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ABSTRACT :

Because of the planar irregularity, the curveddwidesponse during the earthqualas its own characterist
for the maxim seismic response of curved bridgeoiselative with the input angle of earthquakhisTpape
presents a relationship between the seismic respamd the curvature at the bottom of the,dieised on tt
principle of Pushover method. The formula to caltelthe critical angle is gained in the paper wibhdiner
Pushover method. Through a case of curved brithgecriticd angle in the seismic response of curved bri
is calculated with the non-linear statical anabtimethod. The formula is accurate as it asnpared to tF
results of 0-180 degree dynamical time history ysial According to the formula, it makes serisethe
engineering project to use Pushover method tothiectritical angle to the seismic response of alitwédges.
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1. INTRODUCTION

With the development of bridge structure and cooapionof urban traffic, the structure of curved bridgef:
increasing. Due to relative particularity of curveddge forms, its dynamic response on physicahipates
presents apparently different compared with comstegight bridge. Hence, extensive concend research
are conducted to seismic response of curved brieiggiew of the collapse of curved bridgkappened i
American San Fernando earthquake in 19Phvid Williams (1979) carried out shaking tablet tstsidy anc
calculation on curved bridge, with the emphasighaneffect of the expansion joint to earthquakéstasce
Seismic response of curved bridge differs from camnbridge because curved bridge preseiga
irregularity. Structural vibration responses ofvad bridge usually should be considemedongitudinal an
transverse direction while the direction of inpetssic wave has great effects on maxim seismicoresg
Planar irregularity and two-axis related bendinguived bridge play great role on it. Thus, piessgen design
should depend on analysis results of the critinglain the seismic response of curved bridges.

The research (J. Penzien & M. Watabe, 1975) shakagdstructural seismic action in horizontal plaoeld ke
decomposed as a primary seismic action and anpénpendicular one. E.L.Wilison (1982) had consideheés
in his research on multi-direction seismic actionirregularity structug, though his conclusions were
suitable for single mode. A method based on theaggnetandard of input angle was discusssdY.T.
Fen(1991) and seismic principal axis was put fodmvar his paper. Maxim stress at any point coulc
calculated with given seismic input in two diffetegirections. The methods of multifoponent seism
response analysis for curved bridges were systdigniemalyzed and compared by X.A. Gao (2085).
computional example and time history analysis caiapa were also presented in his reseahohthe stud
(D.S. Zhuet al., 2000) on the effect of pier type and supportifdo seismic behavior, earthquake response
spectrum was utilized to calculate the criticallanghe determining standard to critical angies discussed |
L.C. Fan (2003) and L.Y. Nie (2008) al. Superposition principle and CQC method were aabbpd gethe
critical angle in their researches.

Considering complicated structuresglastic-plastic dynamical time history analysisoisviously areliable
method, for it can judge yield mechanism, weakmessts and potential destruction type. As for urbanvec
bridge, attention should be paid to multi-direct&smic action which needs a heavy worklaad results
complex analysis. Hence, wide attentions are aéidato a relatively simple method, pushover seisaalysis
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methods (Y. Zhouwet al., 2001; J.R. Qiamt al., 2001). Pushover method is not used for bridgayars as
popular as for building construction analysis (CLYu & G. Lin, 2005). Recently pushovenethod has be:
used in research extensively such as on bridgele@atumn pier (X.G. Xu, 2005), di-A effect (G.H. Cui
2003) and on both two-dimensional and three-dinmevadi simulation of multi-span simply-supporteddge
(M. Ala Saadeghvaziri, 2007).

Dynamic analysis to complicated structures coulccéeied out with displacement and curvature Whace
generalized displacement dynamic response. Thenmagaction of displacemergtppears at pier top @
curvature at pier bottom. In view of the pier walastic status and the same displacement at pectovature
at pier bottom changes according to the pier heififis paper presents a formula to calculate thiearangle
of curved bridge seismic response, based on timeipke of Pushover method. And it makes gresrtse t
reduce calculating workload in practical project.

