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A Study on Strength and Deformation Capacity of Concrete-Filled Steel Columns
under Cyclic Loading

B HE R e THEERM « FHMIES

By Hanbin Ge, Tsutomu Usami and Kazuhiko Toya

A total of twelve concrete-filled steel box column specimens modelling steel bridge
piers were tested under a constant compressive axial load and cyclic lateral loads.
The purpose of this experimemtal study is to investigate the influences of the filled-
in concrete on the strength, ductility and energy absorption capacity of the column.
In designing the specimens, the plate width-thickness ratio, slenderness ratio and
length of the filled-in concrete were chosen as main parameters. Moreover, the effect
of the diaphragm on the column behavior was also examined. Test results showed
that concrete-filled columns increase both ductility and energy absorption capacity
significantly.

Key Words: buckling, concrete-filled column, cyclic loads, ductility, energy-
absorption capacity, failure, seismic design, strength.
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(Diaphragm Thickness = 6 mm)

Note: Diaphragm (@ is not provided for Specimens UC70-25-3[3]D and UCT70-25-5[3]D
Fig.1 Test Specimens
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R, = é /12(1 - V2—) Oy (1) Table 1 Parameters of Test Specimens
f — t 7r2k E ...........
No. | Specimen Ry X . |n
~ Khl (o,
AS oo (2) 1] UC70-40-3[0] | 0.70 | 0.40 | 0.3k | O
2 | UC70-25-3[0] 0.70 | 0.25 { 0.3h | O
T2y o RIBIRIEST, ¢ EHUEL, E i 3| UC70-25-3[3] |0.70 | 0.25 | 0.3h | 3
Rl AT Y b MIROBRE K 5| vCroasafap | 070 | 025 | o |3
RAERERMEHRS (FRETE K=2), b i 6 | UC70-25-53)D | 0.70 | 0.25 | 0.5h | 3
Ak o : LCoRI LU r3@EO 7 | UC90-40-5[3) | 0.90 | 0.40 | 0.5h | 3
W —REECH 5. BAIEOES. MAH 8 SC45-25—3%O} 045 ] 0.25 [ 0.3h | O
o N 9 | SC45-25-3[3 0.45]0.25 1 0.3h | 3
HRIM L 7 SRIC2A, ¥ = 7H]Ic LA 10 | SC45-25-5[3] | 0.45 | 0.25 | 0.5 | 3
ANTco FRRIEE DRI &, $RFEEE R BERR 5> 11 | SC60-35-3[3] | 0.60 | 0.35 | 0.3h | 3
L1851 B MEH AR O BRI O 11 12 | SC60-35-5(3] 0.60 | 0.35|0.5h | 3
b Lo BREREH OK & X (2 S0 0 L5 Notes: };f_:SYViith_ThiCkne-ss Ratio Par:?meter;
= Slenderness Ratio Parameter;
RERE P, 0245 & L 7o I, = Length of Filled Concrete;
n = Cycles of Loading.

Table 2 Measured Dimensions of Unstiffened and Stiffened Test Specimens

Specimen B D ! bs ¥/v* L h le by R
(mm) | (mm) | (mm) | (mm) (mm) | (mm) | (mm) d

UC70-40-3[0] 235 156 587 | — — 1354 | 1216 | 365 0.429 0.750
UC70-25-3[0] 235 157 5.87 — — 953 788 236 0.276 0.750
UC70-25-3(3] 235 157 5.87 — — 952 788 236 0.276 0.750
UC70-25-5[3] 235 157 5.87 — — 954 788 394 0.276 0.750
UC70-25-3[3]D | 235 156 5.87 — — 952 788 236 0.278 0.750
UC70-25-5[3]D | 235 157 5.87 — — 952 788 394 0.277 0.750
UCY0-40-5[3] 296 202 5.87 — — 1753 | 1578 | 789 0.434 0.961
S5C45-25-3[0] 317 196 4.27 23 1.17 | 952 838 251 0.245 0.479
SC45-25-3[3] 318 196 4.27 23 1.18 | 953 838 251 0.244 0.480
SC45-25-5[3] 317 196 4.27 34 1.22 | 952 838 419 0.249 0.479
SC60-35-3(3] 418 264 4.27 34 1.24 | 1854 | 1671 | 501 0.366 0.641
SC60-35-5[3] 418 264 4.27 34 1.24 | 1853 | 1671 | 836 0.367 0.639
Notes: B = Width of Flange Plates; D = Width of Web Plates; t = Thickness of Plate;

bs = Width of Stiffener; ¢, = Thickness of Stiffener = 5.87mm;

L = Total Length of Specimen; A = Column Height;

v = Relative Flexural Rigidity; v* = Required Relative Flexural Rigidity.

