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Field validated modelling of horizontally curved bridge
S. Heidari, M. Gerami

Abstract

With development of communication infrastructure in cities, the use of bridges is increasing day by day due to existence of
non-level intersections. Limitation of urban spaces has caused a significant part of these bridges to have a horizontally
curved deck so that they can connect different routes in a low space. Therefore, recognizing the seismic behavior of these
bridges is of great importance. The past earthquakes, such as 1994 Northridge and 2008 Wenchuan earthquake, also showed
that these types of bridges are highly vulnerable under earthquakes and especially under near-fault earthquakes.
Horizontally curved deck causes geometric irregularities, as a result, the seismic behavior of these bridges is complicated
under earthquake. Analysis of these bridges is time consuming and costly using a finite element method. In recent years,
many studies have been done on modeling of irregular bridges to obtain more precise results from the seismic response of
bridges and also reduce analysis time. In this study, a horizontally curved bridge was modeled using a spine-line model and
then verified by field-test and experimental results. The validation results showed that by using simple models such as the
spine-line model for deck modeling, and taking into account the dimension effect in the connections and the pinching effect
in the base of columns, can produce a real model of irregular bridges, such as horizontally curved bridges. The reason for this
is the elimination of numerical analysis errors.
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Spine-line model, Horizontally curved bridge, Field test

N7 3o g ojlw Lling]y g (ol aypls

licee )lgy - a%y g o 50)ladh _ pjlag g Cruyy (w



(o (gojjl oslail b 83l gugd sl dy Il pp (o (i Clon

> gdowo s‘}q-\ u:“ﬁ) a“ u.]a;—_,:& 6[.&&9;7 Oéﬁ fdb) Q—i.J)
‘g:,wat ol e ‘;hKLf.La)T leAd)‘JT Q)j{ )44.».3‘_}.& 9
Dol sl andls S by wes opl L3 Slidew

Jiohas b e olwdde a5 (oL oldlas

Gl 23 s Osk Ol B [YIA] el sds plnl
WS sl Ol ol Slid s sl Al | e Ol
Sl dals g 0 5 GE mE el sbdde 3l eslaral
O i o3l e Sl eslinad b Gl 3 o olad opl o [V0]
53 emdin ekl glols 5 Bl s gl b S sla
Oye3l S5l eslizad L s 4 Jue [Y+] Openees 3ble s

38 i 350 AL b 5 il

o b Y
SEGBL esd bl sy oledbe ke G ol o2
Jr ol Lol sdiestinad (U-Tern) Ols S )55 J S
5 el s () JK8) wib e 0Ll o35, O3S 1550
g5 3w l sddale 5 sl AT L
Shls b ol b o e QA0 Jsb a5 (3 5= (glam yuin
A3l e VUYL S YA YAA gladsh o o las au
05w 93 bl y 5o e VT ade S
A VIV 5 VIO glaglis

SLolSasS (555 » Lblgin 5 LA Joe o3 ba |y 42
bl LolSasS pl (555 » Ll oo 5 4 5515 (5 e 2l
) L;Lm&.,?:; J}u)b ‘_}.1 Wy romen GG il b
Sl 5o o o o LIS AL e ool sty sls S o
Ll sl lad S (655 g ad e

@ Zazam

adae —)
wloml Ll b b gblanl, 5 Lokl el
sl @los ) b g Yseme [)] Caltrans SDC 2010
Laasbopml ol S o 15 eslizals s ge 3 Ikl 5 J sens
sy Mo 5 ledis ¢l JS glano s 5l o Jels
b Gl S il e 05 s S LayAS 5 5 a1S 5
SR el se b el a0 i b bl
3 Sl baog ol 8 ol J s ol 5,8 e
ol o 5 b S ege gla 5 okl gle
(sl ausls (Bl s 3l U s edinel s w b L
o3lws, date bl glagys o ks dob (Son slaales
UV PRGOSO VPSS TV v S T PR { P VS W
5 ol Dala 4 5 basbonl poede o)lse ol o
ol gyopll s dalgt s 3 Ses w4 anrl
1 W el sy Sl e ol st 8 3,

