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Abstract: To improve the rapid post-earthquake recovery of bridge functionality and structural repair-
ability, a rocking self-centering double-column pier bridge with replaceable curved prestressing ten-
dons, including its structure and construction, was proposed. Based on a municipal bridge project, the
seismic performance objectives, design method, and design process for the self-centering double-col-
umn pier bridge were studied and established. A numerical model of the rocking self-centering double-
column pier was established based on the OpenSees platform to analyze the seismic performance of the
pier columns under horizontal cyclic loading at the top of the pier and to verify the appropriateness of

key design parameters-such as the initial prestressing tendon stress, reinforcement ratio, and area ratio
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of energy dissipation devices-calculated using the proposed direct displacement-based seismic design

method. The results showed that the lateral stiffness and horizontal bearing capacity of the double-col-

umn pier did not significantly decrease when the top drift ratio reached 5%. The residual drift ratio af-

ter unloading was only 0.17% , indicating excellent self-centering capability. The proposed rocking

self-centering double-column pier structure and its seismic design method can achieve the intended

seismic performance objectives, and rational structural design parameters can be obtained through this

method. The research can provide reference for the seismic design of municipal and highway bridges in

high seismic intensity regions.

Keywords: rocking self-centering bridge; replaceable prestressing tendons; seismic design; perfor-

mance objectives; residual drift ratio
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Fig.1 Rocking self-centering scheme
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Fig.2 Schematic diagram of prestress replacement
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Fig.5 Flow chart of displacement-based seismic performance

design for rocking self-centering bridge system

LI, 45 0 2 S5 K SR X (6) 115

A, m, Ry 450 S5 U

MBI 38 @JE*TH@AMHT B BT /5 BRI
551 Fo Rk ()8

Fu=K.Aqg (7)

HR Al 2.3 75 B 4 A A7 B0 1) 7 2 0 35 K
A 8 FR AR AL RO O LAY 8N T A5 0 4 sk
PR 7 CC A % R A R LG A S AR O
] 1) 7 2% KT H AR A, N8I 75 Y 58S 57
J1Fao

TEE2HEEHT Sk RA TR ATO—>DO—~
Q—>Q@—>DIEFE W , KA WA, 458 B b5 i #
Ao XTI B SIE P B s R FH 20 (8) 53

A

#A:Z (8)
G546 S BOR W BHLJE L €., R 2 (9) 1153
5cq:€hysl + 5clamc (9)
1 1 1
ghym* 1_'_/1151) |:a<1 #K)(l+ (TC2+C)(1 ):|
(10)

o, &, 0 S5 BORS i 2 B0A 1] 43 4, X (10) 115
a.b.c.d R D. Marriott ™ & %} #5428 [ & A7 5 BLAY
A UUE L 28 51 0.305.0.492.,0.790 ,4.463 . Apy N
T BEHB AR P00 5Tk R 0.4 5 T o BE 1Y 2544
SRR 5 E i M A A7 TR BB - 485 4 1 BELE BB

824

B 0.05,
LENY SRR A
A1) .

— |07 ()
7 002+ ¢,

AR 2 B S B0 BT R ) A 25 4 i

L 51 B8 35 4 B R K R

e 7 ., 5 b BB i RS S, R IR (12)
-y
Su= (== rs, (12)
27

i 5E A5 F W) 46 S5 2R T, o 0.1 s, 75 25 4 5 4
PO B 115 S, T A 4% H AR AL EE A, XTI Y 55 %50
T, 45 THF T, WL 0.01 s Ay 8] B Ak vk a6 A8, i A8
TR/ EE FRPHR HET,=T

FEAT B 25K FLI A B T )5 B LA 0 5540
WIS Kook I (13) 3155

K., = 4x” -

e2

BT A B% 38 2 H ARSI A B BIUR B 2
By Fp R A (14) 35

Fou=KuA, (14)

FEAT B 50 B4 v g ST A O B50(E O B A i

## 71 pushover 43 # 1T £ 21 B8 42 1 & (7 AU =B 8L

SERIY S — iR 2, X E E ARG S A XL AR 3

F1 F i Je 1506 2 13 7 1 1 A5 1 0 25 44 r 75 LR

B ) Fo 5 F i Fo 58 BURRAE A 2 A7 SR =X 8

gttt s ez, 0 B 7 i RE VR AR B TN g il AR G
wit S, EE BRI

(13)

