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Axial Force-Stiffness Interaction in Seismic Analysis
of RC Double-Column Bridges
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2. Guangdong Communication Group Testing Center, Guangdong 510550, P. R. China)

Abstract: Earthquake induced dynamic axial force in reinforced concrete (RC) bridge bent columns will not
only change the yield strength of the columns but also change their stiffness, which is seldom considered by
the common lumped-plasticity line model. Based on the fiber element model results that taking into account
the influence of dynamic axial force on strength and stiffness simultaneously, the axial force-stiffness
interaction effect on the seismic responses of RC double-column bridges was analyzed. The results show
that, axial force-stiffness interaction has a large effect on the seismic responses of the double-column bridge
in the elastic range, and it does not alter the ultimate capacity of the columns. Since the stiffness of the
columns under compression and tension dynamic axial forces offset each other, the global displacement of
bridge bent with equal columns is relatively unaffected by the axial force-stiffness interaction, however, the
differences of the column member forces are manifest. For the short column controls the global stiffness,
the axial force-stiffness interaction has significant influences on both the global displacement and member
force responses. The influences become larger as the irregularity of the bridge bent increases, so the
interaction between axial force and member stiffness should be sufficiently considered in seismic analyses.

Key words: reinforced concrete; double-column bridge; seismic response; lumped-plasticity model; fiber

element model; axial force-stiffness interaction

KA B H:2012-01-10
E AR A EHEE KRBT H (90815007) ; P83 42 i A 4 RBH 5 1 H (2009318000102)
Y WA B (1985-) , 53 AR BN H R S5 R E TRV . (E-maiD) 07 weibin@mail. tongji. edu. cn,



http://gks.cqu.edu.cn

% 4 2 #

RUHE 850 S HE ZR A5 1 S7 AT 72 I5f 2 77 AR 3l il
B4 1 T JHG v il g ) 72 A X R 1 T I 52 E ) 2 T
TR AR SR A BIF Y R T B A TR S A
P 1% 78R T JeE R oy 2508 Bl b g B I 7 23 A 1A A2 A AN B
%, JHC SR B R B ) R B AE — R IE LL R R
W g AR A B A TR BE LA F R R B s RS
b 7758 J&E (CP-MD AR, i ¥ & 11 T BI AT 7 Bl 77 - M1
JE R A

TE S PR B U S 23 A 5 BT 2 AR Y
ST TGN () B 45 R 5 A 1 A 2 kL — BORVEE R
P BBPE AT B OCHEAT AR L o A . X A R S
BATT Bl 5 B R 3 T RT L e i O Y
JiE e B, 2% BR oK 7 b 7 X AR Mk A BROGAR e (Al
SAP2000")) d L A LAY B By . (HX TR
ZRHIA FROCRE ¥ » 45 v R T 5000 /4 IR i 57 T
[t 3% 9 S 2, BIVAS RE 2% 8 b 7 — MR P 1 A VR
S K 200 114 2T A 5 R 0 57 9 25 - T O R
HAT G PRAR AR 3R A8 & AR 19 H6 il LA A it
Nl 35 B R Al R BE RS A AR T L
B 7145 SR A B A SR At R R

MTRESE B0 A BE » 5 B3k B0 0 2 A 2
P 3 7R SN 3 AT 1 2 B e PR SR TR X 4 v 9
BAICANRE S FE A 7~ W LA A B A9 5T 0 1 ) ik
Z o AL YERE RO B 45 5 O S E L B TE T Al T
O FEE A1 DX 600 473 T 5 - DOURE: M S350 7522 B Y 14 %2
Wi » 5ok 4 v SE P B0 1 B ik M BE R A A
114 fR7 Al Ak BE 7 AR T

1 BAERKEE

6 R UK A B3R 1) by 52 B 17 14 AT 43 A oA T Ak
L L 72 % 5 Ak RS S 1) ST i SNG4 R 2 TG
FR P 25 08 Hi 8 IR R B AT o) B T AR . AE P R
Ly DX G e, i DAL e T R T e 00 ] — R 22 2 A5 3
mEAFEAEL . EH DAL R o« REIEX —H
RIS, S B R B 4540 ROST an Bl 1 o, 3 i
B R LY v RIS B o RIS R 45 0 T il
JI- W EERE A AE T /N S 8OBUE I F L3R 1.
A1 #HMAKER

W o

WE L v = F 5L PGA

0.05~0. 35 0.25~1.00 0.05~1.00

BT TE Opensees S & E#EAT . K B 4F
16 B A5 R I AR 2k i RR SR R W R R SR T T
JITE BRI A LR PR B AL B oe L I B A AT 4t
0 H IR BE 1R B IE ) Kent-Park BEHEIY, 4 fif

