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AN EXPERIMENTAL STUDY ON THE ELASTO-PLASTIC CYCLIC BEHAVIOR OF STIFFENED BOX MEMBERS
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By Tsutomu Usami, Shingo Mizutani, Tetsuhiko Aoki, Yoshito Itoh and Hiromiti Yasunami

Tests of nine cantilever thin-walled steel box column specimens modelling steel

bridge piers were undertaken under constant compressive axial loads and cyelic lateral
loads. The test specimens are of stiffened box sections. In order to examine the
possibility of increasing the column’s ductility capacity, two concrete-filled column
specimens and one hybrid stiffened column specimen in which a higher grade of steel

is used for the stiffeners than for the plate panels were also tested. The test results
are evaluated using both energy-absorption capacity and a newly defined ductility factor
which takes into account the effect of plate local buckling. It has been shown that both
the concrete-filled columns and the hybrid stiffened column increase both ductility and

energy-absorption capacity significantly.

1 #

s

AMFTREUBRLT LOBHNARENONBRIEORN2FTBOEN E LAERNMR TS 5. Hillo
el c), ¥t 5 hoBERB LUBRRETEKE X v 22 HBEBWe 7V (FEE) cLiBEoEs
EHFELA-FEHERELHMBEVEEEL LRV ELKEHESEA L & 0ORBHES, BESL B
HET, =2 VvF-—RINGER EEAERNITRD ., 3ok, APEROEEEER L AHLVBhHREFH
CEHRL, EREBRAFE . VHERTRLRICERES KT BNewnarkd = 2 V¥ ——F i B -5 S{ikE
BEOF@ERXH» S, RIHKEBECEHIEREZHE Ko VTR,

BRI TR, FHOEBROMEE LTiTbhAKBBIOoN, BHETHETEER BT 2ERERCS
WTHET 5, CoRRR, FELTHROFLWEEBHMoMRELAENE LTI b0 T, BiToER
B RAE U)o A A MBI L BRIy ok 0 SEOREIE 2o HEE, AR OBRRIEER
NEADENID BE L LAHERE (A4 TV FEM) , 2r 2V - E2REDLLHERE, 0oXBEE
ATWS, UToRRCBWT, FiRXERIXRIIIZET b0 LT 5.

¥ D.Se., T ZHEARRE ITEXNLARTHEH (F464-01 EHEHTEXLEN)
#+ T HASERASH RNERATSEOIFENR (F210 JIHRTIE X & HE)
s T FHTERERE T¥HIATEH  (F470-03 SEH/ARHED
kr T ZHEXFEMHER THEBERTEH  (Fi64-01 ZHEHTEXRERD
vk T FHARSEHRASHE BNHRAS SESUHEEXeY s -FEWEB
(F299-12 EBHFE)

—105—



2 EROWE

(1) ERHE B LUERHRE

HWUBHOMBEREELRETIER, ROXL5B 322 0EFILNB[1]: O, OHETE, Of
H, @HREEROBEL (F-ZEL) , OWEL, OBV ORI, OBERKROBEEREE,
WMEFIOKE X, QBMHRME, BWETHS. COWRTIR, Fig 1B LUTable LIRT & 5 0SS40084 &
DRZIGOHBBEENEREE (WaoE s EEOtkd/b=2/3) 0KV RELBHEREIT > 7. Table Licfli
HENTWREREON, BEIL/ <5 A~ R, BIUHEL 52— A RRRATERIN 3.

VERnclAL LOAD VERTICAL LOAD
By B ]y
ZpreR . ® s} UPPER 0
[ o~ END ™~
pLaTE | PLATE
! i |- STIFFENER
H ]
==4® s
. YN e (AR 2l
i l| STIFFENER - * |1 CONCRETE
ML: ‘,; s
}=l==5: ®— (34
ol =
P I o ko]
i = = PLATE THICKNESS = t
Q)
P
ﬂ fa= i\ <=
LOWER —[ 1T _ 11 LOWER —[17 1] .
END PLATE Q END PLATE & @ : DIAPHRAGM
G = UNIT: mm
(a) STEEL COLUMN {b) CONCRETE-FILLED STEEL COLUMN (c) CROSS SECTION
Fig. 1 Test Specimens
Table 1 Parameters of Test Specimens
- 7 Ps [ Rd p
Specimen A Rf —_ T | ™ | Remarks
7 Teq h h b Py
S$S1 0.5]0.45] 3 1.0 | — 1.0 -
SS2 0.410.45] 3 1.0 | — 1.0 -
SS3 0.5(0.45[ § 0.3 | — 1.0 Stepped Stiffener
S$S4 0.5]0.45| 5 0.5 | — 1.0 Stepped Stiffener
SS5 0.5 0.45 5 1.0 - 1.0 0.2 -
SS6 0.5]0.45( § 1.0 | — 1.0 Hybrid Member
SSs7 0.5]0.45|18.6 1.0 | — 0.5 —
SS8 0.5 10,45 1 1.0 (0.3 |1.0 Concrete Filled
SS9 0.5(0.45( 1 1.0 (0.5 |1.0 Concrete Filled