(2) ERHEGF

SR L 7 B3R~ % Table 2, #EABIEN % Fig.1 RT, UC & SC e s Rk
Z IR & SRAEEE o b, HFRELoRBRC D Ao boRFHH= v 7 Y — MR
ERCEAT 75 a0k iR iETd 5, ¥k, HERKLEHFORFIR. HCEEL, MEK, =
Y7 Y — FHRER, BOVRLBEERLTw S, HRERE ¢ k. FEHRIAEREIEC L < 6mm, #
RIFERBIEICKT LT 4.5mm & L, BRI ORE 1t 6mm & Lk, HEUE RSB X EMR BN
R M CEST 5 2HEX 28mm, THBICIEBRRCEET 5 2HE X 40mm OMFREBEEL
TH5b, ¥, HEEOTHNO0.1h CREPEROFKELE, 2ORBEHERT 2D, =H)Y
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Table 3 Material Properties of Steel

, FE ay &y Eg Est Oy el
series | (GPa) | (MPa) | (%) Ul GPay | (B | (MPa) | (%)
t=6.0 mm 211 308 0.146 0.270 5.83 2.01 454 37
t=4.5 mm 216 320 0.148 0.283 4.68 2.34 483 36

Notes: £ = Young’s Modulus; o, = Yield Stress; ¢, = Yield Strain; v = Poisson’s Ratio;
FEgi = Strain-hardening Modulus; e5; = Strain at Onset of Strain-hardening;
o, = Tensile Strength; é.; = Elongation.

TBIVEA Y75 aCcHRHIBIII TS, HRABOEMER=ZAY 7o L0 A v 7 J 0B
OIKFHEERAMNE  coBlicd 5, =2 ) — M a, HEREOToz vy ¥ 7 v — r oG
bbb, BTEDEX X CHED Lk, FIEDEI DL LALRRDANVWEA T 7 7 LHBKE
ENTEY, 227 ) - YR ZOFAT 754 TFozy Y7 v— | (B2 ERKcEET 58
R) OFCHAL O b TWBRETCER LT, 27 L, AERTCRFIEOREID LT AKKA
T7 7LD WHERERED Y, 2ofFRAcowcidk oy P 7L — roHRRICBET LI AR
by BIEDEX ¥ CHED Lo

(3) mHAEER

ER#M 2 0 JIS 5 SRERF %58 10 ABUYEL. SRR % T 0. WHERE. BRRIET, R7
Y rHBERAE L. b OFH(E% Table 3 IKRTS

—H T2 2 ) - REE=22 Y

— v, THEBBE f.% 23.5MPa Table 4 Material Properties of Concrete
(240kg/cm?) & Lo = v 7 ¥ — HTERRFIC D E, fe

ays c
FEREAER A (B 10cm, B & 0em o ) v Y1 (GPa) a (MPa)
Fo) R OKBWEL, KM= ) — b RA S ot =
T HREE OB Y IR LB RROME (MS a4 6.4 0.174 39.1
14 828 B X144 B) & 3T EHERER Notes: E, = Young’s Modulus;
2T oo DR % Table 4 ICFEF 1. =Poisson’s Ratio;

f. = Uniaxial Compressive Strength.
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R v 7Y — VB EBCEAT 77585388 C1L/h=030 BRI O ETF BN S, C
DOBECHBPRBREREERERD 75 v VAR AEL, DnTay s ) — rREHOTCE
DOHFEWEO 7 T v AR CFRERHBEL ko %O, BR2EL ICON THEEHEREOHEHE
JRZIER L7228, BEBOFBERZIZEALERL Chbhhdr k. MARIMEOSHS, W7 7 v
CircrMRo, @Y7 ik RO FREBER 4 bk (Fig.2(a). HRIBEOSBE, BELT
POoDBRHIOERRY TERHEAE TS 1 EFEEEE— F & Aok, BHEESERT 2CONT
W7 v i @MRO, @Yz 7 iR o FISERER 3£ U (Fig.2(c)). Chik, MRIIcE
WEEREL, ZOBREZRAEI RS A kbl EELLNES [10],

