Table 2.5 Welding parameter of welded joint specimen

Root gap | Interpass temperature | Number of | Arc current| Arc voltage | Average heat input
(mm) C) passes (A ) (J/mm)
6 __ =200 5 280~300 34~35 1980
10 =200 6 300~310 33~34 2010

QR BB ETRBEC T 2 TFEDME
PRI B D Fig. 2. 10 (DR T ERTTEM SARREEZRMLTEL 5 L.

Weld junction
Weld metal

70

(i) Specimen for hardness test

=

Weld junction
Weld metal -
I = ]
R10
w /
2 2}
N —F N
w
200 o

(ii) Specimen for impact test

Fig. 2.10 Specimen of heat-affected zone for giving prestrain.
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ZmDLx, Fig.2.11 B Fig. 2. 12T/ L2 &
i, R FEE SRR OFATH

ITHoORLE—KTDLD, T/, HEABRHF O o Weld junction

'
)y FRBE —BT B LB R, Vit ~
Ry FBICEY—Y (F—VE2.0m) BBV : B
FTHEFERFRMLE. (5 L FETEHR ) -
SR FERO—FH AR UEERET I RTEL (b)Heat-affected zone
Ll HMZIROMNGTERT100EL, — Fig. 2.11 Round-bar tensile specimen
FHrh#iR UEERIBTFEON G & & BEIEIX 2% X for heat-affected zone.

S5EIE L. FEICKDBEERZEROMEL
fbid, SRR, HE5IRABRA ROy e
—HERRARIC I > THRE L. HR RFOFK

% Fig. 2. 11 XW'Fig. 2. 12 1ZR Y. IEER R R=0. 25 k =
) - Xtz = VAN A Wi \

I, BT —FB+2IHFIS VD Nold Junetion Weld metal 0

T, M SRRITEEBBEITIR > TRIETT M

265, By —RABXEHEHWTHEIN T Fig. 2.12 Charpy impact specimen for

B L E DTS L KD v L E—RRH heat-affected zone.

I TFEMOREIPRENDE / v FALES BN
YREE BT DL OICER L. EROEGHE
FRIHMERE S I EA & L.

2. 4. 3 BEESESOBBSIRERU—-AAKELEEREFESRR

O EHEFRREOER

AHEE R OEHSRE O —F AR U EERE TERREZITI 2D, 2. 4. 2. HERERIZ,
B 2 D Fig. 2. 8 IR TR FEARGZ RUE L=, ZTOBERELREPEKIZ2. 4. 2. ®H
LRk E Lo, FOEHESRME% Table 2.5 (IR LTz, 7221, ZORBREKDNL— FERRIZ, BHESR
HALRBRA ZEM LT 5720, EENRGAELVOPKRE W 10m & Lz, ZhbOREEs
i, IAEERELR ORISR UEMIRE A I L TREA S TS5 —iIRZR B O TH D, 72120
B TAR IR A I OB AL, —MRANC K RO ELEALABEEETH 20, AEROEEIX
BHESBRMICERICHTEDE 25T 57-0ic, BEY T LEMEL L.
Q@ mBEEEDSERREKICHT L TFEOHE

ISR ERBRIA DD Fig. 2. I3 R TEETTEM SARRELRRLTFELHE L.
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Weld metal Weld metal

| J L J =
! !
- .
R 2
| ]
(i) Specimen for tensile and hardness test (ii) Specimen for impact test
Fig. 2.13 Specimen of weld metal for giving prestrain.
ZDEXE, Fig.2.14 KW'Fig. 2. 15 (Z/- L7z
KO, BEEER PRI NES R O Neld metal
TATBOTLE —HT L5, Efo, i - =
RBRAO /) o FIBE —BTHLICEBEL ' s,
fo. o, BESRBRPREDOMBEIZES—( 20 I
80 |

=T 2. 0mm) ZRE Y 17 TR 5 FEZER
L. (5 LE-TFERIIBEFASIETFERC—F Fig. 2.14 Round-bar tensile specimen

MR L EERIESIETFESL L. BHFH5I5E for weld metal.
FEOMEFERITI10%E L, —FHAfiR L
EERETFTEO NG TFTERE L EIEUL 2% X5 [[] Weld metal \;157 o

& Lk, 4,7 _
® HRAOTERERERAIR T O IR Rﬂsi-j %
55

T ENBHESRBICES 2 DM EEIX, E - J L &J
SHBR, WEFIRARK Y v /L B —EHER
BRETVHRAE L. £ BRA ORI % Fig. 2. Fig. 2.15 Charpy impact specimen
14 XU'Fig. 2. 151T/R L7, fEXIX2. 4. 2. for weld metal.
IH & RERIC, BHESREOPREORESFEIC 6 M, vy —AMIFH2 AV THE 98N Tl L
ZOVEHEERDT-. Yy VW E—RBRA T TEMOESPREND /) v FALENEESBHO T L L
=BT 5L IR LTz, S ROGRES IS EE S AICEA L L.

]

2. 5 RBERRUSBE

X EBRIT JIS Z 2244 (2, FuHES|SREBRIT JIS Z 2241 12, vy /L b —MERBRIT JIS 7 2242 |2
HEHL L TITHo 7. HRABRT — 213/ RECE-T, REQ DRV DICL->TEHL, &5
FEIZBIT 5 RVX—BBIRE K O EBIRE % KD/ [42].

vE shelf

2. 1)
expi—a(T-T,p} +1

vE(T) =

=17 =



VES 4
it (2.2)
exp{b(T—- TrS)} +1

CAD=

ZZT, ED : EHRERR=RAXF—(])
CAD - MatehkmmE (%)
Loorr . EEHAIT R F—(])
Tp: =RAX—BBIRE (C)
T,s : WEEEBIREE (C)
a b: E

T: RBRIBE (°C)
FEABRGERIL, RNV P FEe, FROCTHM L. 22T TR b F&E] 1XFig 2. 16 (TR

T L9, BEHA I NMIBNTCHIOY A IVOREHEY LRI AGHOGEICL > TELFTE
PMELEZLOT, 51 E EHBROEFNFNIZOWTHENEOMEZ TV, TOMEEEOWVTHh

MPREVHFOSEMERSY ] EEEINTWA[S].

stresso
| :
D ¢ skelton
J} prestrain
(!]’ Zlexle
b
—
Eor EaxeMa(Z | €t lp, Z | € |

Fig.2.16 Definition of skelton prestrain.

2. 5. 1 HRSIRPELZTIMEARAMRVTOBEBOHEEL

Fig. 2. 17 (CHRSIRTFEL T B EAMM R O2 OBEROMEERIZ OV TRLE.
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220

Vickers hardness Hw(98)
%
, Fa
- *
g
z

10 15 20 25
Prestrain £ skel (96)

800

A DHAZ

® DBM | _
200 s BwWM -100 4 BHAZ
-200 kb R BEWM | |
0 ~300
0 5 10 15 20 25 0 5 10 15 20 25
Prestrain £ skel (%) Prestrain € skel (%)

Energy transition temperature
Tre(°C)
o B
o ©
1)
1)
\
\ \]
3
o 1Y
.
)
A}

Proof stress Oy (MPa)
&

~. 800 5 300

a 2

- 25 200

g 600 F- ~ A
g 100 e

s < @ -7

% 400 * @BM 55 ool

I3 A QHAZ a g PR

8 = 5§ w100 - - @a ]

2 200 e E A GHAZ

: §3 w0 SoaH
[

o © -300 . . :

0 5 10 15 20 25 0 5 10 15 20 25
Prestrain € skel (96) Prestrain € skel (%)

Fig. 2.17 Effect of uniformly tensile prestrain of base metal((D), heat-affected zone(3)
and weld metal(B)on H/(98), or , or, TrE and Trs.