Note : A =Eq.2, Rf=Eq.1, 7 =Relative Flexural Rigidity, v req=Required
Relative Flexural Rigidity, # s=Length of Stiffener with Higher Stiffness,
@ c=Length of Filled Concrete, @ d=Distance between Diaphragms, h=Column
Height, b=Width of Flange, P=Axial Load, Py=Squash Load
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IIT, b=iKiE, t=WKE, o,=BRIEJ, E=8KEK v==K7v ik, k=RKoBEHRYK (RHHA
HHEOBEL0, BREMEOERSIn®, n=HRHclzhid 72 ¥ , K=FHEBEEH(=2.0),

h=%HE, r=SYEOME2KERTHS. 75 v VROBELR B0 GSREATL, WELIR1 &0
HRAEGSDERVT.5TH 5. MERKOBRESERIHEmO T ¢A»RNEESERAL V3. ftHlko L
Wicid, BEHRERLV P EAT A0 8mmOMRPEEIN TR, THick, @#RErERRCBEE T
L2704 OmOBRPBERINTVE, HEESSIBLUSSIR, BEBRKOBRIMEEL, BTHIA1 775
AL LsDFEIT 75y VORSEHEMELL y BERORSEHREMOLERMLy (OEERD LD
KR LTHD, BoOBABLIU = 7OBRMIL 7 /7 r0a=1.0E LTS, #HEFESSGI VDWW B ST
Y FEER & 0 72 2 3R T, BRI OMBEITSMLI0Y (AFRBRAIET =353MPa) 2R L, W/ o2 VD
WM ORBRAEHLD b LT TH S, Thik, BRIMOBRREE x VORI ESE, FHTORMMK SR
BEELZEILLYD, RxVOEBEEEOHILEERS b0 TH 2, HEMGSSTTR, #HAKTHD 574
T75ANMBPL2RVDATA4T 75 AEREMOEAEOES(b/D)ICED, BRIMBILE 7/7 cca=
13.6icEDTH 5. HE{kSSS, $S8icit, ZhEFh, BFIHIA 77 5 L MED SHIMENDI0%, 503 DH
BIBOMAF 177563 ThHEDINTVE, ary 2y —bid, THROWET V- FodRMEEICEH T
T SHREARBICHE LIAA T, Table 2ic 2R GO ERTHEERT.

Table 2 Measured Dimensions of Test Specimens

Specisen | L h gd B D t bs ts 7 s Qe - T
A Rf Ry
(xm) | (ug) | (am) | (mm) | (mw) { (m@) | (#m) | (wm) | 7 req | (mm) | (mm)

$S1 1854 | 1871 | 296 312 202) 4.51 | A4.0)4.36]3.23 1854 |-~ 0.490| 0.430 | 0.427
$S2 1354 [ 1216 | 296 | 309 | 201 | 4.51 |44.0|4.36]3.23 1854 | ———~| 0.356{ 0.426 | 0.425
SS3 1854 | 1671 | 296 | 311 | 202 | 4.51 |50.0(4.31|5.03 556 | ——~ | 0.495| 0.429 0.426
SS4 1854 | 1671 | 296 | 311 | 202 ] 4.51 | 50.0/4.31/5.03 927 | ——=~1] 0.495| 0.429 | 0.426
SS5 1854 {1671 296 | 811 | 2027 4.51 |50.0]4.31(5.03 1854 | ———~ | 0.495| 0.429 ] 0.427
SS6 1854 | 1671 | 296 | 312 202 | 4.51 |50.0[6.255.39 1854 | ——=1 0.521| 0.446 | 0.427
SS7 1854 | 1671 | 148 | 310 | 202 | 4.51 | 50.0[4.31|13.6 1854 | ———— | 0.495| 0.428 | 0.427
$SS8 1854 [ 1671 | 296 | 311 201 4.51 |44.014.36(1.16 1854 [ 556 | 0.490 [ 0.429 | 0.424
SS9 1854 11671 | 2961 311 201 | 4.51 |38.0]4.39]0.98 1854 1927 | 0.487| 0.430 | 0.424

Note : L=Total Length of Specimen, B=Width of Flange Plate, D=Width of Web Piates, t=Thickness of
Plate, bs=Width of Stiffener, ts=Thickness of Stiffener, Rw=Width-thickness Ratio Parameter
of Web Plate.