AR, 2 AR M R R L 6 4y 77 W AR A AE R 67
L H=Tm
P B=5m
f, =400 MPa
@ N f.=32MPa
p =2%
3 , B
— Naeaa =V f{Ag —
s -
g B
T prism,

H1 aWRRAuEhsER

i P BRI PRI R R R LA A S A
358 B e Al -0 BE A RURR A AE . S R
HE R R, JE 48 v 20 900 A 0 B AR T
FHAR [7) F) 2T A 4 o 72 B84 B SRR B 4% Scott
F ARSI 8 P A L A R S 4 ) ) B
TR 14 55 800 B2 oy % L A 0 it 958 43 1y W
Prp NIt AT G RS = ol o O TP e
TR R W AR 14 22 S B AT LA 3 Al g -0 R
TERIRY R

o B Xt 5 58 AL AT 1 AT BN R
Mo AEE BN TT T Ok HEASE R 5O A 7R R Y 25 S A
O U T BB AP I B A A B o S A I B S B I B
6. HE 3% AR Elcentro Hu 52 3 . il i
LY R ERAVE S N TN ID R NI N S T S
JI 7R

M 2 aT LA il E 2 i 7R A [ ) 4 s L
FIH R BN KT X8 He AR 2 5 R 1 R Y 1 o M 45
R orFIT . X UL NS H R BT SR ) 1T AL 2 5
Je i BRAY 5 20k A8 AR L 08 HE R R RS Af R R Y
WA 22 5 B0 0 Al 1WA S VR R 25 2R

2 EHMAESWER M

B 1 BT 7 1 45 i BRI A (R o= 1) 7] 40 h 3%
RIS RE FRT AR T . BT S B0
S 3 AR () BB, A BT 25 SR R 3 TR

SR A R RURE B85 A i L A ) R AE A 3T
Bl W BE R A R B 5 S PR A B0 R 25 5
VSRR B P i O 22 S W S O G B R g KR
BRI S 5 AR A . T 4 45 T B OE P-M
A AR R 2R 1A TR 0 R L Bl ) i AR ki
L. NIRRT U o B 0 B 1 38 K 25 44 2 %l
7178 A3 FELRE R A8 2k 0 1 b R T RIS s
5 A% SR 7 v o IR R 14 2 AR X 2 S 1 L
(B AR REAIG . 76 5 20 0 g 3k 2 P-M A B R il
SRS B K A B Sl g R 2 A A8 T Y e



http://gks.cqu.edu.cn

68 P RAEHRERKRE IR

% 34 %

0.08 0251
- & E
<020 v=0.35 .
£ 004f 3 4 -
R Eo.st ) T
2 K =
g—,‘ 0.00 i 1=0.15 =
= =010} = Ep
£y ® R It
B + 77 Y= il
0.04 ‘ 005 77 v=0.05 E
El-centr03%,PGA=0.32 g,v=0.15 e
-0.08 L L L ) 0.00 L L L L ) 0 L L L L )
0 10 20 30 40 00 02 04 06 08 10 00 02 04 06 08 10
) /s HhRZ Bk EEPGA/g HhZ SR EEPGA/g
(a) Vi B8 S oy ) A (b T KA B (IR IR A
T —— “KifR R - Xif LA
B2 FEaESER
0.02 0.15¢ , 3r v=0.35
y =
=035
001} £ v=0 Z
5 Joa0 52| ;
R e s
E 0.00 E //' o /’,/v:0.05
5 Dll:i’{ ./ v=0.15 jF:rP
£ = 0.05} % it
-0.01 | = i
H
S > v=0.05
0.0 LElscentrollf PGA=0.32 ¢.v=0.15 0.00L2£ - ) ) ) 0 ‘ ‘ ‘ ) )
0 10 20 30 40 00 02 04 06 08 10 00 02 04 06 08 10
Ml /s R B5REPGA/g 2S5 EPGA/g
()i S e A (b T s K A S (WS KA 4
TE: —— “K§WR” B ----- X U AR

B3 5N EILER

AL AR T IEL 3 Cod P E R T LS R RS
H5 TR 5 068 LR TR MO d RS 22 S A8 /i JRUIA . B
v=0. 05, Xf 55 {5 XKL R B BE4T pushover 73 #r i)
LA BLCIE 5) - AE Sl il T3 VR F TR » 52 35000 5 5800 WY 3
SN 3 T AATR SRS MO 38 2 38 O 1 3 SR R R
R B R () DU i e 2807 A% 1Y AR 9 HE RE I BE ) 4R