1 WESOEE

B4, BRAEETRRUVBESERVTIOBAL, TEOEMICHTEIIEMLTBY, £
OEMBEFEIETE|ICH L TEREIIRHBEBARTRETE 5. BHMOBE, $122%0TFEL2 S5 L
Hv55 2R, RS MM L 7. BMOEE, TESK 10%E TIIEESITAKICHEML, FES 10%~22%
DOFLFH TILEE S OWMIZFERh L oo, —F, FERRERROEESBHIIVTR HE S Ot
ERCHEMMER L b L SPIRERE R ofe. BERREBIIL, #8%DOTEICL @ ST Hvas 12,
WML, E-BEESRIHIE, MO TEICIVESA Hva0 2E, ML, Wil b, % oW
DFEBIETOT —F LHELN TRV, S OINITRE CRMOK S3R2ED T EMH SO
SHMBLEUTH /. Eiz, BTN CARRRER, BECRBML LICEOESIE, 57T
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BOKRE ZIZEFERL, T Hv20 12 LBl > Tz,

R DT —# [5]1 THE, SMA90A, tR/E 15mm DR DBE, TTFEICX DS LRITMN 10%E TOTE
FHATKE < (FESHARE=Hv35 ), ZNULDOFERTIHERERVDBERLHTR>TVS (8
KEEG=%1.0)] 23, KERTIE, TELH 10%E TiE, BIHARII WIS BETHY, ZhUBED
BIWAESIIN L3I THY, W, BUL-T—4B3BonitEIXLND.

() SIEEREDOE(

B, BERER, BESBRTL I, WThb FEOEMCHEY, 0.2%f A (BT, Mhéwn
5), BIIEMRE L bic, WMLTHEY, ZOMIMERL, BIORAE LB, FENEBRL O
HEERMITERT, E-EMMITNKEER I TES. MACHEL TEIRMEIE, FEICLS
THEMT2BENNEL, B, BRERLER, BESBBEOEZER GV, BHMOMWMAIEHN
20%DFEIZ L VK 330MPa FREEDHMA R, b, TEMNK 5%E TiE, 2BICWE ML, Zhll&
IEMOREIIERNNE IR oo, BEBREROMAITH 13%DTFEICL > T, £ 100MPa ML 7.
-, BH, BESBHICHEL T, FEEZMHELRVEAE, BREREEHOMAN Lo L bRE
VS, A IBYRREEDTFETIE, B, BESERRLIZERZEDOMA Lol BESBHOM TN
D FEIZ K o THI 190MPa N L7z, B DFRM S 134 12%D FE E TITELIIEMT 508, £
PLLABEIIHT 20%DFEE TIE, 1IZFE—EME L 22X THD. BHMOFIERIIT, #2060 TFTEICK
D, % 140MPa /N L7-. BB OS] 3RE X3 139D T EIZ LV, #80MPa 8N L 7=, A4S
BEB D558 13K 10%DFEIZ L VK 60MPa HEIN L 7.

¥72, (#0) BAEEE S WES TR 2808:2000 [7] TIX FEMOBEHEER ((2.3) ~(2.8)) #BEL T
W5 . R(2.) K (2.5) 12XV, #2090 FEIC X 2 B8 O H¥EMIZ 304MPa, # %D TFEICL D
EESBHMOMADOEIMIL 230MPa L4220, FEINEFELWMOOBEHEOMER(2.H KT (2.4)
A, FES-oTWAH I EAHS. Ak, NCHOKRT (2.6) IZXV, #20%DTFEIZKDFHMDF|
RIS DHEANT 160MPa, #9 9%D FEIZ K 2BES B O5IIRME S DEMIT 120MPa &2 0, fT5 XN
TFELSIFRREOEBROMER (2. DX, IZFEEG-TWDH, N2 6)ITERED 2HEREEDHEE 5
A, BoTREWRWI EAHS. —F, BEBAREROLEE, RQDRUKXNC.)LERATIHE,
) 12% D FETIX, Wi 600Mpa, SIFEM ST 602MPa & 720, K@ NIXERMBL L<—KL TV
D3, IR SITERME L VK 100Mpa /hEVMEL 25 TEY, K(2.8)ITRRE > TiEW N EWNZ
5. ZIT,

1) #ROEE

o5 (Ty) = oy« Ty +1001n(1+100¢ ) D 0Kg,, 0.2 (2.3)
ofo (T) = Oro( Ty + 8005 D 04g,<0.2  (2.4)
i) BHEERDEE
ofo (T = oyo(Tp) +100in(1+100¢ ,,.) D 0<g,,<0.2  (2.5)
ot (Tp) = o10(To) +1300¢ pre D 0<g,,<0.1 (2.6)
ofo Tp=EZEe, DL XDHEMOEISH 2.7

=20 -



1+ &,
—UE'L—) (2.8)

1+ &0~ €ppe

=720, oypoTo) ooy ixFHM OB - BIROBRRIS AR EIED B (N/m?) %2, ofc Ty &
Cofi (T 1T TFEMOBRE - BROBRKIENRPEIRY BEN/md) &, &, 13 FEZ, aroldFHO#H
By - FIRO— R (AHE) 277

0-7{769(]"0) = O-TO(TO)(

() BEOEL

B, EERE, BESRRL LI, TEOEMICHL, Yy L E—RIRT R LX —BBIRE,
BREBEBERE L I, ML TEY, BERE IIEEZETEUTE 2. 2480 REME LTIz X
N —EBBREIIEESRE <BHM <EEBFEBROIEF TREL o7, BHM O XX —EBIR
BEIIH 20%DTEIZLY, HIOCLERLE. ZLT, FES I0MLE T, =RXAF—EBRED L
FIIAWTH DN, TNLE, TEMI 20T TEI—EMBEERDILI THD. RERZEBTOTRL
X—BRIREITHN %O TFEICLY, H 1I5CLEAELTWAR, EFMBEMITBMIZHRT, XV, &
BEBHOT XX —BHEEIITEN %I TOLMTIE, —ElEL->TWV5S. BHMOREES
IREE I 20%0 FTEICKLVF20CERLTEY, TE I0MLE T, HEEBREISKICERL,
ZTNURITIIE-EEL 25 L0 THS. BEREEROBREEBREIIHN MO TEICL->THITC
EFLTHY, BM RN TH . BESBTNOBEEBREIINSUIDTET, IZEALERL
ol BESBHOPHERTEICI > THELLTEL T, BMCERBESAEROEW L 1ITR25.
IOFERELTEZONDZ L, /vy TFHBEDIELSE, TNV—E VI LTREWEIRFEDNDEZF
DL DX RENRFTONDD, AR TR, SROBRFRETH 5.

BAIZBE LTI, 8otk T—# [5] Tk, #10%0F 5FET, =X LX—BRIERE, WS
BEREL HITHIICERFELTWNEY, AEROZNALD LAELIZIER—TH 5.

2. 5. 2 —AHRBRELFPEZZTIMEAMMRUVEOBEROHEEL
Fig. 2. 1B IZ—FHM#R L TE 2% IT B ERFM RO OBREROMEE(LEZ R L.

(1) EEo0%E

BEb, REREIRE, BESRBIE bIZ, TEOBME L HIZ, BEIITABICHMLE. £ 10%0
FE T, B IIEE X208 Hvd0 FREE, YAREBEEIRITAE S A5 Hv3s 1R, WARES B ERILAE & A3 Hvb0 R,
L.

WkDF— & [65]TIE, BMOBE, 5 FEN 109 THEIEREITI VW BETHY, KERTYH
IR RITIHVA0 BETH Y F—ORERBE L.
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Fig. 2.18 Effect of repeated tensile prestrain of base metal (), heat-affected zone (@)
and weld metal (&)on Hv (98), o rand o r, TrE and Trs.