2. FORMULA TO CALCULATE CRITICAL ANGLE BASED ON PUSHOVER METHOD

2.1. Relation between single pier curvature and displacement

Given that the plastic hinge appears at the pigioboin a single pier, and that horizontal laafdearthquak
appears at the center of madsorizontal deformation is mainly induce by pier marhwthout considerin
torsion effect. Thus, in the range of elastic stathe displacement at the pier togould be expressed by:

Loy M2
A= [ e(dydy == (2.1)
The relationship of curvature at the pier botipand momentM is given by:
M
=— 2.2
¢ = (2.2)
That is to say,
gL
=— 2.3
3 (2.3)

If the structure comes into plastic status, itnsuaed that the plastic hinge centralized at the pétom witt

the length ol and plastic hinge curvatuge(Figure 1). So, horizontal displacemexntthe top could be gain
as follow:

A=0,+(¢, - #,)L,(L-05L,) (2.4)
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Figure 1 Relation between bottom curvature anditsplacement of a single pier

While the elastic status and plastic status arluméd in one form, it presents:as

Ay =D + b(#, — #,) (2.5)
gL’
Where p - bS (For ¢b<¢0), b={LP(L—O.5L'D) (For ¢, <¢,)
© | g2 (For ¢, >4,)

3 (For ¢b 2 ¢0)
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L,=0.2H-0.D and 0.ID<L, < 0.D.
Wheregy is yield curvature at the bottom, curvature at the bottorf pier height andD pier diameter.

2.2 Two-dimensional bidirectional seismic wave input
It is showed the maxim deformation response in fEéguwhen seismic wave input in unidirectional teoy
anglea, then the deformation response could be decompmisad X-axis and Y-axis as follows:

u=u, cosa +u, siny (2.6)

Whereu, anduy is respectively the X-axis and Y-axis componend@formation response.
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Figure 2 Displacement decomposition of one-direciigput seismic wave

Considering spatial structure of curved bridges, Bushover method is adopted in the calculatiobottorr
curvature in global coordinate system. Thus, itlddxe decomposed as in XZ plane andp, in YZ plane
which are less than the global curvature. That saly, the curvature components are inetlastic range even
the global curvature comes into plastic range. Thesaturep, and ¢, has respectively relationship with
displacement componeatandu, as follows:
ux = l"IO + bx(¢x _¢O) (27)
uy = uO + by(¢y _¢0) (28)
While two-dimensional bidirectional seismic wavepun is regarded as Figure &, andu, could be used to
respectively express the displacement in direclicend direction 2, which are the two seismiave inpu
directions.
U =U,, Cosa +u,  siny (2.9)
u, = —U,, Sina +u,, coxy (2.10)
Where,uy , Uy , Uy anduy, could be gained from Eqn. 2.7 and Eqn. 2.8 asvll
Fori=1,2 andj=x,y
U ; :ui'j0+h’j (¢| ; —¢0) (2.11)
It is assumed seismic response is independentipdhpendicular direction, so the globi@placement cou
be obtained from the displacement components.
u’ =u’+u,’ (2.12)

Figure 3 Displacement decomposition of bidirectionput seismic wave

Then, Eqn. 2.12 presents as follow by substitubbBEqn. 2.9 to Eqn. 2.11.
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{u+ig(a) -4d}*

=[U ot Dy (B1 =@ 91" HUy, tb o (Fy —F N Fcos*aH{[u, ¢b {4 ,—@)L"+

[Uyo D1y (Br, —PO1Asin*a H uy o+bo( @ =AU Uy &

By (P1y =Pl [Usyot D@ o —P MU 5 6tb 4y, —P)]}sin2a (2.13)

Because Eqgn. 2.13 is a function about parametéhe maxim of curvature response and critigagle o
seismic wave input could be calculated by meansotation to parameter.