L 0813 s a8 Sl ol OLES azddS Sliiss
Sl Slles Sl Ble L5 e M5 Jom &S 0 L Ay
D] el o)l il slasl & 6 p4L01r Sl 5 22 8
slad s 385 ey 5l S LBl e sbls sla s
Glacosstme s 4 Lol 5l eslinal & dilb e e
ol el O 3 e 3 gms el p AUl ekia
23S e los) gl i wmzins 5 L s s
odie VLT g 5 VARE o3 oy e el ladlyls
Lsls OLES 55 (8] cr Ol Yo oA o3 J ey 5 [V] Sl
Ll il Sl o3 Jemes Rlp 03 bl Sl s cnl &S
S5 2 Caeal 50T ke, el 5,005l [T 5 0]
QYT el eddiplil acey ol 53 (05 Dlads 5

@
|
i
’ 0 —

(o250 1) 0L b 013 S s -V S5

2gd g ojlw ¢ liingfy g cale aypls /NN

I )lg) - aT) g o 50)lod - p)lag 9 Cuaup Jlw



A2l ROl el e oLl e S, (ssleds

IS0 s Solad pson Sl 5 5s sy b ssled e
sl o lieala u,l.'v‘l.o.n (Y)

Golwdds ¥

di’el o shls J.; L;‘\”'J:" Golwdds Cgr G Q—i( 33
4w peze Ko 27y Sl edldeslizul Opensees |3l 5

. " o s gy ol
}' * bo iy
-
o plall (o559 0949 N g dcre
. . u‘
I \\4 o B R 35
7 (ol Concrete02 (LAuiS (gl cygiuiy (394) o (5590 S5 e 1] CONCTEteOl (15155 s 3)

» U Bilinear Elastic (2.5 (y33)
> #sk: HyperbolicGap (<= s'.%)

.. Steel02 (,55,])

Opensees | 33le 5 53 o) 2550 A3 B Ll Jy (g3leda =Y Js

ol a b sbose b il i e Clisa b L
ot el (658 e Jopme o S il )50
Koy e s Pl s 4y g by O
SN sbose el il g el Clemg Y 0L
Lol ol p5le 5 dls dalpt a5, Ysane
LYY s ] cnl al 515 o Sadly fate S IS
5 ilwds fibre section 1 eslaial b ad s da.u ool
B O, 5 A el ol Sal N O e S5 Oledl 4
O b 5o dsb 05y 0 S S et Dpon O
Ol odalimsas Gl 35 oul33l g 23l olans]
quadrature points Ol ye "o Sl ak Voo glls O s
GBSO e Sl 53 Wl g cnl gl Al
J5le 5 > dispBeamColumn Jde Jlmle SCoayls 5
e o 5 e 05 0L S &S Opensees
o)l &« nonlinearBeamColumn Jds 5 il
s Neuenhofer asdlas L3l 0 5,0 5 e Oste— S
ol Sl etelcansa =l < 3l oL [YY] Filippou

N4/ 3Ugd g ojlw (iiaghy g Gole apld

U‘i‘ BL cCM»I\ slionls J:»J_.Lu (Y) Ji.: BE aS )}LQL«A

dLa.n 5 o8 ¢s3ledds cg Concrete02 CH“" 3l G
Y dLAA $3lwde g ReinforcingSteel  Steel02
b oldl 5SS a Sy o alad cpl el soslizad

| AMQJ_)!.: L}i: C)‘)yh )\jé‘?} B

e

o o Ses GO 4 o e e VL
Sl ol easee 3 W33 Job s W ol &S 35 e
Ol 5 eslanal b ad e (G ol 53 ool il Jos
e s A Jde LB O Dsea 5 Sl O S
Gl L3S sy adye Ol sk s S et S on O
Dogon adse 5 3l LIE S G, i sl
e b BLl 555 Wl 5 63 at gy

J plw
}«é& LAQ}:.\A ‘d“:‘;’ﬁ U'il DL AJJUa.a:‘)}a J'.'. A.JL:..A LS’-LAJi DL
S ol Ol S s il e JES bl

licee )lgy - a%y g o 50)ladh _ pjlag g Cruyy (w

GOl (o0 g (5)310 Mlow



(o (gojjl oslail b 83l gugd sl dy Il pp (o (i Clon

0.2 x Gconc ><]col (Y)

