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Abstract: Concrete-filled steel tubular (CEST) columns have become a key development direction in
building structures due to their high bearing capacity, good seismic performance, and convenient con-
struction. However, there is currently limited research on the seismic performance of ultra-high perfor-
mance concrete (UHPC) CFST columns, making further investigation necessary. This paper con-

ducted a comparative analysis of the seismic performance of different types of square CFST columns
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(4 UHPC square CFST columns, 1 high-strength square CFST column, and 1 ordinary square
CFST column). Using low-cyclic loading test data from 6 square CFST columns, a fiber finite ele-
ment model was established to perform a parametric analysis. The study mainly investigated failure
modes, hysteresis curves, skeleton curves, ductility and energy dissipation capacity under low-—cyclic
loading test, and analyzed the influence of main design parameters such as axial compression ratio,
steel ratio and concrete type. The results showed that: (1) The fiber finite element model could effec-
tively analyze the hysteretic characteristics of UHPC square CFST columns. (2) Compared to ordinary
and high-strength square CFST columns, UHPC square CFST columns exhibited better seismic per-
formance. (3) As the axial compression ratio increased, the horizontal bearing capacity and stiffness of
the test specimens increased, but ductility decreased. As the steel content increased, the horizontal
load-bearing capacity, stiffness, ductility, and energy dissipation capacity of the specimens all im-
proved. As the volume fraction of steel fiber increased, the ductility and energy dissipation capacity of
the specimens were improved.

Keywords: ultra-high performance concrete; seismic performance; low-cyclic loading test; fiber model

0 5

i

A TR B A D R B BUE R R AP HL
it T 05 A R U A R R T 2 — o AR
Z o H R T IR LA Ry B I IR EE R A K
Y LY R DL S R L S BT T R T
PR EE A PR R . B A AR 6 LN
TR BE 1 A HE AT A S 2 iy 28 30 S R (B A 400 A R
WAEIREE LA FERERE I MBI RE 1L R . B
PG AR o e B R B il HE B A O TR B 1 i
FE A S A9 30 5 N IR EE LA bUR PR R AR T
PRI A . AR S0 R AT R T AR A ) v
BVEIS s i B N KA L S LA 2
R A4 T e 3 B R L B A /N i R
AERE Bl . TR K EY T OpenSees - & X
IR EE A 25 R R AT 0] g & Bl g i AR AT . Ak
Y 20 Abaqus X4 RPC %8k 4l i g 24 1 g
A5 ¢ R - 38 0 B9 b i B e B A R AT A RLH v A
e BIR B 5% A R AR F7 o ¥ SR B A A T AR TR A TR
{5 T HE SR 55 F HE A7 K A A0 52 1 6 % B - 3 hn A G T
B R T A R A A K PR AR IE Ve L FERERE T,
IENCIDESEX AR

B R SN AN A TR R A HE AR 0 R A5 R
BURZ VERE BEAT B ST , FEAS [ B i 301 AN BEL e L B AR 4
D INIOE: NI~ DA D Ny G VR AN SN B B Y 8511572
VR R T A B /e R PR (W LR SRR T G
B R AR B AR PR RE 5 AR

B T AR EE B R A R R BT B
(Y SEPEFIAFERERE J1 o 3K 2RSS 0 e L 3R 0 4
IREE L HEDEAT T YRR BT IT , 45 R R W A B
R0 A TR OB 1 A 49 2 2 T 9 25 il i IR B 5
i 1] g 24 10 T, R 3CH) | M RE HLRE BE AE 0 5 BRBE AR
HE O AR BRAOL RS £ 5 S PE RS AT B0 AT A SR
FT IR N AE R EE 1 -H I 3 B AHE 2897 J LR
PEBE , BIF 5 205 SR 2R T4 0 % 3 [y 2 400 3, 1 s 3
f1% 74 1% FIRE RE RE J1 45058 5 18 57 A A7 BR 70 23 B 46 Y ]
TR S PO MERE . PR R T A
REE TS UIRANA G 22708 SN B Al s 9 Bt
REVERE 45 R R 4 R A B A S O 22
Ui 52 25 R i ]l 2k 5 R S B A W A 4 4 B
G5 0 i SR A 52 S T AR 4 3 R T O 2 M RE R Ak 5
JE B T R R SRR S FIFERERE Sy o AT MG
AR S R O 22 i B A TR B L 4 SURE i R
REHEAT T W JT , I Jk T i e 45 2 e v 4 35 oy
S HEART T RUE A o e SOBUE T A R R
B R A JE AR S R AR T A R R B A
o 22 10 0 A5 TR B R AT AT AL R R T I T AR B
R T AR BT 2K

