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Fig. 1. Force transfer mechanism in an arch bridge [1]
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Span to rise ratio 3.47 5.30 2.98 2.54

Table 2. Geometrical properties of investigated bridges
(Cé&)f (& tadgolow (Al 3550 sl NS gl Y IS

Floks Gy el

Fig. 2. General layout of the studied bridges: a) Siah-
Bisheh; b) Gazanak; c) Vana; and d) Ziarbagh.
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Mechanical Gazanak  Vana Siah Ziar
Properties bisheh  bagh
Rebar yield strength 4000 4000 4000 4000
Compressive
strength 300 280 240 300
(slab concrete)
Compressive
strength (girders) 300 280 240 300
Compressive
strength 300 280 280 350

(arch and piers)
Modulus of elasticity
of concrete

(arch and piers)
Compressive
strength
(foundations)

Table 1. Material properties of investigated bridges (kg/cm?)

260000 251000 251000 281000

300 280 240 300

b o pwbis Slasiin ¥ Jgds

Siah- Ziar-
Property Gazanak Vana bisheh bagh
Year built 2015 2013 2008 2009
No. of arch spans 1 1 2 1
No. of non-arch 5 5 5 0
spans
Arch span length 50 45 35 23
(m)
Bridge Length (m) 100 59.5 100 26
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Members
and
materials

Modeling

- Behavior and section diagram
assumption

1o

Confined core concrete

Chang and
Mander
(1994)

[13]

Concrete

Uncohfined
covericoncrete

Isotropic £
stain
hardening
Rebar according to
Menegotto
and Pinto
(1973) [14]

Reinforcing steel

I

|

I

|

1

1

I

|
£,

Elastic
Deck Beam-
column

Nonlinear
Beam-
column with
fiber section

Pier

Elastic
Elastomeric perfectly
Bearing plastic
behavior

Table 3. Assumed behavior for members, materials and
elements
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Fig. 3. 3D models of investigated bridges in Seismostruct
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Site

Fault shear

Year E\(/Setr;ttirgerl]r;e M,, Distanc P?')A (ng) wave

e (km) g velocity

(cm/s)
Northridge

1994 (Beverly Hills— 6.7 133 052 63 356
Mulhol)

1999 HeCtorMine o, 564 034 42 385
(Hector)
Kobe

1995 (Nishi-Akashi) 6.9 87 0.51 37 609

1999 Kol g5 537 022 40 523

(Arcelik) ' ' '

Manjil

1990 (Abbar) 74 404 051 54 724
Chi-Chi

1999 (TCU045) 76 775 051 39 705

wrs Pl e 502 035 31 425
(Tolmezzo)

Table 5. Properties of selected records
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Bridge TLong. (S) TTrans. (S)
Gazanak 0.64 0.68
Vana 0.49 0.56
Siahbisheh 0.73 0.73
Ziarbagh 0.43 0.45

Table 4. Natural periods of investigated bridges

03 Olosen gildie (Jae sl 5 S 31 Oliadsl (5
aimobew (sl ,; Seismostruct 5 SAP 2000 Jlsle s 2



\i"‘ dL@l/Y‘ o)L«.:u/Yi 092

M, ™)

El =

¢1y
A ales slade (LS Gl A daly 4 a5 L i es
g gm o3l Vodaly 53 O 5l &S

n

El

Py = )
Lguwidﬁjswj\édquuyé;bj\(%
S s ade 03l Jlesml oS Al e ba s 455 sl
5 oolesy e oedd osbwl Shp el LUK L
das o Ol 1y S b O s 31 s b S ol e
[P P P W VOUN B FPS RS R OVPS SO

i oslizd et e 5 A8

o g bl -¥
wTé&)WMQM@w—‘—i

Lﬁu& DL L#J:fp éﬂtﬁ.}'.} L}:.L?u @L'\'J ﬂw L)'i\ DL
6‘)) g:a..w\ o &)‘; 4.2)9 ;bbﬁ\ 9 ¢L>u‘ LSJ‘.""\JJK“:
‘LAJ.: )‘ oL C‘J}L:M‘ Sdxe sthu.?-jj} O )\ UL‘AI}‘
ﬁJLid .}G.SJ ‘;9..1:5;& WT 6[.&)\.:.&& B LAJJI) LSL“.))}S)

w‘ ch.iJ ‘U‘b‘ A.SLEA U'v.~\ ).) 4.0).4).'
BOgw (G 38) (o 2t —1-1-¢

O (S 32) (o plraslr Gloj aze )b (0) IS5 5o
Frosdlesl a8 L ass @il cod alpeln Jy Sl
ax a aS 5gdh e oedalie .l ol e A3 v 57
LS Joo o8B Fsb o L O3s sleles e W5
Seosh 4l e S 4 5SS gl g b
YIRE SYIM Sy o iy cam A 50 laagly Cos
JB Ol 580 Sl s pl bl a3s Ao s
WLOsim Cdipd it Ao B 4 5 o ax s