3 HEMEHRESHRIE

RGO A 5, R 12 A B2 ALK R v BN J)
VIR K BLI HT for B BN 0.35~0.55 1% HFi P74 R 558
U U 7 B R o, B BLR 0.15%~0.5%
BT bR BT B AR AR PR T
E1 A5 T 4504 Fr 75 3L 85 F1 o0t B, o 4
By 52 TN 7 55 90 43 3k B IE 7 R 0.4 5 19 A BR 538 5
BRI 744 MPa, 05 77 i B /57 % R 0.17 %, BIECL & 4
LT 7 A, B L BC B 10 R 7 X @15.2 Y 75 9 A0 4%
2k, AR AN 4 LR T AU 140 mm®. BT BT TR 1Y
BT BE B B B A TE AR A, o 25 434 mm?®, X N A T
FAAE B B o 4 0.78 %



3.1 EF OpenSees F & HEEEHR

I F OpenSees A IR TG F A 75 @5 A & A7 W
FE 2 oy B A B SO A R B T O 2
HE BT DL v A RS ok AR S SO . BUR
FEAR A DL 1 mo R B A IR B 6
TRo T BEAE MR AE R AL T SRk B B, OR
SR 2 3 B T (elasticBeamColumn) B8 . T W 7
Al S AE BB B9 Al R AT 42 (Truss) BLIo BRIl BUH: I
F2 2R Bk + R 3E F Kent-Scott-Park £ % % Ji& 1fij
oK A F BB P HL 5 E 1Y ConcreteO1 A4 RHAR 7 | 45 1 20
B . B RE W OB . BN O A X R O T
Giuffre-Menegotto-Pinto #& 7 % J& 1fij 2% % [& {1 2F #%
BN B SteelO2 B4 H5E 7Y | iy £ 351 17 77 i A 1 4k i
J1HAE R A AR, P A TR 3 15 5 AR b K A
[] , F50 7 7 #5f B At i KT 0 A (6], o 1 A 55 it
RN KN IR K EUR Y U SRR |
Uy 2 3 K Y90 INE 53 it o R

i : g

%l

D rgr NN BT

i (Fiberfi7c) : = g}rl%sgﬁ?!ﬁzn 1

R 1) Pt IR 1 %) O N R
I . - T BARESERAIT M
:ﬂﬂﬁfx) A

'El .‘,,}\J\?-/ Wy

| gmmmEE ~ Flesm b
t_(Fiberty) (Truss#IT)

K6  OpenSees B B 55 #1

Fig.6 Double-column pier model in OpenSees

o BAUBE BT B 4 R R b R R R 5 A 4%
i 5% F AR B R B WA E 24 Q2 RN Z R
T A 90 S BT R AU 42 I Y AT oA Y Tl
i R O A TR P AR A B 1) 0 B 22 A AL
HF SR FE AR T o R BORE 5 Sl 1) ) 428 5 T A
T 2 s 5L JE V0 N R 11 45 2 3R, TS
A S K S i Y R G s AR O S R 4R B
Ab, A R A7 T 5 B e T X i S T

() I, 6 30ONE 5 350 T 422 428 B T 300 5 T Jin 25 4K R i 3
L5 J7 5, By 1k BT R A KA W B . YA
LR AR O 00 SR B TR R B T
BT A T A1 5 AT SN R K EE
JE B s R W Bk R A S @
ALGHE, i (15) PR o 1 E WAL R
T OpenSees W& X) 1 3l B 48 5 )% 1 flatSliderBear-
ing FLICHEL , EE 5 R HH 0.02,

0 (15)

K EChZ IR+ e B a ; A R BOR B +
T TR AR 5 0 Ay 18 ) SR RE BTN B L R AT OB
B O N A R EBURE R 2.0,

FE R A7 JEC 1 o R P 1 285 24 0, O 1
if NIVEF 58 . O DR UE B SR AR S R D, TE RS
S5 TR 1 5 B AR . — 8, 38 i equalDOF iy 4>
PRAIE TN 7 807 775 855 AH B A BIORE T A AE KO O 1)
-2 T T S AN FR AR — 2

32 EBEBEMNEXHHNE-ES

BRI A 37 B 43 AL SURE SR SR R
T A SCTUR 05 52 (9 18 1) 77 6 000 kN, il [ HE A
0.12, 2R JH A B8 i 80 = 7 S350 T 7K SF- 18 52 102 %
VLT i A AR fE KPR AR TR B BLR= RE T
PB4 42 B S 0URE SO SIS T0UK SF- g 37 7 i 1]
i A&l 7 B s o i B 7 Ca) Al G (] 2R 5 B

_x10°

~ RitFEfE

6 0 1 2 3 4 5
S / %

(b) BitkEnEmZ

w®E/ %
(a) fiF B2k

s 1 B
] i
) PT.