(2) EBRERE

EREBR, RXTHALLZbORBDPOHB LT bOEMALAY, BEANICEFE-TH50T,
HHTOWTRXEBIA2BBEncw, Fig. 20ERPOBEHERT.
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TV, MENEOKE SHEKEO2EEMARM TP, D0, 2E i & -7,

KEHEORME /2 75 A RKEHERFAE (Fig 1BH) TOENS DIREA—FORBETITY, Fis
IR &, BREMRBTIET > ORERHELET 7. 2L, 2941 7 VHORKINE (FEMERBT
DELEEOBRRKERICHIGT 2HE) P14 27 VBOoBKREEICESN, BIBBIBLUNTHNIELI S A
s VB OB IRER L, Fig sicbit 5B R
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Fig. 2 Test Setup

Table 3(a) Material Properties (Steel)

MEIERIZIIS A 1132 Plate E oy ey v E st € st | Remarks
D#EE (4 =100mm, (GPa) | (MPa) (%) (GPa) | (%)
EX200mmoyy vy Panel 1917 266 0.134 [0.269 |[9.36 1. 53 | SS400 Steel
—EK) OFEfSER Stiffener | 198 298 0.151 |0.258 | 8.47 2.33 | SS400 Steel
Kk oTiFate, av Stiffener | 203 365 0.179 |0.253 |6.82 1. 55 | SM490Y Steel

_ s Note: E =Young's Modulus, o y=Yield Stress, ey=Yield Strain
79— rOREMRRA, v =Poisson’s Ratio, Est=Strain-Hardening Modulus,

Bt EkoE L E— e st=_Strain at onset of Strain-Hardening
DODHITIT-7. ot
MHER O E O ¥ Table 3(b) Material Properties (Concrete)
fE%Table 3iZ/x9. [G
REDANATY 5 Fif Column Test | Days Ec fe' v
& 0 KRB (SMA90Y) Specimen Tested | (GPa) | (MPa)
DRERIST] &M 7e % v $S8 46 28.2 [39.8 [0.157
(SS400) ORERIGT 2 $59 8 |28.3 |40.0 |o0.157
teix, 365/266=1.37T
53 Note: Ec=Young's Modulus, fc¢'=Uniaxial

s Compressive Cylinder Strength
(2) WEFEe—F

WMoBOHFE (SS1-S87) DWHEE— FRERXOFLLBEELLITHE-k. b5, #HEAKRT
oz (3HV 7O LD/ 2 V) OW7 5 v PEICMROBHER, @Y = 7@ iR O BEHBEE K

—108—



BEEHEMECTR S, FHEICKEEENND > THEEBEERER2CRTCRSY, ZOREBNHE
DEDBELIEIRCKELRD, BEHICRB TR 210735 vy Y&y = 7OTHARBEROENE 23T
ARBERCEAAROBMD Y 5 » s BELTMARK > TV o, BEROFNE LB 73, B
0%, RAKEHEIKIGT 2KELL (6a) P2RBVLSEOEMTELKL. BB, ~1 7Y » FEERAKE
(556) 13, BWMEBERSSSHEEREFICENT/NE L, BAVOBRREES 2 itk 2 BMEREELRIE
DOHEEEE H2RERZLTVWE., £/, BTHO 21054 77 5 sEEEE oA EO¥FIc L
SSTHtER KIc>WT b, EEEFRE TR/ <X VOB ALK,

vy ) — FEEREERP S0.3hE THRE L ERASSS T, ETHOURDMEBEEL SR TR/ <4V
75V ORIEL, 2WTa v 2 ) — b 2RELTOVRWERSOE TR CRAVD7 5 v ORICEE L. i
FZOBBEFRZOBELALEREL AL 720, BREORBERRIEELEVET JLLKEL, #HEE
DEFHEFDREALERCOMATRELTWS, $1bb, JofRAEOz X vF—RIENEZ, 3 ¥
) -+ EFRELELESOTCLOBAM OB D2 VOEFENCEGEN S EZEATRY. —F, 27
J— b%E0.5h ¥ THRELASSHtRE T, BREER2 v/ V- I BRELTH IR FRB A VICDOS
HAEL, ZO0ZERRBOEREICHRDLTILTH -, ChRYROIERBSa Y7 Y — Mok BEBE
BEESBIES O TOWRICEL SR, -7, CoHRRGEDO =z 2V F-RINEETX, BIEE, MEar”
)— FOSREERMOETENHIcEGShEEEXTRVWEEDbN 2., EBETER, #EGFTHRO7 I~
CIREAZYUMLCEEI Y7 V- b 2R LALL S, BREESRELTVWIRGOa 7 ) — PR
LAEC LS Lo i3 REBELELTVWAEY, ZoMoBHIcRIBZLALEBEIASOEBL 7. B
S>T, WA VORREBETR, GUERLAERCL-Tav s V- 759 7BEUIRBVIEGZEC
Li-glickELhEEZISNS.