AR PILOYKN

a__b aHh A AR 2R L (E
SRR A LA X 48 HL
(EECE DAROY i)

V&."ﬁ%,’l
6 0."6

=35 045

R P-MAE 26

66\750‘05 0.5

PR AR R . B, S 3 (b)) iR, Z
Wi it 3~ B 4R A A I AN 2 X 45 e RURE #F B A
Fo AR b 5= AL A% W By Ay R B R AR 25, HN R ER L

/1/ 149 2

R ZSHMI(10°kN + m)

B4 M@ AT AR W
F 3l ok 52 He A0 AT 3505 B L B B ) M RE A S
A5 INE 4% A 07 38 R AT B8 R S e g (T 3 (e)) 53X 220 _ ——
T T P S5 45 S B 77 S R T P iy
1 = FHE
3 RESRAARMER M S 10} = TR
®
Ly DX AR S92 52 i T LA 2 e S 45 7 XU 301 il
R KR 5 B A AR Y e ® ‘ , ‘ ,
15T« A G RUII 38055 b o T A9 H 72 s 107 4 B 445 2% o0k .
6 TR » A5 7Y oy B 2 B0 i o ok A TR) PR OB AR BT A A/
Z e ME PR 2 v =0. 15 g5 R, VE:—— BT B - - -

5 28 R OBUSOR 1 T2 AN [ by 25 4 Y AR W
2B A T A 45 02 XU 1) A2 T2 1 3l ik 7
X S T2 53 W) 9+ AN BE A EL AT 5 DR U R A
Bl Al g R e Y i 2 B 5 R ) AR ] S

B 5 % & 3 pushover 47

MIEL 6 0] LA 2% 585 A8 25 18 Al 71 B R 2
PR 235 g 119 57 A% I A S 7 2 S K L 3l il 0 %f



http://gks.cqu.edu.cn

% 4 3 R WARBHE RN 6 & R A4S A AE A 69
0.03 - 3r v=0.15
T
- Z
E = 0.02f g 2
4 = o
= S
:»@ K =
= iy p
=) = >
= | E: 0.01} E 1t
=
! | El-centrollf ,PGA=0.32 ¢ =
—0.004 + v=0.15,¢=0.50 ol
. 1 1 1 J 0.00 1 ] O 1 1 1 1 J
0 10 20 30 40 00 02 04 06 08 10 00 02 04 06 08 10
/s HRZ R EPGA/g MRS IEPGA /g
()BTRS S IV (DR () PR R
e R R ----- XJ H AR Y

H6 REZIHHELSLER

koI PAE R R (IR QS S N VR Z RS €4
RS R N 3 A R 2 S i HL AR O S T ML .
THEE R A2 - El-centro P i AF A 45 i BUSLAY K HE
G T BUAR Sk 228 W Al g — W J3E R 5 0 2 45 B B RS
Tl 58 TR B R 14 7 S IO A A R X A R DU
T IE A S o X AT REE R T 25 1 0 ol R 852 e
— % Sl s 22 W Al g - TR R S A 2 D 6
FR D0 i) 5T 3 o DA T 8 R 445 g 2 o7 4 45 3R

W A e 7 B, %8S 10 MR B F
it 13 A JBE R A0 L X AN S8 e R e R M 7 B 1Y
S 52 I 2 N PEER b 52 80408 J b e i, PGA
Gi— VA% 0.3 go AT UL A A5 i XU Al T -
PR 5 2000 5 D A e 1100 T8I T e A A ) 3t 7R
IR PNIRE IR I TR A B i
St o AN RDOUUE B AR N fi) o 280 B 5% AR 52 B Al

R 2 2l i D K 5 45 R B M AR BN L % A

I o 10 1L S5 I S 2 A ) 000 1) o 26 A% G A AR
A 1 L 5= i AT ks L LA IR AR ELAR DR T+
3 S22 R 5 200 » X LA VA ) DT 220 - il 77—
B RN S R DR G AN I D) f AT 8 7 S 23 A
Hh O i G SR FH AN T A Bl g T ) R 2 Y S A
ik
4 R B

S PR h T RO A L A A 2 Tl A FR
JURE R PR A TR B A BT L R — B TR SR
20 732z 10 A AR e M 5= RO g BT O % TR G
FE UL 7E DR 7 4R FP B3R BT T 5 P 1 B il L o e
ANRE Il 77— 19 58 R A 200 A it S B AT BEOR Y S
FE . Gl 3 B3 T8 Al LA Xk B0 4 45 g XL
SETRT AR AT Jaly T DO 2 A 00 A A Y L A
P B TR 2 A B 260 o T AN D0 S A 5 e U

e

N

EN

4

10253,PGA=0.3 g,v=0.15,0:=0.50

B0 KA RS A A107m)