sl 35 dlasl 4l 4 oS s Coles

il glaslne 1 20) s a2 e
wals (Wl Loy ool addlas pl s (Canl
bl i 5o 5 Ll (0 b () oo
ol S danl) B e LI 5 Loy sl 5 1)
S 3 ad e Sl (G (e sd Gl 5 polgman S
3 Sopme Sl (o 5 WS o plralr 5 dsS
s 2l e e sblie o piest sl S
sl plrals B o ) (L)) o s
Lol (6 s JK el s 4y O Ib & Ot sl
A s Vel 5 ()
Ho = - Q.
g0)’
chie ks bl @) 5 e gl Ol 5 S
Response2000 i3l 5 s Lol S Jos L il o
o, s ey, M Mgl sl [17]
ol Sy SIM | oSl csas (8) S iy a0
5 e kel ol sl L Blae SIM ek
Al et s Gl L Bl Ll gy

b B s lsk S lase £ IS

Bilinear
approximation

My = Mogos |- e == = = = — — \
2

g

@

£ My Calculated moment-

=} curvature relation

=

by @, b,

Curvature, ¢

Fig. 4. Moment-curvature diagram and bilinear
approximation

Odewy b blze B Usles pads Sy Sl
daly GboAd B8 /et Gl 4 o olg NS
Sl 5 S e elel  (BD s oo e ¥



j)ﬁL;B V.AJ‘

w83 PSS Olejan o S oo 5 3 Jlesl gl

—Jﬁ;tﬁl%;quadi@yﬁ('\)‘_}g&ﬁ
boandllas 250 o 831 S n e S0 bl 50
5 e A5 S A VO S X el e

sl ol aglie i S

Dt (0) 5 oo 3l o s 40 Jlosl sl 3 bl ke
SMie a4 il Glss o by 35S e bl (5 2 S5
S S a5 o am s A asls 4 bl

@ Gazanak mEVana @Siahbisheh OZiarbagh

1.0
0.8
0.6
0.4
0.2
0.0

Ratio

0 30 60
applied angle (degree)

75

a

1.0

0.8

0.6

Ratio

0.4

0.2

0.0

0 30 60 75

applied angle (degree)

b
Fig. 6. (a) Ratio of curvature at arch midspan under
different angles to the corresponding value in with the 90-
degree incidence angle under the Manjil earthquake; (b)
Ratio of curvature ductility demand at arch midspan under
different incidence angles to the value corresponding to the
90-degree angle under the Kocaeli earthquake
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Fig 5. Drift history of the middle column of the
Siahbisheh bridge with the applied angles of: a)90; b)60;
¢)30; and d) 0 degrees under the Kobe earthquake.
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Fig. 8. Changes in the axial force at arch abutments under the
Chi-Chi earthquake applied in the transverse direction.
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Arch Non-arch

span span Delay Delay in
Bridge P P inarch  non-arch
length length span (s)  span (s)
(m) (m)

Gazanak 50 10 0.1250  0.02500
Vana 45 6.7 0.1125  0.01675
Siahbisheh 35 15 0.0875  0.03750

Ziarbagh 23 - 0.0575 -

Table 6. Earthquake time delays in one span of each bridge

bl S g Sl U dlesl GO S8 s

el G e sse b oler e s ad e Soll

oL

Ar

Lo o s JB Sl (V) IS8 - e 0o
Olas s dleel Jlys & osmme o boamlis 02
2 on e kol A sl el Bl e
S s a8 Wl edalin w2 ) 50 )5 Glas, S5 bl
o8 Sh LS o S e Seed B U3 (V)

NGIUH S -2y ) S ¥y VS VR | IO Ly S Wt - el
Loy b Sl oy p 250 G, S, 5 el e
sdalin iy Jl s i Gl o o 03 RIS
e ax S e B 4 mes 000
4 S LS (o S Do palis (Al Sl

e Gl S 2GS e 5350

U o S B Sk G S S o A ISS
il glad )y s B slab

OChi-Chi  BEXKocael ® Kobe O Northridge
EManjil N Friuli W Hector

2.0

15

90 75 60 45 30 15
applied angle (degree)
a) Gazanak
" N
©l0
L
205
LL
0.0
0 15 30 45 60 75 90
applied angle (degree)
b) Vana