Fig. 4 (a), (D)3 Z N ZNHRIKSSS, SSIOERBOLIRERRT. SSBOBARBHEELELRB bIT
YUY — FERBELTOWEWESIIAEL, SSIRBORBERERLEESHAGERELTVWE LN 5.

(a) SS8 (&c = 0.3h) (b) SS9 (Zc = 0.5h)

Fig.4 Concrete-filled Test Specimens after Failure
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Fig. 5 Horizontal Load versus Horizontal Displacement Hysteretic Curves
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6§ =8r- (h+ h/10 Ytané (5)

CCT, §=FERDKEZEN, & =KEHERMUEOREKELL, tan8 =6 5/(h/10) =HEF O[]
B, 0.,=HEX (3AV70HRLEDFL 775 40E) ORIEKPEEN, h=HEAkOFE (Fig.1 BF)
Tdh 5.
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2 [H/ Byo 2 (u 7 Hyo
LINEARLY ELASTIC LINEARLY ELASTIC
Ss4
ss1
SS5
1 §S3 1 Ss6
SST
ULTIMATE STRENGTH £ ULTIMATE
[USAMI 1990] STRENGTH
[USAMI .1990]
SS5
% 5 10 0 ' :
8/8yo 0 s 8 /8 yo 10
(a) Effect of Stiffener Rigidity (b) Effect of Higher Strength Stiffener
2 [H/ Byo 2(H/ Hyo
LINEARLY ELASTIC

LINEARLY ELASTIC
589

SS8
1k 1 ULTIMATE STRENGTH
[USAMI 1990]

Z_ ULTIMATE STRENGTH

[USAMI 1990]
SS1 SS1 SS2
ol 2 % 0 ) 10
5/8y0 0 > s5/6y0
(c) Effect of Filled-in Concrete (d) Effect of Slenderness Ratio

Fig. 6 Envelope of Horizontal Load-Horizontal Displacement Curves
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LicdbDTH3. D" LINEARLY ELASTIC” & L7BEBRAPHEOASMERE L & SO MNERER
(BAMEEEEY) KL-THEOSNKEHE—KELEMMEEES. £/, 7 ULTIMATE STRENGTH™ 25T
LEREL~NVH, I, B TRLAL S, AR OKEREGHOREEERT. KEMEIH, IR,
73y VROBFEEEEZ S, Bo-—HOBEREX (WEHRAEREASLUELERAR) dokovoh
1:bDTU]H B (AR OCaselicdlY L, HIFBERCHTHOBHEEZ XL TV TROLBEICHYT3) .
INSDREDIRDIEBRMNE,

DHEZAESSI(=7 /7 cea=3.0), $S5(n=5.0), SST(n=13.6) DEREEZLE T2 &, HEHIMHIEZ0=3. 02l
LT, BEKEHE, BSKENEROBESLLIZZLALEDL STV (Fig 6aB ). Chid, Ak
XOKBTESNWAERL RT3, EL, FIRXTRN LI, BRIMEIEEr=1.055n=3.0& ¢
bllicky, HEFEEIPBOVRBINILLERTILENH .

DEREEE B ORE S OB (553, 5S4&SSHOHE) BIBEAERSARW, TRbb, Bkt
ABAOESE, HEELS0.350THLTH S (Fig. 6aB W),

) BEEIRSS5&SS6 (N1 T Y v FIEME) ORERELEBETLEN1 7Yy FOPRE, BEHHEIFLTR
BEAER WD, BEHILELBO/NEL T3 (Fig. sbBH).

DFDAHDHEEESST, 77 Y — b %0.3hE THEL A GEEESSS, BLU0.5hF THREL 2 #HEA&SSIOE
BREREIETEE, 2V 2 ) - 2RETIE LY, BEREEF L LRSS, FBEHLE
FLNELCT B EBDM 2B (Fig 6cBH).

