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Fig. 1 Offshore site model 1(Unit: m)
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Fig. 2 Offshore site model 2( Unit: m)
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Fig.3 Comparison of the numerical and theory solutions of

W /L spectral ratio in offshore model 1-3
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Tab.1 Material parameters with offshore cover layers

Mok SRR WIE/m (kf_’fl fg) %(z]ff/ %f"f%/ TUNTTE e
K 10 1000 — 1500 0.330 2340 —
TRRAR 1 20 1400 107 1460 0.497 48 16
Bt 20 1650 218 1650 0.491 234 78
w+ 30 1800 264 1697 0.487 373 125
ok XA 20 2100 485 2135 0.473 1460 494
AL A 30 2600 2175 4318 0.330 32700 12300
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Tab.2 Design parameters of viscous damper

BHL JE % FHJE F 8/ 4R 4L it BH e I/ g I/ WEA TR/

v B [kN*(m+s™")™] a kN (m+s™) mm

biir 12800 0.4 12000 0.5 550
FURT 2 6000 0.4 4500 0.5 660
4 Bl L 6000 0.4 4500 0.5 660

BRI - 85 (B B 0] BRB 9 RHLAR 4544
JEAR AT B (B S8 b A B 3% 4 1 2B U BT 1] 7Y
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Tab.3 Design parameters of BRB

BRB (P&l 4 BT ), (RS o SR AL A 328 9 HE#  wirREEA/  REeRf/  RREGB/
1 & kN MPa mm
y B4 K7 4 TR A 7 2
SRR B RE A HT 42 (truss) B 40, #5580 oh BRB %% ey 5000 505000 -
BRS80S B BB E B8 59 %1 R IR S 4500 206000 66
F1 B BR A A B A S B, iR 3TN, Hh B 4500 206000 66
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Fig.4 Schematic of BRB between tower and beam for cable-
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Tab.4 Data of earthquake acceleration records
F8/GE Sy J U b 3R iR GRSV

= =2 4 Ly < R T EAS=A
= H /M, B il 24 P& W53 PGA/ gal PGA /gal .
2006-04-21 5.8 SZOH35 EW-1 35.51 141.86 142
2009-08-11 6.5 SZOH35 EW-1 27.39 91.20 175
2011-03-11 9.0 FKSH20 EW-1 356.44 660.46 300
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Fig.5 Acceleration time histories (EW-2) of bed rock at sta-
tion FKSH20 in 3. 11 earthquake in Japan
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Tab.5 Natural vibration characteristic of floating and

viscous damper bridge structure

Bk SEE/Hz o /s PR AR A
1 0.095 10.515 Y
2 0.247 4.051 — B
3 0.362 2.760 SR BRI
4 0.545 1.836 Rk XA L
5 0.550 1.816 BEAl B 27 R O
6 0.553 1.807 TR R AR
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8 0.651 1.537  ELah i 3238 AR
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Tab. 6 Natural vibration characteristic of bridge struc-
ture with BRB

ik peE/ /s IR T A8
Hz
1 0.250 3.995 X g gt A
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3 0447  2.236 B A
4 0557  1.793 Zhris
5 0.576 1.734 SR AR5
6 0623 1.603 1o B g A
7 0.683 1.462 BEAl 51 A 1 1 00 50
8 0.739 1.352 EAbgIEEMAm Iz + FREE
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Tab. 7 Maximum of horizontal displacement of key

nodes for cable-stayed bridge in 3. 11 earthquake

in Japan

H A< 3.11 Hlu % K S [ 43z

5 — ALK /m
IETE FREBHLJE BRB
BIR FRAT BRI
F2 3 s o A B 0.061 0.212  0.249
2 A0 A B S AR X B 0.424  0.254  0.531
A WIS 95 SRR AR AL #% 0.394  0.230  0.493
LM ARG 0.593  0.510  0.593
LIS R G WA 0.580 0.439 0.567
Lo b EEECAE X BUR % 0.102 0.182  0.103
il BB AT BOR M % 0.358  0.351  0.463

£8 HAJNHBEDREFEIZHETESHAIRKE

Tab. 8 Maximum of bending moment and shear forces of cable-stayed bridge 3. 11 earthquake in Japan

G VR AR TRl WF BELJE #5455 A % BRB #

LR A/ 5y y/ AR/ 5/ LA/ 5/
(10°kN*m) (10°kN) (10°kN+m) (10°kN) (10°kN-m) (10°kN)