o5 it TG B - DR R 38T v ELIT AP B, AT A AR
3/ F AP AR T TR AR Db R R DR A AT (8 A T
B PG, 70 B A 38 3 R BB A R P BE F T S Al
b TR T X A e SRR B R AR AT .
AR S T AT ) A9 o TR R S 1
FERE AR A A E R B R AE L. TRALAE
S X BAE E ) R S SRR B T KA

1085



HEAT A0 32 A, 3 BT A () 2 00 34 i BR 7K 2
I VA B ST PRS2 o 2 5 9% 45T OpenSees X 4b
TR A B R IR e LA AT TR AR AT,
B K IR A9 A8 AR M RE JEE AT A Ak R B e ) KRR
fE. ITAERMETE 24D T A m R IR Bk 1AL B
5 TS JRF 1 A LU 5B VR e L RE R 25 . A O I kT,
A R R R R OB K A S S e AR
f= 7 BE YR BE + (Ultra High Performance Concrete,
UHPC) . L. H. An %58 2o %F 18 #1595 45 i 1k
RETR BE - A% 2E A7 F h e 4 i 0, T 90 % LA &1 4t ]
AR 5 AR MO N R AR AR o H R T
O E TR R TR BE LA PR MR RE M T LD A L
T AT

ARICE eI T 6 M7 A R EE AR (4R D7
B T AR TR BE A AR N s R IR BE 1 (1R
T3 B4 4 TR R ) AR R A S e 4 R A o B Al
ST T A YA B TR TR TS TR R L
YR TR VR AN LK UHPC 4K 25 4 AR FUR X 5 4N
EIREE L AEPURMERERY R

1 RIEHER

AR 50 31 DA sty [ B2 B S Ry v £ E 2R
B AR SR AT 1/2 46 RO . 78 7 AN A TR e A
Tot 3 , fdff FH 500 ¢ %8 5] F 7 TA 200 ¢ & 1% Ar] Al A 2
g 3 itk o R P AR 5 e 2 (L L) DARE S
EIRBE B A B E R T BRI . AR IE IR
B (4R w2 7 1E X 58 I LR A e LA T 0
50 %0 HEAT TN # , R AZ T3 385, OF K A il 0 ke
B I S R A AR IR R 2 E sl
JEEN N o ol G T S R R - R A4
L, E 5L 0.25% .0.5% ,0.75% [ F% 2 43 51 it
In—WAIEARAF G LA 1% . 1.75% .2.5% (LL0.75%

A 223G 1) 20 e N = U AT R RS L RO R R
2 IEE 9 8500 B IIR

BES i

L
/_

R EEha

[ 9| E=
Fig.1 Diagram of the test setup
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Fig.2 Schematic diagram of the loading scheme
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Table 1 Specimen design parameters

MR DX 1X h/mm IREE LIRS SF9/MPa Bk n TR o LT HEAATR R A/ 0
S5-150-0.24-0.067-2 250X4X1 250 UHPC150 0.24 0.067 2
S5-150-0.24-0.085-2 250X5X1 250 UHPC150 0.24 0.085 2
S-150-0.36-0.085-2 250X5X1 250 UHPC150 0.36 0.085 2
S-150-0.24-0.067-1 250X4X1 250 UHPC150 0.24 0.067 1
S-80-0.24-0.067-0 250X4X1 250 C80 0.24 0.067 0
S-30-0.24-0.085-0 250X5X1 250 C30 0.24 0.085 0
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Table 2 Properties of steel fibers

