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Abstract : In order to study the load-carrying capacity and ductility behavior of steel pipe-section piers with T-shaped stiffeners
subjected to a constant vertical load and cyclic lateral loads, the accuracy of the employed finite element analytical
method is firstly verified by comparing the analytical results with the existing test results. After that, the effects of
normalized radius-to-thickness ratio, normalized slenderness ratio of the pier, normalized slenderness ratio of the
longitudinal stiffener and axial compression ratio on the pier with eight T-shaped stiffeners are investigated through
parametric study. Finally, based on the parametric analytical results, the formulas are proposed to predict the load-
carrying capacity and ductility of the piers. The research results show that with the increase of normalized radius-to-
thickness ratio, normalized slenderness ratio of the pier, normalized slenderness ratio of the longitudinal stiffener and
axial compression ratio, the peak point of the lateral load-displacement skeleton curves at the top of the piers
gradually decreases, and the downward trend becomes faster at the post-peak stage, which indicates that the load-

carrying capacity and ductility behavior of the steel piers gradually decrease.By reducing the normalized radius-to-
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thickness ratio, normalized slenderness ratio of the pier, normalized slenderness ratio of the stiffener and axial
compression ratio, the ultimate bearing capacity and ductility of steel bridge piers can be significantly improved.

Keywords: steel pipe-section pier with T-shaped stiffeners; parametric analysis; load-carrying capacity; ductility behavior;

skeleton curve
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Fig. 1 Analytical model of steel pipe-section pier
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Table 1 Geometrical parameters and dimension of specimen
R, A A D/mm h/mm {/mm h.,/mm ¢,/mm b/mm 4/ mm P/P,
0.09 0.25 0.16 900 3423 9 134 6 125 9 0.15
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Table 2 Material properties of combined hardening model for steel
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Fig. 2 Loading system of horizontal reversed load
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element simulation
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Fig. 4 Comparison of failure modes between test and

finite element simulation
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Table 3 Geometrical properties and finite element calculation results of specimens

H,/H, 845/, 8/,

wimE RO2 A rﬁr/n rr:in :qwn/q rﬁvr{q rflfrfq ni[r/n 7= = 9= 9= 9= = 7= 7= 3=

01 02 03 01 02 03 01 02 0.3
S07-23-20 0.07 0.23 0.20 3210 12.10 111.0 11.10 84.70 12.10 2.17 2.35 2.55 12.16 12.15 1246 10 10 10
S07-23-25 0.07 0.23 0.25 3270 12.10 84.6 8.46 84.70 12.10 2.13 2.29 248 11.09 10.97 1053 9 9 9
S07-23-30 0.07 0.23 0.30 3300 12.10 68.8 6.88 84.70 12.10 2.11 2.28 246 10.55 10.36 1017 9 9 9
S07-23-35 0.07 0.23 0.35 3310 12.10 58.0 5.80 84.70 12.10 2.09 225 244 994 971 920 8 8 8
S09-23-25 0.09 0.23 0.25 3270 9.40 89.5 8.95 65.80 9.40 2.03 2.19 2.38 9.13 9.05 89 8 8§ 7
S09-23-30 0.09 0.23 0.30 3310 9.40 72.0 7.20 65.80 9.40 2.01 2.17 2.35 853 842 832 7 7 7
S09-23-35 0.09 0.23 0.35 3330 9.40 60.2 6.02 6580 9.40 1.99 215 233 810 805 787 7 7 7
S09-23-40 0.09 0.23 0.40 3340 9.40 52.0 5.20 6580 9.40 1.98 2.13 230 7.72 7.63 759 7 7 7
S11-23-25 0.11 0.23 0.25 3270 7.70 94.0 9.40 53.90 7.70 1.95 2.11 229 801 7.80 771 6 6 6
S11-23-30 0.11 0.23 0.30 3310 7.70 75.0 7.50 53.90 7.70 1.93 2.08 2.26 7.30 7.18 7.09 6 6 6
S11-23-40 0.11 0.23 0.40 3340 7.70 53.7 5.37 53.90 7.70 188 2.04 220 663 652 644 6 6 6
S11-23-50 0.11 0.23 0.50 3360 7.70 41.9 4.19 53.90 7.70 187 201 218 6.20 619 614 5 5 5
S13-23-30 0.13 0.23 0.30 3300 6.50 78.1 7.81 4550 6.50 1.84 199 2.15 6.64 639 632 5 5 5
S13-23-40 0.13 0.23 0.40 3340 6.50 554 5.54 4550 6.50 1.82 1.97 2.13 567 556 548 5 5 5
S13-23-50 0.13 0.23 0.50 3360 6.50 43.0 4.30 45.50 6.50 1.78 1.92 2.09 541 536 526 5 5 5
S13-23-60 0.13 0.23 0.60 3370 6.50 35.3 3.53 4550 6.50 1.77 191 206 513 512 511 4 4 4
S15-23-40 0.15 0.23 0.40 3340 565 56.5 5.65 39.55 565 1.76 190 2.05 513 506 506 4 4 4
S15-23-50 0.15 0.23 0.50 3360 5.65 44.1 4.41 39.55 565 1.75 1.89 2.04 456 447 444 4 4 4
S15-23-60 0.15 0.23 0.60 3370 5.65 36.0 3.60 39.55 5.65 1.74 1.87 2.02 4.37 432 426 4 4 4
$15-23-70 0.15 0.23 0.70 3380 5.65 30.5 3.05 39.55 565 171 185 2.01 433 426 421 4 4 4
S09-33-40 0.09 0.33 0.40 4790 9.40 52.0 5.20 6580 9.40 1.95 2.08 224 713 713 703 6 6 6
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H,/H, S0/, PWES