CJG-E-‘ L;*’j-—i‘ Oles Jeor 3 DR g Jsde Geone O abaly s
G O ghale (S5, S 5 4 S LAl O
[\Y’] J..;L_;'LSA thls v /Y u:nj.p & )] oslail L; M

dss
)‘ﬁ) LJ)f f‘kw‘)b CA..N\ o.l.iJ:g.:.; J&J.:.,\.AS}
e ol b & el sligs 16 Ol AS s 2
Sweles S Ol st Dol s 5 W35 e eSS
bl ol 4 0 e LS (gledle oo &gl o
lad S g3ledde Cgr Jaall s [V ] Caltrans SDC 2010
S sdelasay ol alad  asliol cpl il 03500 4l
s ol sl b ol S gy, AKalsT glag el
Sl e S JLaS bl 5 g Job Cgr 3 ) S s,
dsS hp slaads 5 iy s iledde Gl il el
A eslezal gap material él...a.a s dsb Ouk sla s sl
s b sl et e ks, Bk sl ol () SK8)

3gas de 1y Ll 355 51 20 6l s b

A J

(<

Caltrans asl ol bl 458 WS1303 (&)

jom Q&Mjﬂw(r)dg.;): J».ZLL;«
Jds a4l et esls uled Jsb g 53 A S vfljjbs
S 5 S e SKhul 55,5 55 ks 5l b b
AJJGU‘)}JL&LEJMSW)J:JJMW\QM#JJJ
Slp g dalpt AL dblbwe 53 SKopl 1 58 s
Jlesl G as .l oslanal Jsb 05 254 31 4d e g3l
Sl S aade slessly som FF0 obulr 5 dn
Cooslie .45 S eslital S (Giledds g ko slaoll

L pal adl & asl o gode sl G sl s o
0 bl b il sl falS Sle bLES slass 2058l
!, nonlinearBeamColumn 5,5 oldl 51 5= ol
sl sdoslaad WO g (g5lwd e

Soswe b b lyls Lo fibre section Asdib.u'bl
5L SR s e 0B Sl Ll e
e Ll S 5 AT ke ol olanst] ). 4
Shesed Jde g 55 ot ppon Ol L o
A% eslewl Opensees )l}élps the section aggregator dau
O slale & (55 JS3 i Sobl 03 5ed B G
S iy SN e b S e S
(V) alasl)

9
(E) X Gconc X Acol (\)

c]"-"};f-!gj’ﬂ Jste H':JJ;*.'ACOL}Gconc “d‘”.‘) Qi‘ BL
Oy shaie mhaw 035 S50 Jds & il O phae
LSRN COV VS G I W7 | P VIR VL B U SRS
fibre .«{&;ﬂ\d@@fwu%ﬁ; Gk 3l s
S skl Gl s e Doyse Osie section

JMLL;.’ dewl>ea J‘b (V) aaly 5l O s s

5 S et () ot 8 by powis =Y S

ool dsb Os Gla sl e 5 adsl caslia
23l jolamtl 5 oo Caltrans SDC 2010 4ol pwl 4o 55
Cews o (1) alaly 51 oslinal b 58 58, comin &l e
sdalimse S 2y Sl gl alal o ddaly ool il
sl

kN/mm
Kapur = 14.35

X W X (%) (m, kN) )

2go g ojlw (liing]) g calc i /%

oo )lgd - a3 g (50)ltd - p)lgg g Cuauyy Jlu



ud -

—T~ Node 2-
wfel -
— — =
/7 Nole2 /N . P
u P
~ 4 /
Ul __,Em/ - Shear 1
T Shear 2
ua AAAA A\ (@) Rotation 1
2 N &)
\::- - 1 Rotatl 2 ;,;)\ \\r & Torsion
otation )
b >
e 3
Nejde 1,/ >
L T E -~ -
i 34/‘ Basic J " Node 1
A =
u3d - -~