tan2r = 2{[u1,x0+blx (¢lx _¢0)][u 1y O+b1y(¢ y _¢ 2] -
[Uy o+ bo (B =N Usy ot (P~ WAL U, DG &, —D]o° +
[Upyo+byy(P1y =B U, ot Do(P 5@ *Huy b (&, —F))] (2.14)

In view of results form, the two angles have ardjféerence about ninety degrees. So substitutloecking
calculation is necessary to determine the righteafrgm the results. Four curvatsrappear in the formt
such aspi , @1y , p2x and gy, any one of which may larger than yield curvatuoesnot. Thus classifiec
discussion is necessary.
(LForgij<eo (i=1,2; j=xy)

¢1,x¢1,y - ¢ 2x¢ ly

tanr= 2— . > 5 (2.15)
(¢1,x +¢1,y )_(¢2x +¢1y )
(2)Forpi<eo (I=1,2; j=Xy)
tanzg: 2("0_b¢0 )¢1x+¢1y _¢2x_¢2y )+b ¢]X¢]¥ _¢ 3<¢ Y )/ (2 16)

{(Uy =bAII( @1, + 1) (Do +P )+ P,°+0 ) (4,7 +0 )1}
And Eqgn. 2.14 is a better choice as for the otheaaton.
The results mentioned above are obtained baseteosirigle pier, which is independenmith curved bridg
plane shape. But the curvatures are obtained basdtle Pushover method which considering the effiéct
bridge plane shape. Thus, influence coefficieist brought in to make up for the effesftbridge plane shape
the single pier. The modified formula is as follows
tan2y, = B tan2r (2.17)

3. EXAMPLE AND ANALYSIS
Take a six-span curved bridge for example (FigQréd e bridge has a full length of 222.5 metgith a spa
combination of 34.5+4x38.7+33.2 meters. All thetisexs of piers are circulagections with equal radius wh

is 4.0 m. Rubber Bearing is adopted so that thectsire is movable in tangential and normal directibhe
bridge plane sketch is showed in Figure 5.
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Figure 4 Six-span curved bridge elevation
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Al

Figure 5 Plane sketch of six-span curved bridge Figure 6 Simplified model to curved bridge calcidat

As the simplified calculation model presented igufe 6, upper structures are simulated veiidistic beai

element, while piers are simulated non-liner eleim&he earthquake wave recorded in the Kobe eaaltejn
1995 is adopted as time history analysis seismievirgout.
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Figure 7 seismic waves recorded in Kobe igurfeé 8 Relation between curvature and bending
earthquake in 1995 time—histamgalysis results at Pier P2 bottom

With Newmarkg integration method¥1/4), integration time intervaAT is 0.002 secondhe direction ofnpult
angle of earthquake wave ranges from 0 to 180 dagith increment of 15 degree in the course ofudaton
Considering the two-axis related bending influerta&e pier P2 for example with input angle135 degre:
the time history analysis results (Figure 8) shtvesrelation between curvature and bending atFP2dvottom.

Based orM-¢ relation of each pier in the time history analy$iie critical angles of each pier are obtaine
Figure 9, which is the corresponding angle to thakppoint.
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Figure 9 Critical angle results of each pier ingihistory analysis

The directions of input angle of earthquake wavepéedd in Pushover method analysis areddume as that
time history analysis. The static loads take 1Gfpst which are horizontal distribution lgadvith mas
promotion. The results of Pier P1 gained from theh®ver method analysis are listed in Table 1.
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Table 1 Bottom curvature of Pier 1 according toHewsr-based method

Pier P1
Input angekl Ox @y

0 0.00915 0.00039
15 0.00801 0.00089
30 0.00544 0.00149
45 0.00215 0.00111
60 0.00049 0.00044
75 0.00020 0.00041
90 0.00001 0.00032
103 0.00023 0.00046
120 0.00057 0.00049
135 0.00391 0.00203
150 0.00707 0.00225
165 0.00889 0.00150
180 0.00911 0.00038

While utilizing Eqn. 2.14 to Eqn. 2.17 to calculdke critical angle of seismic wave inpu, it needs th
results in two perpendicular direction anda,. Take Pier P1 for example, get an input angfeom Tablel,

and fetch the corresponding curvature component.endg,,. Then, get another input angle perpendicular to

a from Table 1, and fetch the corresponding curvatermponent ag,, andg,,. After that, the critical anglef
curved bridges with the certain input angleould be calculated according to Eqn. 2.14 to Bdiv. Throug|
trial calculation, influence coefficieptto Pier P1-P5 are respectively set as 8. 2.0. 1.0. 0.5.