S EHA/mm  KE/mm HHEE/MPa
MF10 0.12 10 =>4 000
F3 WTlEEESH
Table 3 Properties of steel
L A i/ Jeb i i 32/ e B i B/
S — LRER Iy i %
GPa MPa MPa
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Fig.3 Failure patterns of the specimens
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Fig.8 Load-displacement hysteresis loops
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Table 4 Characteristic point load and displacement comparison data

4 X&)/ v/ X&)/ v/ X/ v/ X/ Y./
mm kN mm kN mm kN mm kN

S-150-0.24-0.067-2-S 14.23 263.35 31.30 300.37 —14.47 —260.78 —31.30 —301.04
S-150-0.24-0.067-2 27.53 245.45 40.84 276.18 —25.11 —226.32 —31.36 —251.46
S-150-0.24-0.085-2-S 16.18 278.62 21.90 323.66 —14.52 —270.71 —21.90 —325.80
S-150-0.24-0.085-2 27.60 298.59 40.73 329.44 —25.35 —235.70 —31.37 —262.26
S-150-0.36-0.085-2-S 13.68 310.87 21.89 374.37 —13.78 —308.97 —21.89 —373.18
S-150-0.36-0.085-2 22.42 318.02 29.81 356.32 —25.91 —279.36 —43.95 —315.77
S-150-0.24-0.067-1-S 13.54 258.98 21.90 287.99 —13.73 —256.06 —21.90 —287.83
S-150-0.24-0.067-1 19.05 247.47 31.22 287.93 —24.18 —235.66 —31.34 —267.78
S-80-0.24-0.067-0-S 14.07 213.49 21.89 237.12 —14.26 —210.56 —21.89 —237.46
S-80-0.24-0.067-0 25.01 235.80 31.38 256.02 —23.73 —251.59 —31.40 —271.86
S-30-0.24-0.085-0-S 13.67 190.25 30.50 215.91 —13.53 —191.03 —30.50 —223.00
S-30-0.24-0.085-0 23.43 221.38 40.70 246.90 —23.53 —214.35 —31.47 —222.43
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Fig.9 Skeleton curves
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x5 RESHEEUITLL
Table 5 Comparison of test results and numerical simula-
tion

ARG e /xl s EJ/K]  E,/kJ
S-150-0.24-0.067-2 2.12 3.11 174.06  239.46
S-150-0.24-0.085-2 2.61 3.65 226.06  286.52
S-150-0.36-0.085-2 2.18 3.22 226.66  226.97
S-150-0.24-0.067-1 2.09 3.06 123.33  164.69
S-80-0.24-0.067-0 1.90 2.99 74.38 98.09
S-30-0.24-0.085-0 2.41 3.48 233.11  264.84
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Fig.10 Influence of axial pressure ratio on hysteresis loops
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Fig.11 Influence of axial pressure ratio on skeleton curves
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Fig.12 Influence of steel content on hysteresis loops

JEE 2 S o DR DAy o 5 A R Rl A 3 Y B

o HUE

TR REAR T HURR TR RE B

1091



MR/ %
0

2 4 6

——=0.085
—300 ——a=0.122
-400 | ——a=0.161

75 50 25 0 25 50 75
IKFArA / mm

B 13 5 A9 2R B 4 il 2R 1) 52

Fig.13 Influence of steel content on skeleton curves
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Fig.14 Influence of concrete type on hysteresis loop