—H\ I /h=0.50 DFH k. FRERIEESCoLFEE L, FROBERNBHE~OERE = v
7Y — FCHER XT3 ADEARINETE, REECr2boT7 7Y, v 7 e b chMiHE
CEBREL, LEbPNEnd0TH ok (Fig.2(b)s (d)o ¥ABHEMRYVIKRFTICL AN THR
EROKEABFICEEENS 2 70 7 2E 0, LEWCRAZ R > T 5 7%,

MEH AT 2 — 2508 itk 0=0.25) 3t LTk, 8t34k SC45-25-5(3] % B CKERE S
¥— 2 %BE H,, ¥ CETLAMEMET, [/h=0.30 0B& I XHZEEELHO FHMERERRA X
W ZAK, kel /h=050 OB REERCABRCEBEC 7 7y 7BRBE Lk, 77 v 7 RE
BERORK D KERMBIREE L 2o SC45-25-53] KoWwTidk, BB TFH (3AY 70HEEDT S v
CRIVT=T) KTy rBRFEL, SECHEINLZCLORW, DRVKRERI T v I THo
% (Fig.2(d))o z#id, 3MY 7ORE~OEER (b LAFEOILRE) CRELEs 7 v 7 BHE
DRVELE L ICEBBLAES A 7 AENF L EL b 5EET, EnEofdcid, 38 7THEER
OPHLICEET 2 LERD A5, k%L, Bkoksic (Figsb) 28R, cor 7y 7k &E
WEZBY, ZREIARVKEL Ao 2Bl (H/Hper =0.88, §/4,, Z14) CTRELAZDDTH 5,

F# =2 Y- VREWCEAT 75 20K O W, [ /h=0.30,0.50 &  ICEEEETR
COBHFREBERBERZE L ko TE, BROX S5 KEEBOKE=2 v 7 ) -y BETF2HHEH
TLEokzdD, I./h=0.30 & I./h=050 D Fhb, F#=2v2 Y — b 0K EoHZZHETE ICHEH
BEARET 2 E CHEA LA TREEBORBEROABBIE LS L CER L DOTH D L
Ezbh b,

Fig3 =2y 27V —t2RBELTw3BID7 5 v I fr0—KEFT A LTABO =2 v 7
Y- + OBBEOBFERLADDTH S, av 2 ) — VEERKEAT 774585588, [./h=0.30
DRI D T BRI, BRINE L dICPhEI R 2 Ty 7 BA-TWS b 0D REEERIRGE
TH ot (Fig.3(a))o 1/h=0.50 DEFEIC > Tk, HRRIFE. HRIEE: b CRBBREIFE
LaBDnzy 7Y — i xcBEEL Tk (Fig.3(b)), K=y 7 ) -t EBCEXAT 774
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(a) UCT0-25-3[3] (b) UC70-25-5[3]

(c) SC45-25-3[3] (d) SC45-25-5[3]
Fig.2 Typical Failure Appearances of Test Specimens
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Fig.3 Typical Failure Appearances of Filled-in Concrete
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T 77 L0OEBROZERPRICH 3,

Fig.5 CRENTOE—H A4 7 LOBRREME (6§ > 0, § < 0 OMXEDFH) 2 iEA 727K FH
F K LN EEEOAEIER Y T, Mo “Linearly Elastic” & &8 L & EAR E K ERE O & 531E
FAL% L E0BOEMNER (CABER &) IK X - TE O A SFTERE O KR E — K PN
BEET, ¥k, RFoRAELON, AHROHAELN D D Ok, CHR [10,12,16] O fEEETS
2o TNHLDHEIVRDT L HbHBo

a) ‘K=Y — rEEXORBE

ERRIETE OB A, R;=0.70, =025 0 & ¥, kL BT 5 L HRARER [/h=0.30 €2WnT
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Fig.4 Examples of Horizontal Load — Horizontal Displacement Hysteretic Curves

R 379, I/h=0.50 L2 WT ik 40 %ML, RARE ST 28N £ Eh 1.76 5, 2.54 {5 &
ZoTw3 (Fig.5(a))o R;=0.90, A=0.40 ® & ¥, #Ikk & B % & RAME I [./h=0.30, 0.50 &
HICKI 40 J3EML . RAHEICHINT 3B RMED 2N X Y 125 & 2> Tw5 (Fig.5(c))