(2) SIREREDELL

B, BHEREER, BHESREE bIC, TEOBMIE- T, 5IRES & hicAkL-. ¥
MOEEX, SPEEMS KOWADIE I BEMT2BENRKRENoT. ) 10%OFERMCF LT, Wit
%, BMOBEE, #I300MPa OREM, EEREEROSE, K 120MPa DM, BEELSBHOLA,
#) 240MPa DM RO 7. FIRMSIL, 1% TFEOHEMICX LT, BMDBE, # 110MPa D
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n, BESEEROEE, ¥ 50MPa O, BESEMOEE, I 110MPa DEMA R Lh-.
#EDFT—Z[11DK (2.3) RO (2.5) iZBWT, K 10%DFEIZ X 2 BH Ot 18X 230MPa,
BESBEOMWMAEME 230MPa 272V, ME5ESNEFELHAOBEFRERBET IR (2.3) i, &
BELTWVWE2, (2.5) IIERBELFTAEL TN L2345, Az, K (2.4) RV (2.6)
IZBWT, 105D FEIZ L 5B O353R S OHEMNIL 80MPa, EHEERBIEROM /) #NIL 130MPa & /2
D, FEENEFELSIRAS LOBEFEERET IR (2.6) ITITFTEELTVDD, (2.4) 1TER
HEETF, ABELTWRWI LS. —F, BERZEROSEE, XRQ DRUK(2.8)i2kD e,
9% DT TiX, M/ 570MPa, BIEME 1L 586MPa & 720, K (2. ) RURK(2.8) i, 1FIEFAEL
TWnbEnz 3.

() HEDELL

B, BAERRER, BESREMLE bIZ, TEOMMIIMA->T, XX —ERRE, WHnEBR
FELbic¥R Lz, EMOEEE, HEEBEELY I XVX —BRIREDIZO N, BREAEERY
BRNT, K&Eholz, mXAF—BBIREL, BHOHE, TEN 100OEMIX LT, $25CHOLE
R, BEAFZEROEGE, TEH I06OEMIZ LT, F5COLER, BESBIOBE, TEN Y
DM LT, W25 COLEENR LN, BREBBREIX, BMOBE, TEN 10508 L
T, ¥20CHO LR, BERAREROBA, TENI1MOBEMIN LT, ¥ 10CHO LR, HESRBHO
BE, TERH 10%OEEMIZF LT, K II0CHOEFRR SN,

FANICBE U CiE, kD7 —# [5]Tit, 9 10%0FEFET, =RAVXF—BBIRE, WnEBERE
EBLIZH IOCERL TV AR, AERTIT ALY —EBBEE, BMEBBEEL LIZKH 25CLEAEL
TEY, IHE—HLTWDHEEX 3.

2. 5. 3 EXE-SIRERLFEZZTSMERARMHMOHEREIL

Fig. 2. 19(a) IZIEARREEM - 5 REE L TE (EERIBE) %, Fig 2. 190b) ICEAKREEM - 5l
RARE L TE (EEHEE) 20 58EAMMOMEERLD I L, By I —RABIITONTHRLTE.
Fig. 2. 20 () ICIEARREER - 5I5RER L TE (EERIBE) % Fig. 2. 20(b) ICIEAKREITLRE - 5l5kkE
RLTFE (E#EE) 2320 58ERFMOMERILD 5L, MAHRUGIEREIIZOVWTRLTE.

Fig. 2. 21 KIEAREEM - 5I5RBR LT (EERIBE & EEHE) 227 58 ERFMOMEE
kD55, BIEIZOWTRLE.

1) BIOEL

BT, EEREY, EFEROCThOEE L TEOEMICE > T, HEEER THEMLE. 1%
DFET, MITIBHITH20RBE LA L, 20RITECNICER L. LT, T%EEOTEICK
D, BT Hv40 BE LR L-. EERBE L EHMUL ZHET DL, BII®RECIIIONLAER
IREno7T. T, BEOIZO BMEOBRKBEEZILKRIEIDIL, LVEHITHINLTHA
1¢EEZEZLNSD.

PRDT — & (6] T, TEH 10%EE T, i SIX Hv3s IBE, LR L TWA, EEREREOFEIT,
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FEMINTHESDO LR BITHAS BELHTEIND, T4bL, AERIIEREEIIERDFT—F LY
LbETRKEVWHLODIZIFELUD T —F THBHLEZLNS.
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Fig. 2.19 Effect of compressive - tensile cyclic prestrain of base metal () and &) on Hv (98).
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Fig. 2.20 Effect of compressive - tensile cyclic prestrain of base metal (2 and &)on o rand o r.
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Fig. 2.21 Effect of compressive - tensile cyclic prestrain of base metal (D) and &) on TrE and Trs.

(2) SIRMERED EIL

EERER, THEE, WThoBALIAE, S L REICTEOBEMICE > TRkl RIc 1
MUT-. #1%DFECTHNIREICER L, ZORIIBONC LR L. £, 3IEFESBELE
HEE, M TRDOFEICLY, WAHEHK 200MPa EF L TWBH, EHRTENEE L-EAE, 9 20MPa
BELPER LR 7. ZOERZ, AUV U H—PRICIBZ LD EELLND. WADOEEMIL,
EWHA L EEREY O IEFRTH 52, TORMEREHERDOITZS BNETF, KEXhot-. Th
TESDOBELERTH S, FIRM ST, EERIBE, ZWEE, WThoBS L TFEOEKICES
TOTPTHLIPER L. FIRRIITEEREE, EEEEOEIZLEALRONEMhoT-. B
RS, EERER, EHEE, WThoBab, £, EHETENBYETHEETHoTH, 3
RTENBETIHATHoTH, ZRRIDTNThH-1-.

WRDT—Z[TJLHEETDHE, ATV PFETWMEEE T, M, 31EMS L bio, (2.3)
RO 4) BFER—0RRE2 52 T\ 5.
(3) HEoTi

EERIERE, EFEY, WThofée b, =X —BYIEE, REEBEEL bIZ, B &R
KTFEOEMZAE > THHEBEERTER L. 8 1%DFET, KBBEEITAMICE 2 20C LR
L, TORIITMEBRE L LESHILERL, 1 %DFET, 48, ¥ 30CHOELEERRLNE. @
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BREELY, EEREBE L EZEHHB L OZRIIPIEL, BIRMA, 5IRES &R 2> Hm %2R
L.

kDT —# [5] T, # 20D FEICK LT, TXNVF—BRIEE, HAEBREDO LARIILS
12, B3BCTHBH, KERTIE, P HRDRTNV PRI LT, =XV XF—EBRIRE, HAES
BEOCLEABIILE LIS, H30CTHY, TNULOTFEEMCKT LT, =R VX —BBRRE, HEE
BEENSSHICEETIONE I DIEIFRATH LA, HAHIZIZIZIZIFEKETHHEELLND.

F2ET, KEBFICHANEHEARIZIT I RERER LFEIZL > T, HERERTE DR
HEROMERES EO L S ICELT 202 ERICK - THRET L. BIL, #EMEHIC—RIZERSh
S8BT (SM490YB, AR/E 13mm), 3B XL UZ DHEHEAZENREESBES, OHRASIERTEEZRITL
BE, O—HnBR LEREBTEELXITES, QEERES M 7RV £EFEF A TOEARERE
M- SRR L FEAZTBED, Yy A EP—RIRTRLF—, B, FIRRS, BRAREOH
HEEEZERNOICHERE L. BONTEREZENTDIEUTOL RS,

(1) 4, BEBRRCRESRHE LICBETEORME L HICEI Hv(98) X LR L. 20k
AEBEOBEKMEIL VS0 BRETH - /2.

(2 BUETFTEOHME &b, BRERVSIERIIERELE. FICBRADO FREBIEE T, B
M, BRI, B EBROMEIZKE <, B OBRRA LR EOR KL 330MPa RE TH 7.
SIEM XY, WLIC LD EREDEIIVRL, KT 150MPa BE TH 7.