FRE 18.3 3.1 40.5 6.8 22.5 2.4
b3 dd 773.0 47.3 1481.5 48.3 1058.0 44.6
A S R 869.5 47.6 1630.0 49.6 1014.0 43.7
e 3k Y U 429.2 18.0 728.0 19.6 338.8 18.4
At BUR 429.2 18.0 728.0 19.6 415.8 18.3
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Fig. 8 Response of characteristic curve of viscous damper for left tower and pier in 3. 11 earthquake in Japan

FEH A 311 AR oA 3 5 M B0 0% b RE
JE % 7F 1R 17 48 AE R 2k 8 ke 4y, Hop
M B 057 R BHLJE 2 B9 BHL @ J735 3] 12000 kN, 5%
TEBEJE A 3 5 A 307 B 3 BELJE #8 i9 BELJE ) ik )
6000 kN, % K F i i1 J& 77 4500 kN, H: 55 KAH XF
WA H] 0.8-1.2 m/s, B R F &I HIAE 9 0.5 m/s,
AP F AT RE S AR AR S . o ek
T T A7 0 W BELJE 25 6 Rk M R v i e Kz ), F 3L
T A5 B BETE T I ORI ME . 1995 4F Kobe i 7% H 45 4l 7
KM B iy BELJE 258 0B e ot & 2 T i 3K . 7 2006+
04-21 i1 7 A1 2009-08-11 #h 7% v A 15 037 & 1) 286 i BHL
JE RS BEJE J1 57 Jg 6000 kN, A7 B0 8 66 T FHLJE 7%
Y BHJE 77 3000 kN 2247, B 6 AT UL, 7E 2006-04-21
M5B A1 2009-08-11 Hb 7B AE FH T, 7 38 (B 47 B 19 %6
Hiir BELJE # JF A & 48 A WA HT L B AT A b 78 52 AR
XoF R A /N T A 0.5 m/s.

94 T 7E H 7S 3.11 Mo iZ 4 il T % & BRB #¢
Zre ey b, 2o M B Gl P 300 007 5 BRB 9 [l it £
B BRB [y AR X7 7% R 1) ) Z R S Rt 4. A

Ay RS & B, FE 3 YK AR PR 3 (330 7 B BRB
B4 gl 1) g FEA A B0 R T I Al ) (B 35 437 & BRB Y
Ve RS 1 R 12000 kN, A7 8007 B BRB A9 311
k%l 73 4500 kN) o [A) 4, 78 H A< 3.11 #b7& H BRB 11
b2 S s 2, HL Y 1T FE B S LK

ER R, £ 9B T HA I B RHRAR
/) 57 & 7k s BHLJE 2% 5 BRB (%7 B FERE(A , & PLMF 1%
Ib 12 B BRB i AR BE B B & T A bk B A
BH JE #% (I REfE o X A5 n] LA R M B 3% B BRB BF 2
TR r A B RGBS 9 P 7 /N T 1 B R T LS A AT A
R E

F9  HZA3. 113 E AT IE R E 2 2570 BRB R @ FE 8¢
Tab.9 Hysteretic energy dissipation of viscous damper
and BRB for models in 3. 11 earthquake in Japan
Hir I #ERE/ (KN m)
ik AW AR A
BEEC WL B Wi
Fhd B2 4% 35458 35399 26659 22469 22445 26712
BRB 56805 56536 25984 25742 22083 21965

FEREAG 1T g g




55 3 1) Whae i, 2 . BE B B BRB 15 I AR AT IR 29 1A R R 3 52 2 459
20000 20000 -
15000 15000
10000 10000 |
£ so00} % so00)
R R I
= 0 = 0
& 5000 # 5000}
-10000 -10000
—-15000 —-15000
_2 1 1 1 1 ) _2 1 1 1 1 )
00090.4 -0.2 0 0.2 0.4 0.6 00090.6 -04 02 0 0.2 0.4
FAXTALHE / m AAXTALFE / m
(a) 38 (b) HE
(a) Left tower (b) Right tower
6000 6000
4000 4000
£ 2000t Z 2000}
R R
= 0r = 0f
= —2000 - & -2000
4000 - —-4000
-6000 T — -6000 e —
-04 -02 0 02 04 06 08 -08 -06 04 -02 O 02 04
AR / m AEXILES / m
(c) ML (d) A
(c) Left transition pier (d) Right transition pier
B9 HA 3. 11 HR% AR 35 5 A7 8 BRB i [l it £
Fig.9 BRB hysteretic curves of tower and pier in 3. 11 earthquake in Japan
4 & S & 3Ck:

AR SCHR T A5 (h0) B [a) ATk 1) i B B ikt by 52
£ (BRB) 14 85 16 R 45 148 0948 R s e 77 5, I
55 4 TR VR BT 45 4 0 e 3 (B0 G2 ) 35 266 B
for B ARHRLBT 45 K Y M S B EAT T LR . BT
TS T 2% SR i K - T T R SRR A (RS A
el 752 0 3y S 0 a3 A R R O AL 2R H AR 3011
R FEAE N 9 JE e M R A DA il o AR SC S A
o KB -

(1) i B b il BELJE i 14 AR 0 4 4 T LAY 200
/N S e (e T G 55 A0 (0D T ) 1) 4 X 52 4% B
Xt 3 TR Xt 85 e OR 6 T (907 8% A7 55 4 1) 42
], L B S R T R B Al B o 9 ) B R S R

(2) BB BRB [ R 25 44 XoF S J8 1B T A AH
XSRS 45 1 A5 S A B ELUAR X T i 36k il B JE % 7Y
Hr R A5 K AR B WA T 3% i S A B (i 80 A
AR

(3)XF 25 H AR 3.11 K Ml 7% 5 T o 37 9 Ml 72 S
BEAT FOAE, i B A9 BRB 15 2 i FHLJE A 2738 2 3034l
FIFscT e O OF R B T BRI AERERE . 2
A S5 e il L 2 45 1) BEL 2 g 5 R X e 4% i
THE AP FESR IR AU

[1] Chou C C, Uang C M, Seible F. Experimental evalua-
tion of compressive behavior of orthotropic steel plates
for the New San Francisco-Oakland bay bridge[J]. Jour-
nal of Bridge Engineering, 2006, 11(11): 140-150.

[2] Todor G, Fumio Y, Hiroshi I, et al. Response analysis
of the Higashi-Kobe Bridge and surrounding soil in the
1995 Hyogoken-Nanbu Earthquake[J]. Earthquake En-
gineering and Structural Dynamics, 1998, 27(6) : 557-
576.

(3] BER, B R ME, 22259 . B ith 32 5 50 0F 5% 98

L TR T] s HAE 5 TR %, 2011, 28
(4): 75-85.
Yang Changmin, Makino Toshio, Li Hongnan. Re-
search progress and its engineering application of buck-
ling-restrained brace [J]. Journal of Architecture and
Civil Engineering, 2011, 28(4): 75-85.

[4] Usami T, LuZ, Ge H. A seismic upgrading method for
steel arch bridges using buckling-restrained braces [J].
Earthquake Engineering and Structural Dynamics,
2005, 34(4-5): 471-496.

[5] Chen Z, Ge H, Kasai A, et al. Simplified seismic de-
sign approach for steel portal frame piers with hysteretic

dampers[J]. Earthquake Engineering and Structural Dy-



460

%34 %

[6]

[7]

[8]

[9]

[10]

[11]

(12]

[13]

[14]

[15]

namics, 2007, 36(4): 541-562.

Celik O C, Bruneau M. Seismic behavior of bidirection-
al-resistant ductile end diaphragms with buckling re-
strained braces in straight steel bridges[J]. Engineering
Structures, 2009, 31(2): 380-393.

Wei X, Bruneau M. Analytical investigation of buckling
restrained braces’ applications in bidirectional ductile end
diaphragms for seismic performance of slab-on-girder
bridge[J]. Engineering Structures, 2017, 141: 634-650.

El-Bahey S, Bruneau M. Bridge piers with structural
fuses and bi-steel columns. 1: Experimental testing[J].
Journal of Bridge Engineering, ASCE, 2012, 17(1) :
25-35.

El-Bahey S, Bruneau M. Bridge piers with structural
fuses and bi-steel columns. II: Analytical investigation
[J]. Journal of Bridge Engineering, ASCE, 2012, 17
(1):36-46.