MER/ %
500 6 .4 -2 0
400
300
200
100
0
-100
200 —-—C30
-300 |- ——C80
—-400 + —CI150

B T T 25 50 75
IR / mm
B 15 JREE L A0k B 4 il 28 1 52 i

Fig.15 Influence of steel type on skeleton curves

2 4 6

IR / kN

1092

B 5 A [A) IR e g R T T TR fE
PR AE AR R TR &2 47 3804 S A0 IR B A X T JE 47
20 TR W b 2R 00T AR/ DN, DT A A R 88 0 (IR R
AIE S S 459 A7 AN [5] i 52 42 e o

6 & 1t

A 77 A9 A TR A AR S AR E AR T
T2 50 BIF 5% S BB AL AL, T A5 0 £F 4 A PR T AR R B 6%
B AT OB R e P RE TR BB R R s S
A5 3 VR B A R R SRR B A A L, A
e 1 BB TR BB b AR PR M BE T O AL S O v
FIE VR T M B R e % 2 v s KO R 3R
W B 38 K, AE SE M IR 5 B 2 B9 09 38 a7 7k
SR E T W HE M K FERE R T 4R s BE A N AF
YR B 0 e PR FERERE A . Hk
T AU T LA

(1) 4% 0 R Bk & Ry 35 58 I =y o T e 1 B TR
Pt - K TR VR 5 v v RE TR EE - TR il BT AR
EZ IR T I 5 Ry (RO o

(2) )7 48 8 P B TR BB R i [l iy 2k 249 1 35
ke 3 W R TR e SR = o ES T BN Y e
R G K AR T 218 T R, R R 47
MY A

(3) K% Lo IR BE ol ME AR TR B - B, 5 3% iE
R 5 TR BE A LG, KO 2R 3R T 4 i) 3R 5 46.3%6 .
1894, [ B A2 ) 3 e S 1 2 5

(4) 24 %h JE Tl 0.10~0.36 B, Bl %l 1 F 3 K,
R T B TR BB AR K ST R 3 R AR R
B FEPE B T/ o 24 n=0.4 I}, K F R 48 7 1
n=0.36 FF&E1.9% , H 5 BB 0 1 vl 2R 4 o

(5) IR & B0 8 K 43.5% .89.4% I}, Hi/K P
AR ALRE J1 43 4 20.3 %6 .35.3 %0 , s [ fih £ A & i
T EL S Y BT B R P22

SR

(1] g, REE %, | T 7 W IR EE L HESUR Mgl 8
WEFE AN 05 B3 A [T ). IR 3 KA 4R CH R B2 D ,
2012,40(11) :1596-1602.

Nie RF, XuP Z, Yan Y. Experimental research and fi-
nite element analysis on seismic behavior of concrete

filled square steel tubular columns[J]. Journal of Tongji



[2]

[3]

[6]

[8]

University (Natural Science) , 2012, 40 (11) : 1596-
1602. (in Chinese)

BPEAR, B AR RS A A T O A IR B AT BT
e Ve R IR AT 5Y L)), S 45 M 2% 4R, 2000, 21(2) : 2-
11,27.

Lyu X L, Lu W D. Seismic behavior of concrete-filled
rectangular steel tubular columns under cyclic loading
[J]. Journal of building structures, 2000, 21(2) :2-11,
27. (in Chinese)

ERRAL, SR E TR A AT IR BE AR SUR RS L
AT [T A AE M 2R, 2013, 34(44 1) . 339-344.
Wang T C, Zhang L, Zhao H L, et al. Analysis of pa-
rameter influence on seismic behavior of concrete filled
square steel tubular columns [J]. Journal of Building
Structures, 2013,34(Supl):339-344. (in Chinese)

T 5%, T30, 8L G . L F OpenSees - & 1N E R
BE LS5 K ) A PERE BB T]. B AR AR A 4R,
2014,34(5):613-618,631.

Wang J X, Wang W D, Wei G Q. Numerical simula-
tion on mechanical performance of concrete filled steel
tubular structures based on OpenSees plateform [J].
Journal of Disaster Prevention and Mitigation Engineer-
ing, 2014,34(5):613-618,631. (in Chinese)

ERRAE, £, KA 52,5 T ABAQUS 9N & 1 1
03 AR B AT A 52 0 PR REAIF ST LT ] By SR K T A
=4 ,2019,39(3) :421-429.