o 5 () (5 o VI olST (558l 5 Joe 8 YK
eSS (S8 e (0) BT o8 > sl

Dt vl
O 28 G sl eolinal L bag i ot 8 5l i ol s
S g s sl 3 S dde 0 st b L3 Uk
(] 8L 5 Kim b g sddpbnl AL S
e 5 lopls gl b s 53 Gated ) > b ealizad
Gl IS L s s s ale o Kilesl S5 Y0 4 )
s by ss Y 05eSS Gl e 23S I
S sty Ot ek 1 33 S e Sas 2y
Flae Ol eslid Ly O Gl s dsb Ouw
sk opl lp .3, JAe uniaxialMaterial Pinching4
oz 4 SAP 13l 5 5l eslinul b alade ciex b b o
5 My=73e6 kg.om shaie s 3B alal pl e
s w4 ol L blae clesl 5 M,= 133e6 kg.cm
el e el s 4 @p=1.24€-5 4 ¢,,=6.79e-6
wrp b Oge 2 Olpa-Oles Jor o povie (b B bl
33) O 01 sl 3 53 4 5 el s 4 O gl
2l ol (LBl Lol Cgm

b dlesl 6 Oles cou O Slple s Je
(0) JSs 53 &8 jsbolen 5 s Lo a8 Ll las
sls OLES Ogrw S S, aewComs (ol sddesls (Asles
sl ok alie bt b e Ol S5 k) &S
Canslie ( San BN Ll e g3 5 sa sl Oge
Ll A b s il sl 5 ISLL e
S T S e sl le S dde s sl
had 3 S 53355 53 3 Gl Oge3l g 23S el
S50 a0 50 bl s (D) IK) s eslinal S

al7 »q0 q ojw (liagh g Golc qpis

G OLSG mnl asl3 b aladd S s b bl e
A5 arsie sy U ool asly Sl mokia 5 [T 5 TO]
S 0L g OISl 13 55 Sl kS (il o 208
A5 s eSS b e ) Sl s Ll dS el
s W ol sl 03 s e et Al RIS
Slad e 5 el el ol el dals
JE @) el Gk Sl AS iledie g eslinals e

tana

B =03x (&)

tan60°’
ol bedde D3 Sl ml 4 plies S Il
ol Kas 5 Shamsabadi S5 cl old bled G
S s Sk el Asls ek 168 Lals 0L [TV]
- VPWA 1
35 ksl pas K S AE o)l &S kiles
Sl oo a5t o Hlb s S e bl
Srs easly Sus O35 e S 5 b e S 2
ol o b 5l J S OISl aSST 4 ax b g S
o s s Gl e )b e S0 s Ol
JE Sl b s S B s e e S,
Sy GUl as 0L b 48 [TA] ol a8y &)y

Al gr el ol (g3l 5,5 L (sl p 5 ke

st Y oS4 ST

Sz GLellasS $5) p bOsw 5 S Joe 02 4o
2 d s S bl Gl Cer 0,5 e 13
HDR ol mwiomo Ol 31 LelSasS ol 6o
bl laand s edle Ol ol [YA] ol skioslinal
R P PP P PRSP PC L PR Pt E
(8) J58) tloi e (65bots

e —f
5 CE s S S 00 00 f el Goi ol 2
el Wl ypon boosl s s eslusy Ao
S sless Ulssa ddye B, aalons S 3 S
S ol e b esle s o Al eslitad Sle 0501 S
ions Sladde Sl eslinal b (g0 mVl oSaSS 5 4 S
Olgeds Osiw S5y p Prmwilons Ly a.LJcMM;. ol

23 S elmil o3l 5 sk n S

liCee )10~ a1 g (W (50)lauid - plg0 g Cruy Juw

GOl (0 g (5)u0 dlow



(o (gojjl oslail b 83l gugd sl dy Il pp (o (i Clon

S b T IEL 5 bl s paen 5 eolind

Lateral Load (kN)

\\\\\

200
o

—— Analytical Result

Experimental Result

Displacement {mm)

g Pl sl b Sle 05a31 1 IS

0033 Al S 5 ol b 2 28 S el 50

s a0 oK a5 e g3 55y A ools
5 S Sl s g Lagel oS il e b s
s 3 S 50355 al e bl dsls Cgr
Jo 35T A B s e b e o JLSU o pen g
(sl 03ls LIS iy Slads s S o Jlesl 4,5 3l As