(3) BHETFEOEMIIHAE, Py LV E—RINT XL —EBIRE, HEEBREIXE bICER L.
BBEETBYETE 10HEETERL, FAU L, BETESEMLTH, EBREIXITL
AEER LR oT., EREORKEITHNIOCRE TCH 2.

LU EDORRYS, TEMEMOEE, i, 51RMS, =XV F—ERRECHEEBRER &iXun
THRHFM OB LY bRE <RV L L. TOBMERIZ, TEESHERA/N X W TRIK
WK ERTHIRKRBICZO LEEHAMET Lz, Zh b OMER(, B, IAEREER, RESRH
EHICHBOBMB RO, £, AERTHLNIFERIT Table 2.5 BX U Fig. 2.22~2. 24 IT7F
L=k 518, () BAEEHS WES TR 2808:2000 [7)IC/R 35 FERIZ K DM EER(LFMEN THEEY
BLHETEHZ Lotz
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Table 2.5 Symbol in Fig. 2.22~2.24.

Increased Vickers hardness
AHv(98)
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Prestrain € skel (%)

25

Fig. 2.22 Comparison between experimenntal Vickers

Heat-
. Base Weld
Type of prestrain matal affected metal
zone
Uniformly tensile prestrain a [+ A
Repeated tensile prestrain [ ] L 2 A
Gonstant Without distinction o
strain Finally tensile x
Compressive* litud
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Increased tensile strength
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Fig. 2.23 Comparison between experimental proof stress and tensile strength changes

and estimated curve[ 7] due to prestrain.
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Increased fracture appearance
transition temperature A Trs (°C)
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Fig. 2.24 Comparision between experimental energy transition temperatrure and fracture

appearance transition temperature changes and estimated curve[ 5] due to prestrain.
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I3 MEANOEMZRAELERICRET FEOER

3. 1 #&

e FLEE R HRIC L 0 R ESIEEDIC I E TICEE RRVIREMRBIESFS 24 Roh.
L OB ERROFESCEMESBIRIO/NS RS OBE 2RV T, ZhbDE 1T, #RIC L 585K
LAFBRIZBWTESHREDRS - EETENLEHERBRBEL, ThiEEaL L TEHERE
CEDEWVWIHIBBIHELEL RO, Lo T, EXRHEL L2 6T atkr RnkgE oD /-
HIZH, KEEHBRFHET COMBEM DR EHRBERR LM TSI ENEETHD. £0O1Y,
DS EEN - BIRWARERICE D b 30257 - EERRMOEHE X RRBEEGIC LD L
ICEBEERETON, IHIKETHMBBRLICLIIEELAN, TROLBRLTFERGLLTRELY
HONMITHIEBMETHD.
EMHEROBEICETIHRIIUERIOEL LENTEY, HEBEHNTED DED > T EROFM T
BRI P ICEET 2 E M T2REEE LTRS FEREL, ThDREKE -8/ TZLICL
DELS. BiZ, ZOXIREERAS FORRIISHZHMEIC L > TRESIN S Z L NBERHICHE
PRTERY, EHEEXRHOBERRISEISHETIINEL 25 L0 ) ERORIEE RS EERES
NTWS. L, Zhbidl) A FRBEL, FOBRDKRA FORRICERB L bDTHHZ L,
FICHMRENODEHORE~OBERAEICEH L TIHa2iiskshvTtniny. £, v
NHBRLTFPEEZT TCORVWHEEMERRLELELOTHY, BELFELZZIT-HMO X RBAE
BRI T LEBALAIC S TUvan.

£ ZTARETIE, HMOENEEHRBEEE, HICIhE TICHaRREAR R INTORWEMRE
DO EHPRAET DB EOEEERBALE Y LHLNITHILEZEBNHE LT, KH - EH%EL
SR DDA OMEGIRE 2R T/ EBIRABRR EZRAV, 577 - EHNESE & HWBEEHIK
ETREEBICOVWTREZITY. Fig, #ER LI X 2R LATISENS & RREE ST RITTEED
EMORETE LT, ERAMCI VBSEELZZ U 28ME, TORATOREKICL Y 3IRANEZT
HGEOEEERBEELCOVWTEREERE (EHTEERE) OBBICLER LERFEITS.

3. 2 EBHNMRURRAZX

3. 2. 1 =EBRBEMN

FRBEVPHBLREICLIVEBR LARNEZ T 2B LBEL, FAM OEN = REEFELARKIC
THRODOERORITE LT, WESIRARLERL, FHM2EEXHBEEXHOBELIT.
EBRIT, FEAESIRARAIBI OGS - BH2ELS®I 22BN E Lo 4 BHEOMAYXE
RRITT-NESIRABRA L D5RAREER L, TF - MR R OREME & AR RIF TS
B BRBORBII OV THHBREELZITY. B2, TEMCH LTREIUER - TEDO3IRERBR % £
L, EfTENEN X RBEEMIRITTERICHOWVT, FRICLBIES - EHFEOBICHLERL
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TRIZEITS.
3. 2. 2 HBEHRURBRHAER

AT & L Table 3.1 kUt Table 3.2 C/ARTHRIE ¢ = 13mm DO¥EHAEE R ELEHES SMA90YB &
RV, EHEEXEBREEGICRIITIENZUMEDORELRETH720DIT, Fig. 3. 1ITFT LI
T ER 6mm DO FIGHIES | RABRA (LA, FlM LB (M T, HATHERIFEHEHM LFE L 6mn
T4BEOEKOMBEEYIR & 2% -HEAGXK X FUEFIRARF Z RV, 28, BIXREFRITY]
REBEE RN 2m DD (1%, RRAMEHT), lmDHD (CUE, R EHT) O UL A FD
H, 0.2mm DHO (LAEE, RO.2HEFFT), 0.lmm DL D (LM%, RO.IMEHT) O VRIS FD
Ho, AEFHAEEAAEL, ERCHLE.

Table 3.1 Chemical composition of SM490Y B steel used.

Chemical composition (%)
C|Si{Mn}| P S | Cu| Ni[ Cr| Mo \) B |Ceq
0.17}0.33|1.37/0.018(0.018/0.01/0.07( 0.06| 0.008|0.002{0.0001|0.43

Ceq=C+Mn/6+Si/24+Ni/40+Cr/5+Mo/4+V/14

Table 3.2 Mechanical properties of SM490YB steel used.

Mechanical properties
o, (MPa)|o; (MPa)| YR (%) &7 (%) | EL. (%)
344 540 64 17.6 31

oy : Lower yield stress , ot : Tensile strength, YR : ¢ /oy,

&r : Uniform elongation , El. : Elongation (G.L.=36mm, Dia.=6mm)

3. 2. 3 PEMNEAERUBBRAEKIMEMR

SRR LIC L VIR LAR, TROLLER L FEE2Z B E OMM O & R EREIC
RIFTEHBOEBHIRETL LT, 5% 106K 25%0—8[EMEEEELZ M5 Lz s sRERA (C5%
B, CLO%FF R TR C25%41) #AE L, ERICB L. T/, HEBODHIZ 2095158 TFEH (T20%61) @
EBRLITo. 2B, BRABREIIEMOERICAW O LR U Fig. 3. LIZRTERK - HED 5 &
BHORBRA ZER LT,
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Smooth bar-specimen
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Circumferencially notched tensile-specimens
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(Unit : mm)

Fig. 3.1 Geometry and size of smooth bar tensile specimen and circumferentially
notched tensile specimens.