El-Bahey S, Bruneau M. Buckling restrained braces as
structural fuses for the seismic retrofit of reinforced con-
crete bridge bents[J]. Engineering Structures, 2011, 33
(3): 1052-1061.

W30, PNVAIES SR B Al I B R O B R A It
B w5 O B R R OP S LT]. AR A=, 2014,
47(S2): 28-34.

Xie Wen, Sun Limin. Studies on controlling structural
systems of super long-span cable-stayed bridge by novel
supporting pier in longitudinal direction [J]. China Civil
Engineering Journal, 2014, 47(S2): 28-34.

woosC, IVRIR, B R BT SR R 2T R R
M BT AR e R i S O 58 S LT ] v B A 2 4l
2014, 27(3): 59-70.

Xie Wen, Sun Limin, Wei Jun. Experimental study on
seismic performance of bridge piers with structural fuses
and its application [J]. China Journal of Highway and
Transport, 2014, 27(3): 59-70.

INAE, KRR, 1 %A, % A BRB SEHU R AR
HE T OB 22 B W R vt [T). kg 5w,
2015, 34(22): 199-205.

Sun Zhiguo, Hua Chengjun, Shi Yan, et al. Seismic de-
sign of bridge bents with BRB as a structural fuse [J].
Journal of Vibration and Shock,2015,34(22): 199-205.
A, ERTE, W@ BE BRB AR T
MR PRI r ik [T]. R T4, 2017, 50(7)
62-68.

Shi Yan, Wang Dongsheng, Han Jianping. Displace-
ment-based design method for bridge bents with buck-
ling-restrained braces (BRBs) [J]. China Civil Engi-
neering Journal, 2017, 50(7): 62-68.

ZEGERT, PR, X)W, AF L DO B2 B0 SR
B BRB M R ACR TS [T, IR 5 eb ki, 2018, 37
(22): 173-180.

[17]

[22]

[23]

[24]

Li Xiaoli, Sun Zhiguo, Liu Xin, et al. Seismic respons-
es of double column bridge bents with buckling-re-
strained braces in mountain areas[J]. Journal of Vibra-
tion and Shock, 2018, 37(22): 173-180.

Dong H, Du X, Han Q, et al. Performance of an inno-
vative self-centering buckling restrained brace for miti-
gating seismic responses of bridge structures with dou-
ble-column piers [J]. Engineering Structures, 2017,
148 47-62.

Bazaez R, Dusicka P. Cyclic behavior of reinforced con-
crete bridge bent retrofitted with buckling restrained
braces[ J]. Engineering Structures, 2016, 119: 34-48.
Bazaez R, Dusicka P. Performance assessment of multi-
column RC bridge bents seismically retrofitted with
buckling-restrained braces [J]. Bulletin of Earthquake
Engineering, 2018, 16(5): 2135-2160.

Wang Y, Ibarra L, Pantelides C. Seismic retrofit of a
three-span RC bridge with buckling-restrained braces
[J]. Journal of Bridge Engineering, 2016, 21 (11) :
04016073.

Upadhyay A, Pantelides C P, Ibarra L. Residual drift
mitigation for bridges retrofitted with buckling re-
strained braces or self centering energy dissipation devic-
es[ J]. Engineering Structures, 2019, 199: 109663.
Lanning J, Benzoni G, Uang C M. Using buckling-re-
strained braces on long-span bridges. 1: Full-scale test-
ing and design implications[J]. Journal of Bridge Engi-
neering, 2016, 21(5): 04016001.

Chen B, Wang D, Li H, et al. Characteristics of earth-
quake ground motion on the seafloor [J]. Journal of
Earthquake Engineering, 2015, 19(6): 874-904.

Chen B, Wang D, Li H, et al. Vertical-to-horizontal re-
sponse spectral ratio for offshore ground motions: Anal-
ysis and simplified design equation[J]. Journal of Cen-
tral South University, 2017, 24(1): 203-216.

BRASAR, SRATHT, 22104 . 2 B AL B IR 4 b % SH i
BT 0 B 4y B [J]. TR %, 2014, 31(4) :
218-224.

Chen Shaolin, Zhang Lili, Li Shanyou. Numerical anal-
ysis of the plane SH waves scattering by semi-cylindri-
cal alluvial valley [J]. Engineering Mechanics, 2014,
31(4): 218-224.