0
5 N 5 O
() Q O N O
Q’»&\G\" & é‘@ Q:{’\ §° &Q@Q@@ \g”/&@
L va S FFEEYE
¥
()BT i KA
E25
z
.
52.0-
=
o
D LSf
®
; Lok 10453 PGA=0.3 g,v=0.15,0=0.50

I
& FESH S S P @
¥ IFEFTFEESS
LA 2R 4
()RR K R A A
T —— R B - X LRI

B7 REHERTE A R ERESS

SR 175 58 b ) M J3E 9 A 280 119 2T 4 H 5T
AT I H

BT SCH 2 . gl b 08 B A0 RE A B R
A S8 25 i BURE S M 7% 57 7% 1 1oz A A 31k 7 W)
JE AR A I 5 SE B B i A 22 57 X — R
AP AVE D TRIAG 2 M B SRR o 45 R TR S8 P AL B B
RN v 75 28k T3 A 52 Bk 3 W0 JBE 9 RS 5 A58 114 5% T i
8 TR BRR BT 1) T4y 45 4 A R o
R PEOE — B 2 . X AR 3 MIEL 6 bl B 7 3 5 Al
T3P BE AR 5 2800 B A Y S ) A 3K B A B R 2T
(A . DRI I ALY S SR AE T Ay 137 £ i 52 2% & i
T W BERE A 2800 B “RG 1 T 2 LR% M 2k HEAE AP
BT .



http://gks.cqu.edu.cn

70 P RAEHRERKRE IR

% 34 %

1) R FH AR o 98 P 5 B O ST AR SR P A BT B R
HEAT IR A3 AT, A5 B R 2 p il R R R G RO 1Y B
KT FE A0 Rl KIEFEN T Fo .

2) X B M L B T B RY E AT pushover 43 #7
14 30 45 A6y 110 1y B0 B8l 2, AN BT 8 v B HE £k BT s
WANHEAT pushover 2387 o AT 38 220 156 37 3K i B B 2
PEATL A I S8R T 1% Jh g iR R Oy R N 4 A - A 7
FELH B 1) J5 R AL AT B BR AR R T Fo, T4 48 T 7 0k
W EE A R 1 T B ARk R A — i A 2R
W R EAR 2~ 3 R BEP AT k8L

30 AR A1 A IE T R R 2K ) Ay 5 R 1 S i
i o WA TR U6 - T 1% 55 250t Al 23 % 8 1 )
F7 7K - 0 A5 RN O A R DA R TR R
THT 11 55 350 R fh 22 ¢, 29K

¢, = 2.10f,/(ED) (D
S E R 895 0 SR AR SR RS 0 S S B 1
JE7R o B 22 [ 48R =X 45 200 Ml th 28 ] 2% 1
b SCHRES 1 BB R IR RS A, 8 3 3R
B2,

A, = ¢,H* /6 (2)

R IRALAS A, R BRARZR Ty Fo, BPAT LR
AESR O e gl 4 AL A R ) A 2R AR il L
Kl 8 S I .

4 2548 2% 1l ) - I EE R G AR Y ORE f  r
A, ERBCN A IR A, > A, WSS RN
TRMATAEIE, F, = Fo; MR A, <A, WK S
JiRs ik A, VETRLAT 27 1/ A 2% i W RS &
SR R N T B 22 M A s ZE RS KGR B KN
RN F, = Fo+Aro HIHBR A, = A, 77BN )
RAZATTE A, = A, BB AHCF, = max(F,, F,),

NG RS g A E B AR il 4 BRR P-M A
HAE IR A R R s A B il Ty s e
Rk BRI (2) L (3) 15 3 1k W5 41 i 2% % il
LAEYE L SHBRES . Wi A, = A0 TR
BRI FlEBOR T L7508 A 77 I EE RS A 2800
1) B TTHEAT 43T

o 1 AR B AR 2 B D7 R R AR 3 B R A v XA
BB R EAT T 50 B 5 K7 45 S i X B LI 9,
AL I B 1 1T A 23 BT O VR AR 3 Y B B R
AR B R ) H23 P-MOAE B R 4R A A Bk
FUA RS EE REAR L AB AR PR SF . RS 5 IS b Al X)
R TR AR A3 AT O AR — 2 B £5 A PR SR E  {HL AT D
UL RS L OLAT A AR A A il 2 B A AR
2l 07 W B R 0N 5 T 1 4 A L 2 A T R I R Ak

3B 75k R RT 3 B R BB AT R ASOR

Mg JF

ZIEE
F 7
/
/
/ ZH
/
/
AT //,
/
/
7
/
y
A=4,A 1% A
T KGR LR ——= IR 2%

B8 bWl EAR SRR R AL AT ok

254 MA10KN + m)

okt i

00 02 04 06 08 10
HhRZ B EEPG A/
e —— R U8 -~ R - - - A KD
B9 ‘ATt
5 it

-

M 2 X U T A 4 ST RIAR P BT B
7 SN o3 T4l A BIEFE T h J WRE R A AR T AT 4 A
TRBE T BN SO0 R S ML 2 . EEE5 BT .