NLC J Sl | ol S

a2 Js 45, g, » IIEES-HAT accelerometer sensors
ol g an s slals )l a4 ol oKais ) s S
Slof phe pFSGS 5 e Slave gl
2 el SA Ll ROk ) lan (g Sl G

35 a0k sl e G pl 5o il e 50 pdons

2gd g ojw (il g Gole ayplis /9P

oo )lgd - a3 g (50)ltd - p)lgg g Cuauyy Jlu



Al e Sovp S 4 sl
Je s sl s ps edioly Sle el 5 Kos G b
5 sl ey 5 s s Opensees ljdle 5 55 Jais) s
ok oals bl (A) UK 5 L ol sse Sl (6350 IS
0 S5 Sl Sls O30 4 1ol oysn ol o
G Sl s e ol s esss bl Li s o
s Osasl (Slhee Os3l aw Ol s il e 45t +/¥40
4.”\;[3 ANAY uju 0,9 L) C,.:U e L) wi..u EBLE S

Al olsBle S el w e 1 S5

b p calloks Sl Osesl ol s S Sl
G ol S Y Gl S s S s el
INT b oo 3 e bley Sse ¢l ol
Cloks Slpgas S Sl ¢l Ss e opl S S0
2 SN0 il e ea B Rl s 2
2o Gsasl oelal cpl o YY) Gl 0l w5 Csl
oy 5l eslizad L olile,l 5 o S el b s
sdalie (V) IS5 55 &S jsboles an 8 ol Kok
3 S 50355 e Sl Sl g anls i 34 e
S ol 0d o3y Jiled sl3T Bl cpiaen 5 S des

12 45 18
2.91 2.93 6 L 2.954
/'\1 -
£ 0 14
@ 8 12t
2 . 10 |
g g |
(33
5 4 5.61 6
3, 4.56 4 r 4.565
£ 5 L L, A 5.57
0 0
1 2 3 4 5 6 7 1 2 3 5 6 7 1 2 3 4 5 6 7
Freq (Hz) Freq (Hz) Freq (Hz)
z ()

xS b 33355 538 () 5T BN (©) i 3535 558 (L) (SIS ilisn V- (gl Jy et i 318 3V I

Mode: 4
Period: 0.227 s

Mode: 3
Period: 0.334 s

Mode: 2
Period: 0.348 s

Mode: 1
Period: 0.395 s

s i ol 2l g0 IS 5 sl opss A IS

1 17.53
In———=10.0182 = 0.02 ()

=270 " 559

Qj,aj@bbé)\fel rj.' Jde g)u 093 dLJaJ Lo
s s s b ol Cf ol sy 5l el Sos dllie ol

a7 3g9 g ojw (il § pale aypil

dlome gl e bl 5y ST Al s Sl eslizal L

Sl gl 5l gladls asls b ulad ol 5 as
L1y ol bl s Olg e il JSw Ve 3 i e
530 o ol oeld Cpl 5 sed dsloes 0 alail 51 eslizd

Al ol Ple s e gl on b il Sl o 4 Y

liCee )10~ a1 g (W (50)lauid - plg0 g Cruy Juw

GOl (0 g (5)u0 dlow



(o (gojjl oslail b 83l gugd sl dy Il pp (o (i Clon

BE T - N S U P VNS LG LR CH SR
BL) szsLSt’;b @L‘b C»AU C&J«v La J;uﬁi‘“" 6})))5-
5 o, Jlesl 0503l b5 5K s L oalis

ol dalg oo alT sl

el

[1] Caltrans, S. (2010), “Caltrans seismic design criteria
version 1.6”, California Department of Transportation,
Sacramento.

[2] Seo, J. and Linzell, D.G. (2012), “Horizontally curved steel
bridge seismic vulnerability assessment”, Engineering
Structures, Vol. 34, pp. 21-32.

[3] Buckle, I.G. (1994), “The Northridge, California earthquake
of January 17, 1994: Perfomance of highway bridges”, In
the Northridge, California earthquake of January 17,
Perfomance of highway bridges.

[4] Kawashima, K., Takahashi, Y., Ge, H.,, Wu, Z. and Zhang, ].
(2009), “Reconnaissance report on damage of bridges in
2008 Wenchuan ,China, earthquake”, Journal of
Earthquake Engineering, Vol. 13, pp. 965-996.