JEMETFEDOMEHIEILFig. 3.2 IR TFETITo7-. £F, BFIEHERASELR) >EFEHRAFK
B—/VHENZR D LD ICHEM 2RI L. AR OPME S LXEHFTE 5%0bOIx 23mm, 10%
Db DT 24mm, 25%DH DI 27mm & U TEE L7z, KiZ, SIERBRBICENME 22T, Tz
RLRPOFHTHEMICERAR 2S5 L. PERIARMOES L OBLENLEER LD,
BREBERTENRENLI 5%, 10%, 25%2725 & 5 ICHMER S EE L CHlEL7-.
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Fig. 3.2 Procedure for compressive prestraining and preparation of testing specimens.
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Fig. 3.3 \ZIEMRRTO MM & EMEHR (EMETE 25% OMEM OSETRE & P 4 S o A%k
BEEZRT. ZTRNXVEHBINZAEMITOTNIERIZR > TWER, KERFIEICILY 26%RE
FCOEMTELZHRBRAI 2ECIZEY I ETHZ LN TER. RIS, EMTERZFE LIzMHEH
ZERE 12mm, &S 20mm OFEFEICEMI L72%, ESEICHEDIAL, BEFE—LBECXIVESL,
Z ZHh b Fig 3. IR TR O FES TR 8B L 7-.

BIRFEMOFEF LI, BEHEERFEERE EHTEM L FARCKRe — LV FaICEESIRTE
23 20%272 B £ D I—HRICBI R T2, — RO OEHEANIZIZITINE 5728, BIRTEMITOVTHIR
SEIIFEH—ICERTFERHETE .

Compression

Compressive direction

(b) 25% compressive prestrain.

Fig. 3.3 Microstructure of steel used and that compressive prestrain in 25%.

3. 2. 4 EBAZERUEBERAZE

Fig.3. 1 IR L= BB I ERBR A x5 & LT, Fig. 3.4 &1 X 9 25| RABRELZ AW TEIRT
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SRR E Eh L. RBRPOBMEEITEAR
AYIZ 0. 3mm/min TRERZITVY, firE PR UHER
W a2~y NERL D, % BEIFHA - ek LT-.
F7o, RBRPITENEE HBEEBROEEE
BT 5H7-0IZ, Fig 3. 4 \TRTALEIC CCD
BiHi~A 7 uxa—72EEL, RRF2BE
(53R 25 1) KROGRE L7-. FEME & RRARH
DRFEIX, %35 X 5 IR, R2HMKORL
MIZBWTITRBRA PR o S/ P RAET D
728, RBRA DM 5 E ToOkLx RAREL
L TRTRBRZITY, BRFROBBRA O R
fEWTE 2 SEMIC X VEFMICBIER T 52 LI kY
FRREXFHOWREROZOREATF LD
¥ E&1To7-. E£7=, RO.2HKR0. 1 #HIZBIL
TiX, %ibd 2 &5 ICRBRA YR & EREN D
XRNBKAET LD, v A 7uRa—FIZL58
BTHOLNMIERHOBENBEIN-AREL X
e, FOAMELVE D HEWE L~V TR
A BR 21TV, M, R2 MR URRL B & RIERIC
KB OPRAGMIEHABIE L, SRBEARL
)V DFFEERITo T2,

2, RERF O PR E OB I, Fig 3.5 IR T X O ISR Lo # 0 huES IR A % 1@
WAk E XICHINT L, ARSI CHFEE L7-1%, PoiirfEoWrimDRkF% SEMIC X VBIZEL
7o, WIEEEIIAFEE L SEMBIEA MR L TITH Z LIk » T, PRirfEnikBepE o Wi & sEl i Bl52

L.

Fig. 3.4 Testing machine used
for round-bar tension test.
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observed section

polishing

NN

specimen

Fig. 3.5 Method for preparing test piece to observe from unloaded specimen.

3. 3 ¥ - -EMENICREIRBAEBRRVCTEOESE
3. 3. 1 BHBRFEROER
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(b) True stress - true strain curve.

Fig. 3.6 Effect of specimen geometry on nominal stress - nominal strain and
true stress - true strain curves for virgin steel.
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Fig. 3.7 Effect of specimen geometry on nominal

stress at maximum loading point.

& 150
g Virgin steel o
< (SM490YB)
<C>
= 100 F
T
$ .
< 50 *
2 e
5 C
=5 L
() 0",,.|L...|....1.\\
0 1 2 3 (o

Radius of notch root, R (mm)

Fig. 3.8 Effect of specimen geometry on
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R2 specimen (Virgin steel : SM490YB)
Fracture surface At center

1imm
Cup-and-cone type surface

(a) R2 specimen.

R0.1 specimen (Virgin steel : SM490YB)
Fracture surface At notch root

1mm

Flat surface

(b) RO.1 specimen.

Fig. 3.9 Effect of specimen geometry on fracture surface.
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Fig. 3.10 True stress - true strain curves obtained by tension tests of smooth specimens for
virgin and compressive/tensile prestrained steels.
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Fig. 3.11 Effect of prestrain on ductility, (e, ).
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(a) Nominal stress - nominal strain curve. (b) Load P - displacement of crosshead D_curve.
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1.dmm -
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: section
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(¢) Micrographs of the sectioned specimens near the center of specimen
at two loading levels corresponding to those in (a) and (b).

Fig. 3.12 Ductile crack initiation behavior of R2 specimen for virgin steel.
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R2 specimen (Unloaded at inflection point)

Region of A

Tmm
(a) Whole fractured surface.
Region of B

500um
(b) At center. S05 (c) Around center.

Fig. 3.13 Ductile cracking surface of R2 specimen in virgin steel.
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(a) Nominal stress - nominal strain curve. (b) Observed region near pre-notch root.

Nominal stress, o, =P/A, (MPa)

RO0.1 specimen (Virgin steel : SM490YB)
Level 1 Level 2 Level 3

(c) Micrograph of the cross section around pre-nnotch at three loading levels in (a).
Fig. 3.14 Ductile crack initiation behavior of R0.1 specimen in virgin steel.
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RO.1 specimen (Unlaoded at maximum loading point)

one side

another side

mm
C

1
(a) Whole fractured surface

1mm
(c) Whole fractured surface

Region of A

50um

(b) Near the pre-notch root (region A).

Regio

n of B

50um
(d) Near the pre-notch root (region B).

Fig. 3.15 Ductile cracking surface of RO.1 specimen in virgin steel.
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FEPBBESNEE VLR R RRERRAELEE L. EMERREBRAEIL, EHEXHORBAEN
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Fig. 3.16 Effect of radius of pre-notch root R on ductile crack initiation strain (e, ),
in virgin steel.
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R2 specimen (10% Compressive prestrain : C10%)

Fracture surface At center

1mm
Cup-and-cone type surface

(a) R2 specimen.

R0.1 specimen (10% Compressive prestrain : C10%)
Fracture surface At notch root

Tmm 0.1mm

Flat surface

(b) RO.1 specimen.

Fig. 3.17 Effect of specimen geometry on fracture surface in 10% compressive prestrained steel.
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(b) For R2 and R1 specimens.

Fig. 3.18 Effect of the amount of prestrain and its dependency of prestraining direction,
compression or tension, on critical strain (e, ), to initiate ductile crack from

specimen center.
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(b) For RO.1 specimens.

Fig. 3.19 Effect of the amount of compressive prestrain on critical strain (e,,, ),
to initiate ductile crack from specimen surface.
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(b-2) Details of A (R2 specimen). (b-3) Details of A (RO.1 specimen).

Fig. 4.1 Mesh division of round bar tensile specimens with/without
circumferential notch used for FE-analysis.
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Fig. 4.3 Comparison between true stress s - true strain e curve
obtained by FE-analysis and experiment in R2 specimen
for virgin steel.
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Fig. 4.4 Distribution of equivalent plastic strain €, and stress triaxiality ¢,,/G in the minimum

cross-section of specimens at respective strain levels e to initiate ductile crack.
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Fig. 4.5 Critical values for ductile crack initiation using two parameters, equivalent

plastic strain €, and stress triaxiality ¢, /G , obtained by small scale
tension tests for virgin steel.
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(b) Determination of isotropic hardening
component in combined material model.