FERIWTHE OB A, R;=0.45, X=0.25 © & &, $k: - LeBET 5 & HATE X 1./h=0.30 KDV 38
X~ 1 /h= 050 ICDONWTIE 52 BHEML, BAMECKHET ZEMIZERER 16T, 2.7TH & & -
T3 (Fig.5(b))o R;=0.60, X=035 0 & &, $EOERT — 2 #3% \»7e® [,/h=0.30 & I./h=0.50
PHET L LEANER /=050 T3z rickh S ¥HEML, HAMECHHT 2261 2.19
& h>Tw3 (Fig.5(d))

DEoz & kb, etav s ) — v BREBCEA T 75 2055 355, FARWE. WHRIKE: b
Iy 2v 27 ) — b 2FBT I L 0L VRAMES XUEHRBER R VT 2 2 & 5b ok, 5
. REEL S0%CT 2 k) 2DEARBEECHON D, £k, BELAT A — %, MBS
FA=ZBNEHEBE 7 4 Y7 4 OWMRERI D KE V.

b) BEH AT 2 — 2D

TAARIFETMIEA=0.40, 1./h=050 OHE, BEIH% 0.90 5 0.70 Ik 5 & BEHE X 10%40
L ERCHIST 2EME 24818 2 20, £ 74 Y 74 3HBEIN S (Fig.5(e))e LAHB-T, 1@
BHBKEC D &, ktiavy 7 ) - RAELTY, BKTL 2RESCEBERLINE 1 5,

c) BRYRLBORE
HERET (n=0) * B0 E LB EBRMBE Y BT 2 &, BRENE. 2l 28R ERD
ZH, BYVRLEROLHRESESE L (Fig.5(f)-(h))e UU2 LDo\WT R EEHEHMIIEMN

— 170 —



T
Linearly Elastic W

|
/

~

| UC70-25-5[3]
|

Lincﬁ Elastic
P
{4 \

4 A
4 \
f1 AY
AY

A

SC45-25-5[3]

TN
\UC70—25—3[3]

UC70+25 -5 [SjD

Ucrm-zs-?mn
R=0.70 7 =0.25

U70-25[3](Steel Column)
20 30

10
(a)

|

8/8y0

T
Linearly Elastic X

|

=z
7 \
4 \

I'JUG(S;eel Column) |Rf=0.9o 1=0.40
10 20 30
/8y (©)

Linearly Elastic ] ]

R=0.90
R;=0.70

H/H,,

H/H,,

A}

e \
$45-25[3](Steel

I I
T 5045-25-3[3]

J
Column)

Initiatio

m of Crack in Flange

R¢=0.45 2 =0.25

0

20 30
(b)

Linearly Elastic
j Pl N
hY

1 1
1,/h=0.30

A

/

SC60-35-5[3]

1/h=0.50

[\

A\

J

0

SC60-35-3[3]

|

]Rf=0.60 21=035

10

5/849

20 30

(d)

! I
Linearly Elastic

|

N

H/H,,

\
\
A}

TN

UC70-40-3[0]
N

—X

Y

|i=o.4o 1/h=0.50
20 30

uu2 l

[R=0.70

=0.40 1/h=0.30

10

]
Linearly Elastic

()

20 30

6/ 6y0 (f)

Linearly Elastic

.

C70-25-3[3]

| T

H/Hy,

UC70-25-3[0]

[ A5

/

\

$C45-25-3[0]

H/Hy,

™~

A}
A}

~

|

\

™~

0

N
[
f

[R=0.70 =025 1/=0.30
20

10
8/840

.
|

[R=0.45 X=0.25 1/h=0.30
10 20

SC45-25-3[3]
| |
0

30
® o/ 6y0

Fig.5 Envelopes of Horizontal Load — Horizontal Displacement Hysteretic Curves
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DENIDVIKELA>TWVE, TR, 2V 7Y — FOFERRE [ UU2 CDWTik 42.1MPa,
UCT0-40-3[0] & 2Tk 32.2MPa & & VY, 2DZEOEELEZ bh 5 (Fig.5(f))o

d) FEEw = v 7 Y — L oFHIREIC X 2 8%

FHE2 v 7Y —VBEBOXAT 75 4BAVEBELIIGEEEUETILEAT 774855

EoHREEHER L/h=0.30 K2 W»Tik 20%, [./h=0.50 L DWT ik 22%¥IN+ % (Fig.5(a)).
LT AR, BRERECHET2EMRENFR 16, 13- oTw3, Fig5(a) hbobhbd k5
€y 274V F 4 L/A=030 0BE BRI EVHRBIN AV, /h=050 DBECEFAT 7
FARDE LR VEBEIND, CHEFAT 75 6h5dbav s — R ILzY 2 Y —
FRESHESREMNT 5, Ll FAT 7568 20nEE=2v 27 ) — R ERTF227Y -+
BHSTHEAD AL BREZHROWMERS 2 dkHeELON S,