[5

—_

Jennings, P.C. (1971), “Engineering features of the San
Fernando earthquake of February 9, 1971".

[6

—_

Association, J.R. (2002), Specifications for highway
bridges, part V Seismic design, pp. 28.

Faraji, S.,, Ting, J.M., Crovo, D.S. and Ernst, H. (2001),
“Nonlinear analysis of integral bridges: Finite-element
model”, Journal of Geotechnical and Geoenvironmental
Engineering, Vol. 127, pp. 454-461.

Heins, C.P. and Lee, W.H. (1981), “Curved box-girder
bridge test: Field test”, Journal of the Structural Division,
Vol. 107, pp. 317-327.

[7

—

8

—_

[9] Huang, D. (2001), “Dynamic analysis of steel curved box
girder bridges”, Journal of Bridge Engineering, Vol. 6, pp.
506-513.

[10] Huang, D. (2008), “Full-scale test and analysis of a curved
steel-box girder bridge”, Journal of Bridge Engineering,
vol. 13, pp. 492-500.

[11] Kappos, AJ. and Sextos, A.G. (2001), “Effect of foundation
type and compliance on seismic response of RC bridges”,
Journal of bridge engineering, Vol. 6, pp. 120-130.

[12] Zureick, A., Linzell, D., Leon, R. and Burrell, ]J. (2000),
“Curved steel I-girder bridges: Experimental and
analytical studies”, Engineering Structures, Vol. 22, pp.
180-190.

[13] Aviram, A. Mackie, K.R. and Stojadinovi¢, B. (2008),
“Guidelines for nonlinear analysis of bridge structures in
California”, Pacific Earthquake Engineering Research
Cente.

[14] Bignell, J.L., LaFave, ].M. and Hawkins, N.M., “Seismic
vulnerability assessment of wall pier supported highway
bridges using nonlinear pushover analyses”, Engineering
structures, Vol. 27, pp. 2044-2063.

[15] Ghobarah, A. and Tso, W. (1973), “Seismic analysis of
skewed highway bridges with intermediate supports”,
Earthquake Engineering & Structural Dynamics, Vol. 2,
pp. 235-248.

[16] Johnson, N. Saiidi, M.S. and Sanders, D. (2009),
“Nonlinear earthquake response modeling of a large-
scale two-span concrete bridge”, Journal of Bridge
Engineering, Vol. 14, pp. 460-471.

Vol s 5l @ o sl ) iS5
bl Gl 0,8 5 ek Ol 4 e AlS e s
S b Ol ol b ) ot e KRB
D, b bie Skl (g Toglia s bl o) Lk,
Y 4B S bl s o de [YA] il dal Bl
g5 ol R s (Seeles Sl s e Sldlae ol

S -0
Sy Splnil Sls b LS sls 0L mnions S
sz b s Dl w63l Dl Ol 4 gul5le 5 Jte
L G opl o3 sdalcsa glaanl ulul ol 5 il
Dy g3 Sy Ol o
Jo ) esle (sladie Sl eslizal oS sls 0L b ™
53 (O gl Jsb O 35 adse sl 5128 05
Olse ) Bl wsd chls gla s Sk, (g3leans
Oles ax 5 LB 2alS as (el sla Jy 5l glazws
ALl dal g s s S e
doe 3 il Jlesl G Sl sla0ldl 5l eslinad @
GLlBas e 5 blasl gbajns ael8esS
Ol Geb onl 55 Al Sos,8 Sl sl
30 Jde Lol aSs Joms 53 1, L U ploulsr 3
3575 e ) Cod e L sl
OLES 55 G nl @l ol b (5 2Y LI
Silwdde gl Osmem 5 Ol 51 eslanal a7 sls
23S e B, olanl 5 (S sbeo s
ile Slaand essa ) O Sl Wls el 515

shls slas GOl e AV S sbose
las Sl ool 10 .asb e (pinching) Sas sN
Wy e o g 5> (SA5 Y (Gileand B L
ol el mli il e Gose Gl O
SAd Y Alas Sl eslinal & sl QLS 55 Gais
e e glie 3 Gl pove ey S5 0 s
e S el e s S

255 Gaate d;alf..':._ibﬂ

S A 6 s Ol Gl Sl Osa5T s

2gd 9 ojlw ¢ingfy g ale aypis /9




a0/ 399 9 ojlw (iliag 9 (ole aypls

[17] Kaviani, P., Zareian, F. and Taciroglu, E. (2012), “Seismic
behavior of reinforced concrete bridges with skew-
angled seat-type abutments”, Engineering Structures,
Vol. 45, pp. 137-150.