SYMIRILDZE V(X =0.5DSS1& 120 4DS552) i3, BEHEXROBMERLIcHHEERET. Thid, ¥
DOP —DeltahRick 2 bDEELI SN B,

Table 4ic, RHHEEKILODVTOH,,, 8,0, ERIVESHAKEHEOR K Easx, TDL & DKEE
f16w, KEMBAOHEHEN, DilE%RT. BELOLAPDILIRE, BEKEHBEICHETEIERM S0/ o
{3581, 583, SSEB L USSTITH L T#2.3, A4 T Y » FERABESSOIIM L T3.3, 3 v o ) — b REMEH{ESSS
BLUSSHZM LTS 0&AD, BRECEBOER BT BEERIANA 7Yy FBLUavy 2 Y —rEBIEC
THI LI ROREENS.

Table 4 Ductility and Energy-Absorption Capacity

Test Hyo | dyo Hmax | 6% Hy s’ Au TEi Ke
- - = - — {un I — | — [Remarks
Specimen | (kN) | (mm) Hyo | 8yo| Hyo | Syo Ao Ee Kuo
SS1 60.0 {12.70 |1.14 (2.36 |0.80 |3.92 0.681 ]2.95| 3.66 122 10.398 -
SS2 824 6.73 }1.2213.09]0.805.59 0.667 |3.86| 5.01 18210.333 | A=0.4
SS3 [60.7(12.74 (1.12]2.30(0.80 |4.42 0.717 12.88} 4.24 103 | 0.366 | €s=0.3h
SS4 60.7)12.74 11.1712.36(0.80 4.45 0.834 [2.95| 5.03 109 10.332 | 2s=0.5h
SS5 [60.7112.74 [1.12(2.38[0.80|4.30 0.958 ]2.98 4.47 94 0. 355 —
SS6 |69.713.63 }1.143.3370.78)7.09 0.740 |4.27| 6.99 308 10.278 |Hybrid
SS7 (6071274 [1.16]2.35]0.80 |4.13 0.867 ]2.94| 4.61 90 | 0.329 | 2d=0.5b
SS8 [60.0112.70 11.5314.92/0.8017.73 1.234 [6.15 11170 506 1 0.211 | €c=0.3h
SS9 |60.0)12.80 |[1.5315.05/[0.80(9.72 % |1.251%|6.31 |14.95% | 1040 [ 0.186 | €c=0.5h

Note: Hyo=Yield Load, Hy=Predicted Ultimate Strength, Hmax=Maximum Horizontal Load,

& yo=Deflection of Column Top at Hyo, & y=Deflection of Column Top at Hy, Jwm=Deflection of Column
Top at Hmax, gx=Ductility Factor(Eq. 7), puw=6w/8y, Ee=(1/2)HySy, Ei=Energy-absorption in
cycle i, Ku=Equivalent Horizontal Seismic Coefficient, K.o=Design Horizontal Seismic Coefficient
$=Exterpolated Values.
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HAFILOVWTRYD, EREOUBEH» SHEMOBL L ERNICHERNT .

BUROERCRBEA452, BOI(ELhI3ERARBREKEABCHET I2EM S MBABRRE 1212
BHEESEC K EHBICET 2KPEEMS , & DLTRTHETH S ¢

Lo = (6)

COERARVBNCHETH 28, FEMORE—ZEBERTSGELENTVBELRVARL,
G120, EEOHBHARXTHVAEERTHS S, coPhRir, RERN =2 v F—ofBiEEsRMT 3
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75,
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RMBRRO LV EEHRERBOFREELIONDY, COWRRICSMENSZ, $ibE, H-4
BAEHEOaEEE, BEEE (CoRXOLIBEARETRIZLNIRBTOROELNEY 1 7 V)
CRET2EELONBIETHB6,7,8]. -7, R(MNoBHRSBHARESEEAWIEUCH#RETS
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Whha, #-7C, JITR, RATERSNIERILINARBRN =2 V¥ - E2EVHEOEIFEHD
RIEEER D,

1
E=~— ¥ E Ee = — H,d, (8,9)

CCIR B = 94201 CORPrAAF—, n=BKEHR (H=H,, §d=6" ) KETHETOHEVRLHE
TH3, Efrs' G+ 2EHRELTLIFELIVOT, EBIR, ZORROENE TORERK
Wz A F—BHS5HFEZE L THBEBRTOERRD B L L3,

Table 4icR@HREL>VWTRD SN ERO3 >ORu,, 1, EOEEFRT. &5, Fig 111, %
NoofizrhEpa vy Y —1rOFI L/ BIUERESHMTOSE L/ BHLTTey b Lz
DTHDS. CHSORIDVIRDOI EBDMS.
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