FH=2v 7 ) - REBOXAT 77 255 nBEORBLORBRIRHNEICET 2 ETIRIE
EAEBENE L, 20K 1/h=0.30 OFRBRESHEHRE L v, WML T 3 L, REHER 15
FEIML 2N ICHETEEMIEZ 19 RoTWwE, thd=zy 2 Y — bk ) RRI~DERE R
ANTVEEDEBERERL/NEL BEEEDTHE, LEB2T EAT 77 LBRNEETH,
27— DRECEDZE 774 ) 74 DA LERD ZBEHHFTCE S,

(3) MR LUK @A TRE DT

Table 6 K £HRAKCD2VTHK (3) D Hyo b by EBRIVBONAKFHEORKE Huoer D
& & OIKFEENLS,, 3 X BRI O K FERE o HEEME H,[15) & & 2R T

BEMOEREEN 2 HEED 10 LTHEERRD 258, BEROFERAB D5, &d X
b 3 EBERRZ. KX D X 5 CREHECHIGT 3 E416,.(Fig.6 2f) & FIMRR £ 7z k/SHER
BET 2R ECKINT 3 IKFEENS, & DHTETHE (pn) THD, LIL. REWELCKHT
EEMRHILARIEL ARG I, FRCEKDonE WBERD Y, oA cltERyH
300k, REHERCTAAF RN RAD ZHE Rk, LT Ld#ETTEA . Z CTARHRT
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Table 6 Strength and Deformation Capacity

Ductility Energy Equivalent
Specimen Hy, by0 Hﬁy% 8y %ﬁ:‘ gs: %if Factor Absorption | Seismic Coeff.
(KN) (mm) (mm) Hm Hes Frnas | Eos Dm Doy
UC70-40-3{0 65.9 857 | 0.76 | 9.11 1.44 | 440 | 562 | 4.14 5.28 13 17 | 0.315 | 0.264
UC70-25-3[0 102.4 | 3.58 | 0.76 | 3.75 151 | 463 | 7.19 | 441 6.86 14 23 | 0.299 | 0.220
UCT70-25-3{3 1024 | 358 |0.75 | 381 | 154 | 392 | 6.01 | 3.68 5.65 20 76 1 0.331 1 0.245
UC70-25-5(3 1024 { 358 [ 0.76 | 3.81 1.57 | 566 | 9.94 | 5.32 9.34 99 328 | 0.265 | 0.181
UCT0-25-3[3]D | 101.6 ; 3.60 | 0.76 | 3.99 1.28 | 411 | 494 | 3.72 4.47 23 46 | 0.347 | 0.306
UC70-25-5[3]D | 102.4 | 3.568 | 0.76 | 3.96 1.29 | 426 | 6.18 | 3.85 5.59 30 99 | 0.339 | 0.263
UC90-40-5(3 83.3 | 11.33 | 0.55 | 6.23 1.39 | 2.17 | 654 | 3.95 | 11.89 30 432 | 0.296 | 0.141
SC45-25-3[0 1372 | 3.39 | 0.78 | 4.05 1.66 | 6.46 | 9.03 | 5.40 7.55 21 30 | 0.260 | 0.206
SC45-25-3[3 1376 | 3.39 | 0.78 | 4.22 1.68 | 6.77 | 7.30 | 5.45 5.86 79 101 | 0.258 | 0.245
SC45-25-5[3 1419 | 3.39 [ 0.79 | 3.84 1.85 | 11.22 | 12.83 [ 9.91 | 11.34 | 282 | 371 | 0.180 | 0.163
SC60-35-3[3 124.2 | 10.14 { 0.71 | 10.40 | 1.57 | 2.80 | 3.25 | 2.73 3.17 9 13 | 0.391 | 0.348

3

SC60-35-5 123.6 | 10.17 | 0.71 | 9.63 170 | 613 | 7.97 | 6.47 8.42 107 | 238 | 0.226 | 0.187

Note: 6, is experimentally determined horizontal displacement corresponding to Hy.
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