Fig. 4.6 Determination of nonlinear isotropic and kinematic hardening component used for
FE-analysis from the tension test results for virgin and compressive prestrained steels.
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Fig. 4.7 Comparison between true stress s
- true strain e curve obtained by
FE- analysis and experiment in
C10% - R2 specimen.
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Fig. 4.9 True stress - true strain curve obtained by cyclic loading test of R10 specimen.
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Fig. 4.10 Mesh division of R10 specimen.
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Fig. 4.11 Comparison between true stress s - true strain e curve obtained by FE-analysis
- and experiment in R 10 specimen under cyclic loading.

-56-



4. 4 FEMOESE=NRERFEHICHT IRE

ERSRABRA CHOLNT- YT LIENBBMED 237 A —F LW FH OEME & RREAR
REEDR, FEMOEMEZREAORBAZMG L L TEARRETHLINE I 0%, BELI-BEAEE/E]
DEMIZ L 5 FEMEITIZ L W RREH 5.

TITIE, T, ERBAEDNMHFE CThIUIFEM & TEMOESE S REEEZCENSR LN RD
STt EEBEL, TEMOETREARRL Fig. 4. 2 IR T XS ICTEELTHRESH#ITTHHD
EEZDEFEMOEMZRBRARRLAL L RZbDEELD. bbb, FEMTT—EIKETH
EENTWBZ Lo FEMERBOMEHAGREIBEMICTER X%) HIEITI2LEXD.
Thid, FIRAWEBRICKT 2R YBME IS HEMERBORE RPN TEE %) EUBEH5LE
ZBDERMETHD. LehoT, ZOXIRRENEMTR THNIL, BEILZFELS)0DHMYHE
WEs, LICHEWE on/c BEBEM OB EHBERRRGLM T L EEERNRETDHEL
TTFEMOEHEERRPFIMATRETH D ¢ EXDNS.Fig. 4. 131, 2D X H B X FIZEISNT,
FEMOEZRBARRE (6,,.) [ ZKDDIFIELRLIZBDOTH S.

Criterion for ductile crack
initiation of virgin steel

»
>

Work hardening

Equivalent plastic strain, &,

¢ X% Prestrain level

Stress triaxiality, o,/ ©
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Fig. 4.12 Two-parameter critical values for ductile cracking of prestrained steels.
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Fig. 4.13 Schematic illustraion of presumed criterion to estimate ductile crack cracking
of prestrained steels.
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Fig. 4.14 Assesment of critical true strain for ductile crack initiation of C10%/T10%
R2 and RO.1 specimens based on the presumed two-parameter criterion.
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Fig. 4.15 Comparison between predicted and experimental results of true strain
(e,,.), to initiate ductile crack from specimen center for prestrained steels.
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Fig. 4.16 Comparison between predicted and experimental results of true strain (e, ),
to initiate ductile crack from specimen surface for prestrained steels.
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Fig. 5.1 General view of beam to column connection of steel rigid frame pier

and supposed position of cross-shaped test piece.
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Fig. 5.2 Configration of cross-shaped specimen.
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(a) Bending moment of Rahmen under horizontal seismic load.
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(b) 3-point bending test.

Fig. 5.3 Rahmen and 3-point bending test.
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Fig. 5.4 Method of bending test and observing the surface of corner.

Cut Cut

Fig. 5.5 Method of observing ductile crack initiation behavior.
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Fig. 5.6 Cyclic loading history.
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Fig. 5.7 Load P and displacement of loading point D, curve under cyclic loading,
and micrographs of the specimen surface at corner 1 at each cycles.
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Fig. 5.8 Load P and displacement of loading point Dy curve under cyclic loading,
and micrographs of the specimen surface at corner 3 at each cycles.
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(d) After unloading (Dy=+4mm) (Corner 1)

0.05mm

0.25mm
(c) Cross section around corner.

Fig. 5.9 Cross section near the corner | observed at unloaded level (d) in Fig. 5.7.
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(a) Load, P - displacement of loading point, D curve.
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Fig. 5.10 Micrographs of the specimen surface and cross section near the corner I

at unloaded level, f and, g.
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Fig. 5.11 Micrographs of the specimen surface and cross section
near the corner 3 at unloaded level, e and, h.
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Fig. 5.13 Ductile crack initiation behavior from the faced corner 1 after compressive straining.
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Fig 5.14 Schematic comparison between ductile crack initiation behavior from

the corner in cross-shaped specimen with and without facing.
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Fig. 5.15 Effect of surface asperity induced by cyclic straining on ductile crack initiation behaviors.
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Fig. 5.16 Critical loading cycle for ductile cracking from the corner in cross-shaped specimen.
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Fig. 5.17 Mesh division of cross-shaped specimen used for FE-analysis.
-78 -



FRATIZE VM RN, 4. SECHALRRHEEZIToBRELARFNIC I 28Oy v —1R%
ZE LU EAE(CRIZERA L. 23, BBATICIZILFFEMARHT == — FABAQUS Ver. 5. 8% iV 7= Fig. 5. 18
R EEE TR LE LD TH Y, BERITRTAETET MEEITY, BIEIZ X > TERICEI L TH
EEMAE L. F7-, ST COMKE UEHFITER L FRICHESAEMEDFHIH TITo 72

e

Rigid body .| X
ﬁ b v

S i e s

A E"q‘F- #I

S a

g Rigid body ————3 LI

Fig. 5.18 Boudary conditions in FE-analysis of cross-shaped specimen subjected to cyclic bending.
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Stress triaxiality, o,,/c

(a) Ductile cracking from corrner 1 in cross-shaped specimen.
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Equivalent plastic strain,

Stress triaxiality, o,,/c

(b) Ductile cracking from corrner 3 in cross-shaped specimen.
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Fig. 5.21 Comparison between critical value for ductile craking using two parameters,
equivalent plastic strain g, and stress triaxiality o,/G , obtained with tensile
round-bar specimens and with cross-shaped specimens under cyclic loading.
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LZOM2E, EFOXEERITH OIS TV,
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g - . Ductile crack initiation
- L ; from specimen
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Stress triaxiality, 6,/

(a) Applied plastic strain level comparedwith crack

Initiation strain level for smooth-bar specimen.

Unloaded smooth-bar after 105% Mini
tensile plastic strainingin the 5088 Saaton
center of minimum cross sectlon :

_

A .Middle of
section

(b) Micrographs for material damage
with respect to ductile cracking.

Fig. 6.1 Observation of material damage with respect to ductile cracking in the
middle of specimen for ferrite-pearlite two-phase steel used.
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WEEPEELZDDEEZIND,
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(b) Microstructure along fracture path

Fig. 6.2 Fracture path and dimple size

ETLHIENTghol.

compared with microstructure
of ferrite-pearlite phase.
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DAY o H—Fe) OFENE, EROT
B O EEBNIC L v AL B. ,
3) FEMEICIRA S A (9 Fig.6.3 Characteristic of Bauschinger strain
LRGBS TEMIN G I B2 /VEER &) 13 &) in steel by reverse straining.
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TN &Y LR DB ENELD.

Bauschinger strain :
€58

k.
>

Equivalent plastic strain , €

Equivalent stress , ¢ (MPa)
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Tensile  Compressive Tensile
straining straining straining
 (1stloading) (2nd loading)  (3rd loading)
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(a)- Evolution of equivalent back stress under cyclic loading.
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A l Al accumulaﬁonl 3 | Effective damage concept
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Stress triaxiality, Om/C Stress triaxiality, ,,/C

(b) Effective damage concept.

Fig. 6.4 Advanced 2-parameter criterion for ductile cracking of structural members
under cyclic loading based on effective damage concept.
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Fig. 6.5 Procedure for estimation of ductile cracking for compressive pre-strained steels
based on the advanced 2-parameter criterion.
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Fig. 6.6 Estimation of non-effective plastic strain for 10%-compressive prestrained
R2 specimen (C10R2) based on the effective damage concept.
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(a) Ductile cracking from specimen center.