01 02 03 01 02 03 01 02 03
S09-43-40 0.09 0.43 0.40 6240 9.40 52.0 5.20 65.80 9.40 1.92 2.01 2.12 6.62 6.68 6.64 6 6 6
S09-50-40 0.09 0.50 0.40 7250 9.40 52.0 5.20 65.80 9.40 1.88 1.94 2.02 6.53 6.63 6.57 6 6 6
S11-33-40 0.11 0.33 0.40 4790 7.70 53.7 5.37 53.90 7.70 1.86 2.00 2.15 592 599 581 5 5 5
S11-43-40 0.11 0.43 0.40 6240 7.70 53.7 5.37 53.90 7.70 1.85 1.95 2.06 5.55 549 543 5 5 5
S11-50-40 0.11 0.50 0.40 7250 7.70 53.7 5.37 53.90 7.70 1.82 1.89 1.98 547 547 534 5 5 5
S13-33-40 0.13 0.33 0.40 4790 6.50 554 5.54 4550 6.50 1.79 1.92 2.05 5.23 519 514 4 4 4
S13-43-40 0.13 0.43 0.40 6250 6.50 554 5.54 45.50 6.50 1.78 1.87 1.99 4.80 4.92 464 4 4 4
S13-50-40 0.13 0.50 0.40 7250 6.50 554 5.54 45.50 6.50 1.75 1.82 1.92 4.70 4.86 4.58 4 4 4
S15-33-40 0.15 0.33 0.40 4790 5.65 56.5 5.65 39.55 5.65 1.756 1.89 2.03 4.49 438 4.28 4 4 4
S15-43-40 0.15 0.43 0.40 6250 5.65 56.5 5.65 39.55 5.65 1.71 1.84 1.95 443 4.26 4.21 4 4 4
S15-50-40 0.15 0.50 0.40 7250 5.65 56.5 5.65 39.55 5.65 1.68 1.80 1.90 4.38 4.23 4.17 4 4 4
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24 HHIELE

S BF 2 il T L o 409 AT B0 R AR 2 0 I A A
S, SR FH AN 25 58 52 e 0 B R BIOK T JE IR 4 H,
5KV 8 WRALHE 0,0 0T 18 45 50 1 B 53 45 2R Bk 47 T 2 W
R R N B2 N RN N U R R i = e VA A= g < S
AL MY B R O CRIVEY M SR 52 10 5 1 ef 2K

2.0
15t ; e - ‘..‘\*\ .
i . ~
%x 10
——P/P=0.1
05t -+=-P/P=0.2
__'_"_'_f_"'P/P):OS

/00
a) R=0.09, 1=0.23, 1=0.4

20 ¢
L5} W TN
M\Ej 1.0
——PIP~0.1
0.5} -+ PIP,~02
wme PIP,=0.3

0 1 2 3 4 5 6 7 8
Sy,

¢) R=0.15, 7=0.23, 1=0.4

BN, P- A BN AR i B s W (E R 9T R
B bR TS BRI B A0 A BR R 3T A0 A P E

VAR o DI, £ X e 2 (B A A AT S AT PR BT
o7 T ARl s L 2 RN A PR AR 8 ) A A B YR ), B8
SE AR A Jal T Ll RT LA 3 v AT 8 Al BR R 2 A