Wang Q W, Wang Y, Zhang C Y, et al. Numerical
simulation analysis on mechanical behavior of axially
loaded reactive powder concrete filled steel tube short
columns[J]. Journal of Disaster Prevention and Mitiga-
tion Engineering, 2019,39(3):421-429. (in Chinese)
[, B, A o, 26 I A9 487 14 A TR 5 TR BB R AE 2R TR
Y 5 1 0 A L. Bl 9 0K TR 5 4, 2019, 39(2) -
309-315.

Wen Y, Chen W, Yang Z, et al. Analysis on control-
ling of the performance of circular steel tubular recycled
mixed concrete frame [J]. 2019, 39 (2) : 309-315. (in
Chinese)

MR BRE S I R B LA RO R A
VIR ERERT T[] 4R35 phdi , 2020, 39(12) : 190-197.
Zeng F L, Huang Y S, Zhou J. A study on the seismic
performance of concrete-filled steel tube column-steel
shelf-concrete core tube structures[J]. Journal of Vibra-
tion and Shock, 2020,39(12):190-197. (in Chinese)
AIERS IR B SRR Y A9 A TR B - R
TR RE IR [T ] S AROR A R (L% ) , 2021,

[9]

[11]

[12]

51(5):1724-1733.
Diao Y S, Guo d, Tu K, et al. Experiment of seismic
behavior of new joints between concrete filled special -
shaped steel tube column and steel beams[J]. Journal of
Jilin University (Engineering and Technology Edition) ,
2021,51(5) :1724-1733. (in Chinese)
SRR XVBA L DU , 55 R me A O 0 A IR B L AR BURR
P RE e W 5T (D). B ST 2 M 2% I, 2022, 43 (12)
135-144.
Zhang Y X, Liu Y, Ruan J, et al. Experimental study
on seismic performance of prefabricated core steel tube
reinforced concrete columns [J]. Journal of Building
Structures, 2022,43(12) :135-144. (in Chinese)
fof 755 WSO, BWTE S TR A IR BEH HE-H
TE M RHE ST S PUR MR RE BT T [T, A ST A5 4 2 4,
2022,43(11):95-106.
HeZ Q, HuS W, LiBY, etal. Research on seismic
behavior of cruciform special-shaped CFST column to
H-section steel beam joint[ J]. Journal of Building Struc-
tures, 2022,43(11):95-106. (in Chinese)
PR IRAR AR 24,55 T INE IR EE LA S UIBRA &
By g PR AR T S PR TR BRI IR TR [T]. B A S
B TR SR (PP 9E30),2023,45(6) :47-58.
Cheng R, Zhang J D, Xu X, et al. Experimental study
on seismic behavior of concrete-filled square steel tubu-
lar column to U-shaped steel-concrete composite beam
joints with separated internal diaphragm [J]. Journal of
Civil and Environmental Engineering, 2023, 45(6) : 47-
58.(in Chinese)
BRI AR AT A R RIE 2 AR BE L X
AT PR PR IR 0 SBR[ T] R 8l 5 by, 2024,
43(4):115-124.
Wu H P, Cut S R, Zhong Z W, et al. Seismic behav-
iour test and numerical calculation on special-shaped bi-
furcated CFT short column with multiple cavities [J].
Journal of Vibration and Shock, 2024,43(4):115-124.
(in Chinese)
MR A R DR TR BE b TR A R ) A RE I ST LT ).
M R SR SR 22440, 1997, 30(5) : 24-30.
Han L. H. Researches for the behavior of high strength
concrete filled steel tubular compression-bending mem-
bers[J]. Journal of Harbin University of C.E.&. Archi-
tecture, 1997,30(5) : 24-30. (in Chinese)

(AL opdt: B E)

(T#% 1105TT)

1093