—
e
c—= 25

oS

=

1]

SE o9

S o

X8
s 15
=
(o)

et

©c O

cg 10
S <

5
0o© 5
S~

=g
o O
S

Crack length

Experiments
® Crack initiation —

No crack

0.1mm

RO.1
A

0.08mm 0.05mm

,0.14mm
0.02mm *

R0.2

* : Brittle fracture with short ductile crack
| ESCYR UK SR T I T SN YT SN (NS T ST SR T NN TS T S {

O

L |
5 10 15 20 25
True strain at crack initiation,
(e,,. ), Predicted (%)

ave.)

(b) Ductile cracking from specimen surface.

Fig. 6.7 Comparison between predicted and experimental results of critical true strain
(e,,.), for prestrained steels based on the advanced 2-parameter criterion.
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Fig. 6.8 True stress - true strain curves obtained by experiment and FE-analysis for R10
specimen under cyclic axial loading.
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Fig. 6.9 Estimation of non-effective plastic strain for ductile cracking in R10 specimens
under cyclic axial loading based on the effective damage concept.
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Fig. 6.10 Comparison between critical values for ductile cracking using two parameters
for cyclic loaded R10 specimen (Load type 1) and for uniaxial tensile specimens.
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Fig. 6.11 Comparison between critical values for ductile cracking using two parameters f
or cyclic loaded R10 specimen (Load type 2) and for uniaxial tensile specimens.
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Fig. 6.12 Comparison between predicted and experimental results of critical true strain (e, ),
for R10 specimen under cyclic axial loading based on the advanced 2-parameter criterion.
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Fig. 6.13 Estimation of non-effective plastic strain for ductile cracking in cross-shaped s
pecimens under cyclic loading based on the effective damage concept.
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Fig. 6.14 Comparison between critical values for ductile cracking using two parameters
for cyclic loaded cross-shaped specimen and for uniaxial tensile specimens ;
ductile cracking from corner 1).

-05-



Experiments @ : Crack initiation (0.05mm)
> 1 No crack

25¢
Py r Aﬁmwm
.% 2_05. = 7
= WComerS
[7)] - 'y
L2 15Ff
2] B :
S ! Criterion for ductile
2 40k Erom \\__crack initiation
S [ surface From center
© [
S o5t l
g— s > —: Tensile straining
w [ & ------ : Compressive straining

0.0 | | EEFO TR U B ST TN GOV A B A

Stress triaxiality, 6,,/c

(a) Using plastic strain, ép.

03 06 09 12 1.5 18

® : Crack initiation (0.05mm)
-~ : No crack

First loading
= ( 7
@Comer 3

[

Experiments

n
o

N

o
i

™

'y
[8)]
T

Criterion for ductile

1.0 r Erom crack initiation
[ surface From center
s o
05 !
L ?O — : Tensile straining
[ L : Compressive straining
OO .l&l.l.lnlnl.l.l.l.l.l.l.l

Effective equivalent plastic strain, &,

03 086 0.9 1.2 1.5 1.8
Stress triaxiality, 6,,/c

(b) Using effective plastic strain, (€ e

Fig. 6.15 Comparison between critical values for ductile cracking using two parameters
for cyclic loaded cross-shaped specimen and for uniaxial tensile specimens ;
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Fig. 6.16 Comparison between predicted and experimental results of cyclic displace

ment of crosshead D, for ductile cracking in cross-shaped specimens.
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Fig. 7.1 Configuration of specimen modeled beam-to-column connection of steel pier.
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Fig. 7.2 Procedure for manufacturing beam-to-column connected specimen.
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TEEHFADT T ¥ —E EiF bl ZOX 587 T4 0 F—t EiF % oiEESmoE T
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Table 7.1 Chemical composition of SM490YB steel and welding wire YGW 1 used.

Chemical composition (%)
C|Si|Mn| P S |Cu| Ni} Cr| Mo \ B (Ti+Zrj Al
Base steel [0.17]0.33{1.37{0.018]0.018(0.01|0.07(0.06{0.008{0.002{0.0001
Welding wire |0.06|0.67(1.58/0.016|0.012]|0.24| - - - - - 0.23]0.007

Table 7.2 Mechanical properties of SM490YB steel and weld metal used.

Mechanical properties
oy (MPa)| oy (MPa)|YR (%)| &1 (%) | El. (%)
Base steel| 344 540 64 | 17.6 31
Weld metal|] 437 566 77 | 19.7
oy : Lower yield stress , o : Tensile strength, YR : oy /oy,

&1 Uniform elongation , El. : Elongation (G.L.=36mm, Dia.=6mm)

Table 7.3 Welding condition.

Welding conditions

Pass sequence Current|Voltage Welding .Heat
speed | input

Pass
A \Y (cm/min){ (kJ/cm)

310 34 35 17.9
310 34 22 28.5
300 34 28 21.9
300 34 60 10.2
300 34 120 5.1
300 34 43 143

Dl |-
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Fig. 7.4 Cyclic loading test in 3-point bending

for beam-to-column connection in steel pier.
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Fig. 7.6  Attached position of strain gages on column frange.
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Displacement of loading point,d (mm)

Fig. 7.7 Load P and displacement of loading point 6

for beam-to-column specimens obtained by experiments.
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O -~ N W b~ OO OO N O

_ At 120mm

_ At the end of tensileI straining by fifth cycle
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Distance from column-flange center, w (mm)

(a) Indirection of column-flange width.

Strain, e (%)

O = N W b O O N @
) T

b On the middle of
web-plate thickness

— At the end of tensile straining by fifth cycle

0 30 60 90 120 150
Distance from beam-flange plate, | (mm)

(b) In longitudinal direction

Fig. 7.8 Distribution of axial strain e on the surface of column flange at the end of tensile

straining by fifth cycle.
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Fig. 7.9 Distribution of axial strain e on the Fig. 7.10 Distribution of axial strain e on
surface of column flange at the end of  the surface of both side of column flanges at
compressive straining by fifth cycle. the end of compressive straining by fifth cycle.
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Web plate
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Observed region

I 1 ' ‘

mm

At a : 93.5mm from center At e : 93.5mm from center

Fig. 7.11 Observation of surface around the end of corner in beam-to-column

specimen after sixth tensile cycle.
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800 F 5
Beam-to-column specimen

g | N [Outer surface of web plate
Tensile straining ;

t
!

Compressive straining

Load, P (kN)
o

400

800 [L&4-b Ty
50 0 50 100 150
Displacement of loading point,5 (mm)

bl

S5-bi At S =+11mm, 5-d: At 0 =+33mm 5-f : At § =+55mm

Fig. 7.12  Observation of surface on web-plate around the end of corner in
beam-to-column specimen under fifth tensile cycle.
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800 F
Beam-to-column specimen

400 | Outer surface of web plate
= Tensile straining -
]
b L
g- 0
3 Compressive straining Observation

400 [

800

50 0 50 100 _ 150
Displacement of loading point, § (mm)

3 N DN, imm | =
6-b : At 0 =+44mm. 6-d : At 6 =+88mm 6-f : At 8 =154mm

Fig. 7.13  Observation of surface on web-plate around the end of corner in
beam-to-column specimen under sixth tensile cycle.

-109-



butel;ds;q'rface of web plate

9ut

‘\Observation
3mm i

A Cut

Fig. 7.14 Observation of ductile cracking behavior from the surface around corner on
web plate in beam-to-column welds.

Fig. 7.15 Observation of ductile crack initiationafter a certain opening of concave..