2.0
1.5 F e T
e . <
- »
% 1.0 b -
——P/P,=0.1
05 F -+--PIP=0.2
e PIP=0.3

0 1 2 3 4 5 6 7 8
56,0
b) R=0.09, 1=0.43, 1=0.4

2.0
15 F s
TR N
T o1o0f - .
T
——P/P~0.1
0.5 -+-PIP=0.2
~aPIP=0.3
0 1 2 3 4 5 6 7
88,0

d) R=0.15, 1=0.43, 1=0.4

B9 HIELEEmm

Fig. 9 Effect of axial compression ratio



511

VAL EEE T Pl TBE A A9 A ) S P P AT RT3 B

125

3 ~XHE

BE TR 3R 19 S HU S B A 2R G O ot 2k
AR O R 2K R HL/H FIEYE L 045/0, .0,/ 0, 1T
AT

H, _ 1.13 .
H,  X2008(1+ RIS (14 P/P,) 1
1.06 (S=0.02) (6)
S 12.14 N
oy AMALH(LA R (14 pP/P)
1.24 (S=0.20) (7)
Oo 013 160 (5=0.36) (8)

é\y - /TO.OSX(?AZR\LZS
K10 A RITIH R R S5 G 2 mxs e, Kb S
AR HEZE , M-S F M-2S 73 5l 2 7 5 $0 A i 2k A 22 — A A
PN 1 22 19 T PR 2

35
« BRTIHE
3.0¢ — AL
M-S
~ 25
EE ol Sl e
st

ob—_ .
04 0.6 08 1.0 1.2 14 1.6 1.8 2.0
I 02 150-13(1+R10'55)3'35(1+P/Py)_l'79

a) H,/H,
12 ¢
— WAL
8t M-S
S D M-2S
4L T T
N
0 002 004 006 0.8
IO,OS 150.42 R‘LZS
b) 8,/0,
14 ) ully .
12l « BRRIGITHE
— WA LR
10 | M-S
M . M-2S
S 6}
4t T
2k
0

05 1.0 1.5 2.0 2.5 3.0 3.5 4.0 45

03

y 150‘44(1+R(0A7)8A38(1+P/Py)0,18
¢) s/,

E10 TERNURRKEDFEN L BIBLE 2k
Fig. 10 Fitting curves of nondimensionalized load-

carrying capacity and ductility ratio

4 i
(1) X 4 475 sk 2 E 4 338 98 1k A BR e 20, 36 i %o

FEAT BRI 1153 45 2R A6 45 581 e B, AR SO % T AT FR
TT 73 M7 77 R 05 1 1 S0 1 2 A S04 9 T R AR 1
7N e

(2) B IE WAL AR L YA SE I AL R 4a LE 9k i)
Ty iy 1 DU A A 20 L A Al S TR A /N L A B B BR K
2SS SN T Y SR ERO NG I LR (o
X A BIR 7 4 3 57 e R X A/ o

(3) W/ IE WAL AR IR e A AR SOE WAL R 40 Ee 1)
T 0 J TE 00 P K AR L R R T LE RE 68 S 4R v BT A SiE
PEPERE

(4) F TSR Hr 4 2R, 32 i T F0 o4 2 S AR
Tyl 158 45 9 A7 SAT IR R 380 ) AR S A P B B TH 3R 0 50 A
PO TR RS %

S 30k

[1] SHIYJ,WANG M,WANG Y Q.Experimental and constitutive
model study of structural steel under cyclic loading[ J].Journal of
Constructional Steel Research,2011,67(8):1185-1197.DOI:
10.1016/}.jesr.2011.02.011.

[2] kA, E8, EIou 065 ff 2005 T 450 50 b A8 56 R

o 5 A 5T (], A STM R A, 2012, 15(3) : 293-300. DOI:
10.3969/j.issn.1007-9629.2012.03.001.
SHI Yongjiu, WANG Meng, WANG Yuanqing. Experimental
study of structural steel constitutive relationship under cyclic
loading[ J].Journal of Building Materials , 2012, 15(3) : 293-300.
DOI1:10.3969/.issn.1007-9629.2012.03.001.(in Chinese)

[3] AKA,EW, EICHE . 450 AR 18 2R 28 T 1 A 1 452 50

FLT) TR 1%, 2012,29(9) : 92-98, 105.DOI: 10.6052/].
1ssn.1000-4750.2010.09.0711.
SHI Yongjiu, WANG Meng, WANG Yuanging. Study on
constitutive model of structural steel under cyclic loading[J].
Engineering Mechanics, 2012, 29 (9) : 92-98, 105. DOI:
10.6052/].issn.1000-4750.2010.09.0711.(in Chinese)