Crouse C B, Quilter A. Seismic hazard analysis and de-
velopment of design spectra for Maul A platform [C].
Proceedings of Pacific Conference on Earthquake Engi-
neering, New Zealand, 1991: 137-148.

XUBA PR, W PUME, 2 8 . v R R B i M 00 8 M T
4Rl ROOC R R [T]. MR R B, 2013, 43(4) -
87-93.

Liu Minghu, Meng Fanchao, Li Guoliang. Engineering

characteristics and key techniques of Qingzhou ship



Whae i, 2 . BE B B BRB 15 I AR AT IR 29 1A R R 3 52 2

461

channel bridge of Hong Kong-Zhuhai-Macao bridge[J].
Bridge Construction, 2013, 43(4): 87-93.

(271 XUBA B2, o FLAR . o6 2R MR F 4 N 0L 18 45 4 23 5

EWRFLLT]. PAMABE, 2014, 34(1): 148-153.

Liu Minghu, Meng Fanchao. Study on structural design
program for Qingzhou ship channel bridge of Hong
Kong-Zhuhai-Macao bridge [J]. Journal of China and
Foreign Highway, 2014, 34(1): 148-153.

(28] BEAfin . 2R OCAR B BE TR R 20 1 Hb o I8 4¢ 48 1

[J].7kis T#, 2013, (7): 15-18.

Liao Jianhang. Management of fine soil investigation for

[29]

Hong Kong-Zhuhai-Macao bridge island-tunnel project
[J]. Port & Waterway Engineering, 2013, (7): 15-18.
Biot M A. Theory of propagation of elastic waves in a
fluid-saturated porous solid. I. Low-frequency range[J].
The Journal of the Acoustical Society of America,
1956, 28(2): 168-178.

Rk . T I M R S R TR K B T M B b R I R 43 AT
[D]. K% : REM TR, 2016.

Chen Baokui. Characteristics of offshore ground mo-
tions and seismic response analysis of sea-crossing bridg-

es[D]. Dalian: Dalian University of Technology, 2016.

Shock-absorbing restraint system and its seismic response of sea-cross-
ing cable-stayed bridge installing BRB between towers and girders

CHEN Bao-kui', WANG Dong-sheng®, LI Hong-nan*, CHEN Shao-lin*, LI Chao’

(1.School of Civil Engineering and Architecture, Nanchang University, Nanchang 330031, China; 2.School of Civil Engineering
and Transportation, Hebei University of Technology, Tianjin 300401, China; 3. Faculty of Infrastructure Engineering, Dalian
University of Technology, Dalian 116024, China; 4.Department of Civil Engineering, Nanjing University of Aeronautics and As-
tronautics, Nanjing 210016, China)

Abstract: Considering the influence of offshore ground motion and complex subsea environment on the earthquake response of sea-
crossing bridges, it is necessary to establish a seismic analysis model including seawater layer, seabed sites, and sea-crossing
bridge. Combining finite element dynamic analysis software and wave analysis program, a novel seismic response analysis method
considering pile-soil-seawater-bridge coupling is built. On this basis, A new type of energy and shock absorbing structural restraint
for cable-stayed bridge is proposed. The new restraint system installs buckling-restrained braces (BRB) between the tower (pier)
and the beam. A sea-crossing cable-stayed bridge is used as engineering background. According to the real site condition under sea-
bed and the influence of seawater, three kinds of cable-stayed bridge that of full-floating system, with viscous damper between the
tower (pier) and the beam, and with BRB between the tower (pier) and the beam are established. In the seismic wave analysis
model for considering the pile-soil-seawater-bridge interaction, the strong earthquake records including the 3.11 earthquake in Ja-
pan are input. The displacement and bending moment response of bridge towers, the relative displacement and internal force of key
positions, and the hysteretic curve of energy dissipation are compared between different restraint modes (viscous dampers and
BRB). The study finds that the cable-stayed bridge with viscous dampers can effectively reduce the relative displacement of the
bearing and between tower (pier) and main girder. And the displacement of tower top is also well controlled, but the bending mo-
ments of the tower (pier) bottoms are significantly increased. However, the cable-stayed bridge structure setting the BRB can

greatly reduce the bending moment of the bottom of towers (piers), and have a good energy consumption.

Key words: cable-stayed bridges; buckling-restrained brace (BRB) ; shock and energy absorbing; seismic response analysis; off-

shore ground motion
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