t %2z £ i
W%/ %
(d) TR S I F e fh i 2%
K7 RE A oA A R

Fig.7 Analysis results of numerical simulation

T 2 3 4
BB/ %
(c) B AR Ll

825



TR A REWURL IR A U IZ R R B R A 2 A
L FERERE J) o Y BT A% 38 B fie KA B 3R 500 I
S BRI B R AUA 0.17 %0, i 26 [ g S b
PERE VPG 7 1, 18 MR A TR 2540 1 2R A% i 7% 3
INT0.200 i, B Al B AT . H I,
AR SCHR R R AE S A R AT T T A K A
Fo 1k 3] 500 fi 7% A KR B R4 B S ALRE T,
AR TG IIRE TR . A& 7(b) Al (e) B,
TE BURE D 7% R G5 5 0.100 Z A1, i T A8 RE Bl R &
A AR, BE A AL A A TO W AR RE o BORE P T
T3 B0 1 AR A i 2 I P 7 (d) B AT SO S
0 TN 3 55 (1 6 45 1 25 2) 78 306 I B R A Ay
Jet i, i Ak SRR e ] Y SN D 5 AR 400 D B R e
AR o AR 2.2 7 4 A R T R RS B
RE BT J7 A T 5 A B A 98 22 B R0 A5 4 G BRI
SRR A R BT R S5 B R A B A K
FERERE T o

4 #

EFXHRIE [ B A R AR T PR M RE
B, 76 BC SRl dE ST T IR T A RS 1 B AR AR bt
RWIT RRRIT R . DU RS TR
S, B ELA T G Sk T Rk 2 il 2 9N T A ) B
1A E AL R A5 T8 2 i 1H S50, 22T OpenS-
ces A7 BRITH AR - 65 s 57 T 4845 A &4 U A 3L
BB, o3 A T KCOF 1R AR R A B0 B AR g
J1o 1FEILLF 4548

(1) $2 0 BT BB A2 1 5 50 XURT: BOR G2 45 4 R
FH B J5 5K TG R &5 i 2k 289 15008 g 7 o7 DAL D7 4
L) U I DG 8 B DA S PR R A W o A
S RE 1 72 5 A8 S TR RI AR .

(2) BB AN RIRREAKFHEEH &
Di i Fe i R S B BR A 2 A2 TR VIR T
AR R BUETERE B b FIERE K, KB TR T H
BT B B PURE R RR T T i

(3) BUAEL 53 AT 45 S 3 W« U A 355 7 B T 8% A
B Fe ik 5% B, JLHT M WIEE K OF AR 807 AR AN B
I BB F AR WA RN 0.17%  BA RS A S
L RE 7 5 i [ R AR, BITHREREZY 12 000 kKN-m , H.
A R FERE AR 1 o MR AR SCHR SR T A
B PR e BV O B S B B FE 48 A B 4
P SR T S BB A W R SR, T S U 1

826

YUk RE H A5 .

(4) A SCHR By T 7 il T B ek K e 3t T
5, BEALLA il 2 TR g 55 17 Ak Ol LR AT T O RS
B PG 2 — PR E .

S E

(1] &b, SHIRF, JW e, 55 . 55 TR 52 D i A 2L 454

ZARAENE RO I LRR [T]. P A 24, 2021, 34
(2):118-133.
Han Q, JiaZ L., Zhou Y L, et al. Review of seismic re-
silient swinging bridge structures after earthquake[J].
China Journal of Highway and Transport, 2021, 34
(2): 118-133. (in Chinese)

(2] &z, B 2R HE-d A0 L AE TR AT 52 m BOh 2 o)

WU S & ZHOr BT LT ]. B SO R TR 24l , 2023, 43
(5): 1016-1023, 1056.
Jin R'Y, Shen Y L. Composite parameter analysis of
seismic vulnerability of high bridge piers under pile-soil
interaction [ J|. Journal of Disaster Prevention and Miti-
gation Engineering, 2023, 43(5) : 1016-1023, 1056.
(in Chinese)

(3] ZAEEPFRYUR BT JTG/T 2231-01—2020[S .
et AR 2 ik, 2020.

(4] SRTATHFRPUR BT AL . CIT166—2011[S]. Jbxt:
S0 Tl H AL, 2011,

[5] CALTRANS. CALTRANS seismic design criteria
[S]. Sacramento: California Department of Transporta-
tion, 2013.

[6] AASHTO. LRFD bridge design specifications [S].
Washington DC.: American Association of State High-
way and Transportation Officials, 2017.