The vyield curvature parameterat the bottom of pier should be set accordinght® upper structurgveigh
load. Two vyield curvature parameters are considahee to structure weight load differencOne vyiel
curvature parameters equals to 0.0006 and the other 0.0012. And thdtsssf critical angle based on th
two yield curvatures are listed in Table 2.

Table 2 Critical angle calculated of Pier P1 witblg curvature 0.0006 and 0.00012(°)

Input Angle critical angle critical angle

(0, 90) 2 3
(15, 105) 5 6
(30, 120) 9 12
(45, 135) 20 9
(60, 150) 11 9
(75, 165) 6 5
(90, 180) 2 2

According to Egn. 2.14 and 2.17, the results dicai angle with the arbitrary two data sets taken fromr
Table 1 should be same and constant. That is tafsayesults are independent from input aaglanda,. Bul
comparing the results in Table 2, the critical antgl the same pier (one column in Table 2) is dehiicalnc
matter with the yield curvature parameters. Thisnionsistent to the conclusion mentionablove. Thi
inconsistency is due to the insufficiency of upp&ucture stiffness while simplifying the mod@hus, thi
ultimate critical angle is an average to the ailtiengles calculated under different seismic wapet direction
(one column in Table 2).

With different yield curvature parametgrresults also present different discreteness,usecgield curvatures
the key parameter for judging whether the structamaes into plastic status or not. And its valueelatedto
the load in vertical plane. If the load in vertigdgdne could not be neglected, the yield curvapaametewwill

influence accuracy of results.
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Table 3 Critical angle results comparison betwéee history analysis and formula calculation whie two
different yield curvature(®)

Pier PL P2 P3 P4 P5

Angle based on
time history 0 165 135 90 90
analysis
Angle calculated
with ¢,0.0006
Angle calculated
with ¢,0.00012

8 166 163 82 81

6 161 148 99 87

Compared with Figure ,9the results from Pushover method and time histawglysis presentdasically
identical with the maxim error of 15 degree. FatHer observation to the consisterafyresults from Pushov
method and time history analysis, take averageevauthe criticalangle as mentioned above. Then, it is fc
that the error could be controlled in 13 degredewiield curvature parameteris 0.0012.

Through the example, given two perpendicular wanmuti direction, the critical angle could hained witl
non-liner Pushover method results according tofoheula mentioned above. And the forlaus accurate -
the degree, compared with the results of dynantioa history analysis. So it casatisfy the engineerii
demand.

4. CONCLUSIONS

This paper presents a formula to calculate thecatiangle on the base of relation between singlequrvatur:
and displacement under bidirectional seismic wanpst. Through a case of curved bridge, the critical ¢
calculated is compared to the results of dynantioed history analysis.

(1) The critical angle could be found apparentlgdshon the curvature at the bottom of single piethe
seismic response of curved bridges. The input tiinecof seismicwave has great influence on dyna
response of the curvature as other generalizethdempent.

(2) The formula as Eqn. 2.14 and Eqn. 2.17 areeghin this paper to calculate the critical anglesegsmir
response of curved bridges while rubber Bearingtardsame height pier is adopted. The yield curedtas
influence on the critical angle. Meanwhile, diffet@iers interplay each other much less on th&atitingle.
(3) The method in this paper is based on seisnsigorese of single pier curvature and Pushover methodr
simplify the calculating course of critical angte af curved bridges. Compared to time history asialyths
method could shorten computing time greatly jughvegacrificing a little of results precisiopwhich make
great sense in practical project.
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