(4] EB L EAALETCH . IR T SR A B 69

WFoe (1] T8 J1 2%, 2013, 30(7) : 212-218.DOI: 10.6052/].
1ssn.1000-4750.2012.02.0127.
WANG Meng, SHI Yongjiu, WANG Yuanging, et al.
Application study on cyclic constitutive model of steel [J].
Engineering Mechanics, 2013,30(7) : 212-218.DO1:10.6052/
j.issn.1000-4750.2012.02.0127.(in Chinese)

[ 5] RAMBERG W, O0SGOOD W R.Description of stress-strain
curves by three parameters [R]. Washington: National
Advisory Committee for Aeronautics,2013.

[ 6] CHABOCHE J L.Time-independent constitutive theories for
cyclic plasticity [ J].International Journal of Plasticity, 1986, 2
(2):149-188.DOI:10.1016/0749-6419(86)90010-0.

[ 7] P&, sk, ™Ak 55 PN S FE RE AR AR 1 46 T2 5K URE
PRI S B S T (7] U A e, 2024, 26(1) : 1-
9.D0I1:10.13969/j.cnki.cn31-1893.2024.01.001.



126

H O R

527 %

[8]

[9]

[10]

SUN Dechang, ZHANG Hailong, YAN Fengzuo, et al.
Pseudo-static test and numerical study on the box steel pier
with built-in  stiffened energy-dissipating steel plates [J].
Progress in Steel Building Structures, 2024,26(1) : 1-9.DOI:
10.13969/j.cnki.cn31-1893.2024.01.001.(in Chinese )

e UM IR AN B S L AR RE BB T AR R i A I A A
BT YERE [T]. h E ™k KA E e, 2022, 51(4) 1 769-778.
DOI:10.13247/j.cnki.jcumt.001392.

LI Haifeng, HONG Yiping, LUO Jiexin, et al. Seismic
performance of high-strength steel circular tubular bridge pier
with embedded energy-dissipating shell plates [J]. Journal of
China University of Mining &. Technology, 2022,51(4) : 769-
778.DO1:10.13247/j.cnki.jcumt.001392.(in Chinese)

GAO S B,USAMI T, GE H B.Ductility evaluation of steel
bridge piers with pipe sections [J]. Journal of Engineering
Mechanics, 1998, 124 (3) : 260-267. DOI: 10.1061/(ASCE)
0733-9399(1998)124:3(260).

XU T e 2 i Tl B TR AR T A A S R T[]
M IR Tl R 2 2 4, 2017,49(3) :138-143.D0O1:10.11918/
j.188n.0367-0234.2017.03.002.

LIU Naifan, GAO Shengbin. Ductility prediction of stiffened
steel pipe-section bridge piers[J].Journal of Harbin Institute
of Technology, 2017, 49(3) : 138-143.DOI: 10.11918/j.issn.
0367-0234.2017.03.002.(in Chinese)

[11]

[12]

[13]

[14]

LR A B, T L P T R AR A RN SR (B AR B BB R
PERE WF 5% [T]. o0 PR 50 K 2% 2 i (B SR BE 2% i) |, 2010,
26(4):665-669.

BAO Longsheng, LIAO Jing, WANG Zhanfei. Study on
seismic performance of circular steel bridge piers with T-
reinforcing rib [J]. Journal of Shenyang Jianzhu University
(Natural Science),2010,26(4) :665-669.(in Chinese)
A 2R R T A B AR B R A ().
TG TR 244 (A AR B2 , 2023, 40(2) £ 77-83.DOT:
10.3969/].issn.1673-9469.2023.02.012.

GAO Yuxue, GAO Shengbin.Research on the ductility behavior
of steel box-section piers with T-shaped stiffeners[ J].Journal of
Hebei University of Engineering (Natural Science Edition) ,
2023,40(2) : 77-83.DOI:10.3969/}.issn.1673-9469.2023.02.012.
(in Chinese)

GE H B,GAO S B,USAMI T.Stiffened steel box columns.part
1: Cyclic behaviour[J].Earthquake Engineering &. Structural
Dynamics,2000,29(11):1691-1706.DO1:10.1002/1096-9845
(200011)29:11<C1691: : aid-eqe989>>3.0.co; 2-u.

AR A BUR 5 B ST AR B - R A (M %
MW, 18 AT TV R 4 A, 2008,

JI Bohai. Guidelines for seismic and damage control design of
steel bridges[ M ].GAO Shengbin, translated. Nanjing : Hohai
University Press, 2008.(in Chinese)