[7] Kawashima K, Macrae G A, Hoshikuma J, et al. Re-
sidual displacement response spectrum [J]. Journal of
Structural Engineering, 1998, 124(5): 523-530.

[8] PEER, Report of the first joint planning meeting for the
second phase of NEES/E-Defense collaborative re-
search on earthquake engineering [R]. Berkeley: Uni-
versity of California, Berkeley, 2009.

(9] BUfRWE, BLIG, H&J1, %5 . W WCEE & & W A8 1

BUE A ORI SR [T]. Zcil iz i TR 4, 2022, 22
(6):25-45.
JiaJF, Wei B, DuX L, et al. Research progress on re-
silient seismic beam bridges at home and abroad from
WCEE[J]. Journal of Transportation Engineering,
2022, 22(6): 25-45. (in Chinese)

[10] B Vapk, &WIEE , R4 N 16 Jmth R TR AKSF



[11]

[13]

[14]

[16]

YR DI REHUR 4SS MAT T3 [T]. s L1 5 LR
gy, 2017, 37(3): 1-9.

Lyu X L, Quan L. M, Jiang H J. Research trends in re-
silient seismic structures from the 16th World Confer-
ence on Earthquake Engineering [J]. Earthquake Engi-
neering and Engineering Vibration, 2017, 37(3) : 1-9.
(in Chinese)

Zegth RGP MR RBUR TR KR NG R R
IR B A2 R AR Z Bt [T]. R A B, 2017, 30
(12): 1-9.

Li1JZ, Guan Z G. Development of seismic design theo-
ry for bridges: from structural seismic reduction to post-
earthquake resilient design[J]. China Journal of High-
way and Transport, 2017, 30(12): 1-9. (in Chinese)
FAB Ty, R Je, #hoR, S RRAEST RO R S SRR [T ].
M2 T 5 Tk, 2018, 38(5): 1-11.

DuXL, ZhouY L, Han Q, et al. A review of research
on rocking bridge piers[J]. Earthquake Engineering and
Engineering Vibration, 2018, 38 (5) : 1-11. (in Chi-
nese)

PN e PSR AN SO S S R DA A BT @S
Bouc-Wen #if [ BRI [T ]. B Gl K T H2 244, 2024, 44
(1): 3949, 201.

Su X, Yan S, FulJ]J, et al. An improved Bouc-Wen
hysteresis model for self-centering rocking walls [J].
Journal of Disaster Prevention and Mitigation Engineer-
ing, 2024, 44(1): 39-49, 201. (in Chinese)

BE7KZE, KRB, T . 5 T B 0 8 428 0 SO S B
T LRIR LT ], R38R oE 24l , 2023, 47(3):1°9.
Ni Y J, Song Y, Jiang H. A review of seismic tesearch
on rocking bridge piers based on resilience [J]. Journal
of Beijing Jiaotong University, 2023, 47(3): 1-9. (in
Chinese)

A, W, FER AT A 2 A R P RE AT T Ut
J [J). TR HURE 5 R B, 2022, 44(6) 2 119-
126, 147.

Wang 1. M, Jiang S, Tian L. Research progress on
seismic performance of structures with replaceable com-
ponents[ J].
2022, 44(6): 119-126,147. (in Chinese)

HROR, K, BRI, AF BT AT IR 1 T R
VI RE AT L By e S5 M W 58 S 3R (7], b [ o B o R,
2021, 34(9): 215-230.

Han Q, Dong H H, Wang L H, et al. A review of re-

search on seismic-resistant bridge structures based on re-

Engineering Seismic and Retrofitting,

placeable components for resilience[J]. China Journal
of Highway and Transport, 2021, 34(9): 215-230. (in
Chinese)

[17]

[18]

[19]

[20]

[22]

[24]

[25]

[26]

TR, BRICHE, SRR . T A T R B e 45 R T 5 ok
[J]. s HUA R4, 2019, 40(2):1-15.

LyuX L, WuD Y, Zhou Y. Research progress on resil-
ient seismic structural systems[J]. Journal of Building
Structures, 2019, 40(2): 1-15. (in Chinese)

Mander J B, Cheng C T. Seismic resistance of bridge
piers based on damage avoidance design[ R]. Technical
Report NCEER. [S.1.]: US National Center for Earth-
quake Engineering Research (NCEER), 1997.

Ou Y C, Chiewanichakorn M, Aref A J, et al. Seismic
performance of segmental precast unbonded postten-
sioned concrete bridge columns[J]. Journal of Structur-
al Engineering, 2007,133(11): 1636-1647.

BuZ Y, OuY C. Simplified analytical pushover meth-
od for precast segmental concrete bridge columns [J].
Advances in Structural Engineering, 2013, 16 (5) :
805-822.