1) pl 437 s A T 8 DA 9 I 4 e U B
114 i 7 5 ) A AN T b 0 O BE R R I
S BRAR DL U AT 25 S ELEIORE SR PN g R D 2 4
B HAKAL

2 A2 R RURE SEARY 91 2 52 45 5k 00 A S804 7
Wl 7 T EE T R S A FE X 285 A ) el R A5 A% ) 7
S A T AT A T S R A R O ) A
M 8 S 2%

3045 1 WURE 3% 08 Al 77— W2 A A A R A
i iR SO AT AE By T S B 4R R S AR B0k O A
14 HE Ak b R T4 7 1) 7 AL 20 BT 7 1545 21 5 AR S5 R
FEBICR 4 v 28 1 B0 A T 5 E il 0 MR B R
VR R S BCR T 425 FE Al W 32 5 200 19 B 5T
CUNZT 4 50 50) AT H 7= S 70 AT o

Bt bk
[ 1] Powell G,

Chen P. 3D beam-column element with



http://gks.cqu.edu.cn

% 4 2 #

IR, AR M E R Hh R AR A4 ) 71

generalized plastic hinges [J]. Journal of Engineering
Mechanics, 1986, 112(7) . 627-641.

[ 2 ] Priestley M, Calvi G, Kowalsky M. Displacement-
based seismic design of structures [ M]. Pavia: TUSS
Press, 2007.

[ 3 ] Computers and Structures Inc. SAP2000 v10 integrated
finite element analysis and design of structures [ M ].
Berkeley: CSI, 2005.

[ 4 ] Gregori J, Sosa P, Prada M, et al. A 3D numerical
model for reinforced and prestressed concrete elements
subjected to combined axial, bending, shear and
torsion loading [J]. Engineering Structures, 2007, 29
(12) . 3404-3419.

[ 5] Ceresa P, Petrini L., Pinho R. Flexure-shear fiber
beam-column elements for modeling frame structures
under seismic loading-state of the art [J]. Journal of
Earthquake Engineering. 2007, 11(Supl): 46-88.

[ 6] Berry M, Lehman D, Lowes L. Lumped-plasticity
models for performance simulation of bridge columns
[J]. ACI Structural Journal, 2008, 105 (3): 270-279.

[ 7 1 Mazzoni S, Mckenna F, Scott M H, et al. Opensees
command language manual [ R]. Berkeley: University
of California, Pacific Earthquake Engineering Center,
2006.

[ 8 ] Spacone E, Filippou F C, Taucer F F. Fiber beam-

column model for non-linear analysis of R/C frames:

part 1 formulation [J]. FEarthquake Engng Struct.
Dyn. , 1996, 25(7). 711-725.

[ 9] Kent D C, Park R. Flexural members with confined
concrete [ J]. Journal of Structural Division ASCE,
1971, 97 (7). 1969-1990.

[10] Scott M, Hamutcuoglu O. Numerically consistent
regularization of force-based frame elements [J]. Int.
J. Numer. Meth. Engng, 2008, 76:1612-1631.

[11] Scott M, Fenves G. Plastic hinge integration methods
for force-based beam-column elements [ J]. Journal of
Structural Engineering, 2006, 132 (2). 244-252.

[12] e A R 3L H E A8 2 fi 7. JTG/T B02-01-2008 23 f&
B ez i LS. Jbmt: A RASE i hi kL, 2008.

[13] Pacific Earthquake Engineering Research Center. PEER
ground motion database [ DB/OL ], http://Peer.
Berkeley. Edu/Peer_Ground_Motion_Database, 2010.

[14] Adhikari G, Petrini L, Calvi G M. Application of direct
displacement based design to long span bridges [J].
Bulletin of Farthquake Engineering, 2010, 8(4); 897-
919.

[15] Xiao J, Zhang C. Seismic behavior of RC columns with
circular, and diamond sections [ J .

Construction and Building Materials, 2008, 22 (5):

801-810.

square

(CE D