[18] Kotsoglou, A. and Pantazopoulou, S. (2010), “Response
simulation and seismic assessment of highway
overcrossings”, Earthquake Engineering & Structural
Dynamics, Vol. 39, pp. 991-1013.

[19] Paraskeva, T. Kappos, A. and Sextos, A. (2006),
“Extension of modal pushover analysis to seismic
assessment of bridges”, Earthquake engineering &
structural dynamics, Vol. 35, pp. 1269-1293.

[20] McKenna, F. Fenves, G. and Scott, M. (2000), “Open
system for earthquake engineering simulation”,
University of California, Berkeley, CA.

[21] Gerami, M. and Abdollahzadeh, D. (2015), “Vulnerability
of steel moment-resisting frames under effects of
forward directivity”, The Structural Design of Tall and
Special Buildings, Vol. 24, pp. 97-122.

[22] Khanmohammadi, M. and Heydari, S. (2015), “Seismic
behavior improvement of reinforced concrete shear wall
buildings using multiple rocking systems”, Engineering
Structures, Vol. 100, pp. 577-589.

[23] Neuenhofer, A. and Filippou, F.C. (1997), “Evaluation of
nonlinear frame finite-element models”, Journal of
structural engineering, Vol. 123, pp. 958-966.

[24] Priestley, M.N,, Seible, F. and Calvi, G. M. (1996), “Seismic
design and retrofit of bridges”, John Wiley & Sons.

[25] Romstad, K., Kutter, B., Maroney, B., Vanderbilt, E., Griggs,
M. and Chai, Y. H. (1995), “Experimental measurements
of bridge abutment behavior”, Rep. No. UCD-STR-95, 1.

[26] Stewart, ].P., Taciroglu, E., Wallace, ]. W., Ahlberg, E.R,,
Lemnitzer, A., Rha, C,, Tehrani, P., Keowen, S., Nigbor, R.L.
and Salamanca, A. (2007), “Full scale cyclic testing of
foundation support systems for highway bridges. Part II:
Abutment backwalls”.

[27] Shamsabadi, A, Rollins, KM. and Kapuskar, M. (2007),
“Nonlinear soil-abutment-bridge structure interaction
for seismic performance-based design”, Journal of
geotechnical and geoenvironmental engineering, Vol.
133, pp. 707-720.

[28] Heidari, S. and Gerami, M. (2019), “The effect of skewness
on rotational response of the curved bridge deck under
near-fault motions”, KSCE Journal of Civil Engineering,
Vol. 23, pp. 4836-4845.

[29] Shamsabadi, A., Kapuskar, M. and Martin, G.R. (2006),
“Three-dimensional nonlinear finite-element soil-
abutment structure interaction model for skewed
bridges," In 5% National Seismic Conference on Bridges
and Highways, pp. 1-10.

[30] Kim, J.K, Kim, [.-H., Lim, H.-W.,, Lee, ]J.-H. and Lee, ].-H.
(2001), “Cyclic loading test of bridge pier models without
seismic detailing”, In Eighth East Asia-Pacific Conference
on Structural Engineering and Construction, Singapore,
Singapore.

[31] Loh, K, Lynch, J., Wang, Y., Law, K, Fraser, M. and
Elgamal, A. (2007), “Validation of a wireless traffic
vibration monitoring system for the Voigt Bridge”, In
Proceedings of the World Forum on Smart Materials and
Smart Structures Technology (SMSST07), Chongging &
Nanjing, China, pp. 22-27.

[32] Nagayama, T., Reksowardojo, A., Su, D. and Mizutani, T.
(2017), “Bridge natural frequency estimation by
extracting the common vibration component from the
responses of two vehicles”, Engineering Structures, Vol.
150, pp. 821-829.

GOl (o0 g (5)310 Mlow