A250_

g‘ r IDucttirl]e Erack

S 200¢L '

£

2 150 [

K

S

s 100 |

G I

% 50 f- - — — —

2 I After 6th cycle loadin

0 0-....I....I.l..l--ul....l....l....
0.1 0.2 0.3 04 05 0.6 0.7 0.8

Opening distance of concave, dmm)

Fig. 7.16  Relation between opening distance of concavein surface and nucleatedductile

crack lengthfrom the bottom of the concave.
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loading point, 3, (mm) Displacement of loading point, 5 (mm)
(a) Measured opening distance of (b) Critical loading cycle for ductile
concave as increasing of loading cycle. cracking with length 50um.

Fig. 7.17 Critical displacement in loading cycle for ductile crack initiation.
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(a) Whole view. (b) Detail of A.

Fig. 7.18 Mesh division of specimen modeled beam-to-column connection used for

FE-analysis.

© .
_ &2000 — a.1000¢ Isotropic model |
8 E Weid metal g Z r (Experismmr:rs“::\:?rginesteel) Weld metal
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£ 21000t ‘ E G : Isotropic 0= 0.
28 I o8 400F hardening 5 combined model
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T © I s=§,/(1+al4R) 5 E @ : Kinematic
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Equivalent plastic strain, g, (%) Equivalent plastic strain, €, (%)
(a) Uni-axial stress-strain curves determined (b) Isotropic and kinematic hardening
from round-bar tensile test result. components..

Fig. 7.19 Determination of stress-strain curve of combined hardening model for weld
metal used for FE-analysis.
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Fig. 7.20 Comparison between load P — displacement

v = THFRE T ORI TS O S YA of loading point S relation obtained
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Fig. 7.22  Distribution of equivalent plastic strain around beam-to-column welds after sixth
tensile cycle.

FIT, SORKOWHUEFXILLTERIEBLT, F6BIIBVWTEORAUPRIESNTA
WEEEAEOBRICL BHIE2/39 X =% 27547 )+ v HWT, BABERAREDIEEEZRD
RERRFMOTEMEIC OV TRE 217072, T2, 001213, RERTES ZROFAN L
ENTBEEBED 235 X - YR X RBEERRERET HLENH L. €2 T, BATRREEER
KIZBWTIBHEPREED» S ESXZHSREL TV L2 5, REBEREID L EEE A MIZY)
DH LUK & EEEAT 0. 1om O FEYIR & HUERERA O BRI S iR B L 2 D5k
FEM B#r 2 £ L, YIRXEXTD S DBEEBOES X RBEERREN 106%THD I L e ERL
7z. Fig.7.23 (a) 1%, MEAIEERRBRAEORAKEUHELETIER TOME LM IC X ML BN
EOEIME) BN OEREEEZRLZDOTH S, ARBRBEBRSICL &1 7 )V TOME
BECES LEVWERRFBON Y FEICHNST S, ZOBEBICES L VWHLBEELZRN L2ERD
m%@%%@ﬂwmﬁﬁ(ﬁﬁ%%&@%&ktf%ﬁ)%@%@E@@ﬁé%ﬁimﬁﬁtmﬁt
72 DA Fig.7.23 (b) TH 5. FBAMEEAREKOLEN S REEROREADBHEIRFELR
W—ERLTBY, REFEHESM 2885 LRI LIRS N 2/8T7 A — S IEH X
WUREZIATVF U EHATERTH S ZEPFEESIN. /2, Fig 7.4 ZTDIR2 /37 X =%
7547 )F v ERCT, BEEBOEN SHBERREDL O MR LRI X 28 AT REERED
M ERHEERRTA 7 VETFRALAZDDOTH L. KBEOHIC, AHEGRSZERLTIC2BM%
ERBEEZPHVTTFHILERORLTVAES, ZOBA, THEMENTERELE KE (R VEHEERE
OB A 7 VEBREINS S FHTARBREL>TWA, —F, AREBEHESICED (LR 2
TG RA=F 54T VX ERAVBE, B4 7 V2T Th RFEMD 2% ) L WKEE CTFRIT

114 -



—_ c

] R
= %1000 g 1.5
o= i et I
< '3 800} { l ( 2
o 9; : ﬂ Equivalent stress, & ® r 6th
z,; 2 600 [ , 3 10 B cyde
O ® L [ 3 r
B % 8 |
£ 8400 2Lt | A
o o I _ F 05 5th
o 5 i Equivalent back stress, & o | cycle
3 g 200] o S
i3 g

E = 1
w L

(a) FEstimation of non-effective plastic

strain for ductile cracking based on the

effective damage concept.
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Fig. 723 Comparison between critical values for ductile cracking using two parameters

for cyclic loaded beam-to-column specimen and for uniaxial tensile specimen.
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Fig. 7.24 Comparison between critical values for ductile cracking predicted based on the

advanced Z-parameter criterion and experimental result for cyclic loaded

beam-to-column specimen.
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Fig. 7.26  Mesh division of specimen modeled beam-to-column connection with fillet
on the web-plate used for FE-analysis.
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Fig. 7.28 Distribution of equivalent plastic strain around welds in beam-to-column
specimen with fillet on the web-plat at 3=66mm under sixth tensile cycle.
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Fig. 7.29  Distribution of equivalent plastic strain on the fillet in beam-to-

column specimen at 6=66mm under sixth tensile cycle.
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Fig. 7.30 Comparison between effective equivalent plastic strain on fillet in beam-to-column

specimen until C1=66mm at sixth cycle and critical strain for base metal.
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Fig. 7.31 Comparison between effective equivalent plastic strain on fillet welds in beam-to-column

specimen at 0 =66mm under sixth cycle and critical strain for weld metal.
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Fig. 7.32 Estimation of advantage of fillet model in ductile cracking resistance by application of

advanced 2-parameter criterion.
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IEREDESEHHEET IV (FH/BHIELLHETTIV) ZRV = FEM BT

Yield curve under uni-axial Yield surface under
stress state multi-axial stress state
o (=;) o 11
M L ImmeJ;

Oyt ;,i ~~~~~~~~

" Tension
(Compression)

Compression ;
Tension
( ) o N

\"“I

/ Combined model y
/
] \ ) I ! First yield surface
Isotropic model I : Yield surface of keinematic hardening
I : Yield surface of combined model

IV . Yield surface of isotropic model

Fig. B.1 Yield surface of combined model.

BETLMEE T VICBIT 2 BRERE, EREOMEKE LT, SHELLBEE L EAsbE
TRACTEHRT 5.
flo,-a;)=5(¢,) (B-1)
o T G ML E, HHSEME
72720, BEELRNI AR, Zieglar OBENFE/LAIOERA ZEHRA L 7.

C - _
do,; = (o, — a;)dE, - you,dE, (B-2)

g

Cy 1 ARHEH
WHHEHC, y DRERBTOL ) IE Loz, £, —HHREE (o, H1) 2M8ET 5L,

0,-Q;=0,-0, =0 (B-3)
k. (B2) &b,
da, = (C - y,)dE, (B-4)
o[ da, = ["dE, (AR, ETIER)
oC—yx ' o P
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(B-5) K#HWTFig. B2 IZRTHL ANV

E L7,

- —i[m(c ~yn); =[g,]’

<0

0

(1-e)

(B-5)

DIEFEFEM OFIRICT — EHED» M BEHMC, v 2k

BT IZHW T W ASHEbES (YIS —H48EERR) &, Fig. B3N k)2, (B-5) X%
BWTRD - BEELRS HLSEE) —HLBEERR) LEBRTHONLEMOMYIE T —HY

WHERERS S RE L.

Experiment

Stress-strain curve of
virgin material

Stress-strain curve of compressive
prestrained material

]

(Cexamy, (CeXm, (e )ymw),

Fig. B.2 Determination method

of equivalent back stress.

ot Y
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Isotropic model

Combined model
(Isotropic / Keinematic)
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Fig. B.3 Determination of relationship
between equivalent stress and
equivalent strain used in
combined model.
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