BN, PO, WO, AF L ADEFEREAR A A AL
RC Hr B pu e YERE A9 52 O 50 (7). o [ 2 B 2 4T,
2021, 34(2): 220-229.

Wei B, JiaJ F, OulJ P, etal. Influence of external en-
ergy dissipation devices on seismic performance of self-
centering precast RC bridge piers[J]. China Journal of
Highway and Transport, 2021, 34 (2) : 220-229. (in
Chinese)

PR, NEEE, MES, 5. A B MR E B R
PR RE ) BE 7 B M (T, R 3h 5 il , 2023, 42
(1): 89-97.

JiaJF, BianJ C, Bai Y L, et al. Numerical simulation
analysis of seismic resistance of self-centering dual-pillar
bridge piers with rocking mechanism[J]. Journal of Vi-
bration and Shock, 2023, 42(1): 89-97. (in Chinese)
Federal Emergency Management Agency (FEMA).
Seismic performance assessment of buildings, volume
I: methodology, FEMA P-58 [R]. Washington, DC:
Federal Emergency Management Agency, 2012.
Japanese Road Association. Design specifications of
highway bridges, Part V: Seismic design[S]. Tokyo:
Japanese Road Association, 1996

Hh ] 5 B 2 X R 1AL - GB 18306—2015 [S]. b at
B E AL, 2015.

Marriott D. The development of high-performance post-
tensioned rocking systems for the seismic design of
structures [ D ]. Christchurch, New Zealand: University
of Canterbury, 2009.

Ou Y C, Tsai M, Chang K, et al. Cyclic behavior of
precast segmental concrete bridge columns with high

performance or conventional steel reinforcing bars as en-

827



[28]

[30]

[31]

828

ergy dissipation bars [J]. Earthquake Engineering &.
Structural Dynamics, 2010, 39(11): 1181-1198.
Paulay T, Priestley M. Seismic design of reinforced
concrete and masonry buildings[M]. New York: John
Wiley &. Sons, 1992.

Borzi B, Calvi G M, Elnashai A S, et al. Inelastic spec-
tra for displacement-based seismic design[J]. Soil Dy-
namics and Earthquake Engineering, 2001, 21 (1) :
47-61.

MR, B, ERTE, 5 LT RSC KR B BUZ B
T HE AR B M 4 R B [T]L b S AR,
2020, 33(3): 97-106.

SunZ G, Zhao TY, Wang D S, et al. Seismic damage
control design of double-deck bridge pier bracing system
based on RSC system[J]. China Journal of Highway
and Transport, 2020, 33(3): 97-106. (in Chinese)
Palermo A, Pampanin S, Marriott D. Design, model-
ing, and experimental response of seismic resistant
bridge piers with posttensioned dissipating connections
[J]. Journal of Structural Engineering, 2007, 133(11):
1648-1661.

FhA, INECUL, R TS . 2R AR AR b BT T R 2 2
Tl oy ) A ST (0], s R TR S TR RS, 2012, 32
(5): 39-46.

Du K, Sun JJ, Xu W X. Study on issues of element,

section, and fiber division in fiber models[J]. Earth-

[33]

[34]

quake Engineering and Engineering Vibration, 2012, 32
(5): 39-46. (in Chinese)

BETE, IMAE, MTHT, SF TR R S TR
FISE 7 B B0 22 B2 b s 0 [T, (i 5t b AR
2023, 39(2): 113-124.

GeCY, SunZ G, FulY, etal. Seismic response of
rocking-self-centering bridge piers continuous beams un-
der near-fault ground motions[J]. World Earthquake
Engineering, 2023, 39(2): 113-124. (in Chinese)
R, AUVE, IMAE, 5 IT IR MR S T R -
F&2 A A b 5 RO oy M (7] TR J1 57, 2017, 34
(10): 87-97.

SiBJ, GuMY, SunZ G, et al. Seismic response anal-
ysis of rocking-self-centering bridge piers under near-
fault ground motions [J].
2017, 34(10): 87-97. (in Chinese)

MG, B, A, & EE- 8 E AR bR
RER(H A Ay e T 9T [0 ). BT R it 5 TR AL 2 22 4R,
2019, 27(6): 1357-1369.

SunZ G, Zhao T Y, Shi Y, et al. Research on numeri-

Engineering Mechanics,

cal modeling methods for seismic performance of rock-
ing-self-centering bridge piers[J]. Journal of Basic Sci-
ence and Engineering, 2019, 27 (6) : 1357-1369. (in
Chinese)

(AL R FF)