T == l ) EaS
e | N
' Y \

FMax/FG

9 75 60 45 30
applied angle (degree)

c) Siahbisheh

15 0



\i"‘dL«l/Y‘O)L&.\j’/YﬁO)}: w)mulﬂwwﬂjﬁ—dmw

sl o3l Ol (s Jsb slal, b sl o ad3l) am

1.10
1.08
1.06
< 1.04
X 1.02
N 100
0.98
0.96

I |II s o LS Ol jen K s S sl
O'Q @ db'@ ‘& ‘\)

“QQ \2@ %( JLAJ j’:"l‘: g)}.ﬁ:& sdalin (\') L}i‘; BE 4S ‘)}LQL«A

«

_ _ il ol S0l el il el adien
d) Maximum unseating - e s e

Fig. 10. Effect of time delay on different damage criteria wlas Jsb L ams js 5 sloy ;b Ol b l58l ol &S
for the investigated bridges o . i

el 38 o taS g o iy S5 Hsb 4y s yls s sl

aS Jﬁ@ sdalis .L,)Li)' E &ﬁ LSL“J*,. 32 A_~§JS "
Oy canllae ‘)J@ﬂ)féjjﬁdu:‘)jf‘)ju&é(j ¢
I3l |y s o S 5 cp i

M).) K cL}.'La) J}L JLQ.“ JJ\ DL w‘ ‘Jﬁ‘
LL Dl 2 Sl 8l S5 0L Lol 02 Sy ] Cilie sl lins 535 5 Sles el Jlael 6 A+ S
.w\;;ﬁgmwv_}bjﬁl;;\@w)ﬁwy cilses ad )y S ey 30 b ol
W vana m sizhbizheh m miarbagh m Gazanak
3G Sam Sa s Sl b dleel 36 (OVY) IS i'ég
S IS Ay s e DL e sl s e S E 182
) .
“r el Glaobae Sl Lalis Gully s ol Gl e ;\‘ 18(2)
L;ﬁj:’ g:,..:mLM.;- "y J}";Lfd odalice 99 gﬁ-‘ L: JJL: 5 0.98 I
0.96
0 a4 5oy S Sl U 4 et S5 oo s f ’5 QQ@S
& @ ¥ 5
bj&dﬁ S gdoee oo )
a) Maximum pier drift
_ 1.10
Wﬂjd)}mdjﬂéj)ﬂgbjﬁﬁudw‘jgu.\\Js.ﬁ 1.08

<pz/¢1

Cilois gladd 5 o o sd slesl o 1-82

Evana  Msizhbisheh  Wzabagh  wGazanak 1.02

1.06 1.00

0.98

1.04 0.96
21 Q{bo ‘& \

ef\ S &

b) Maximum curvature at arch midspan
1.10
1.08
0.96 1.06
& & & \ 1.04
5«» «23’ «@ C° 1.02
a) axial force 0.98

0.96 o n

$ & S <¢'°°

< O o > >
& & ¥ &

1.02

F,/F,

1.00

szl p'wl

¢) Maximum curvature ductility demand at abutments

AN



J)}‘QL;; V.Ab'

w850 2 PSS Dlajen o S w5 A5 dlasl sl

el (AT bli Sljen 8 G i) Gl b =Y
ol Sl slns Sl 358 o el bl 2381
AU (Sl s bl cciy3) andllas ol 55 Cilises
o S35, 5 bk sl ol e alie Tl Sl
el s il doys Ve STas s ol 3 e
S L, s salie Sl b Jlesl G ol
0 Jlesl s Grat S o S S
adl il el bl Ol b alie 55 Sl
0 dlesl Jl s phe S o So DS

A 3 gde Ao y3 0 M}asfj‘li?)su.'lﬁ)

wsly Sl po e 5o mlr Sldlas s 51 Lol dlis
Wlas b pn owsd slals 3 sl U5 5 dlesl
Lol o ol ol olal o Ol 55 Ol
B Sk e 3 (B R oo 4 xS
Sy 53 Wl dlie cnl 53 odd &l mls
C\JL Oludge plocal,
Sl opd @Bl dade Sl bl Sl g5 pl 2ok 00 s
cib gy Sllas ol U ospd e slgnin odu] Slidss

Slaob s Gl (osas o

25 Jeol Oliab) Calises (gla iol)T 5 bkl

&y

1. Yousefpour H, Gallardo JM, Helwig TA, Bayrak O.
Innovative precast, prestressed concrete network
arches: Elastic response during construction. Struct
Concr. 2017.

2. Caglayan, B.Ozden., Ozakgul, K., and Tezer, O
“Effect of Ground Motion Characteristics on the
Seismic Response of a Monumental Concrete Arch
Bridge” Seismic Engineering Conference
Commemorating the 1908 Messina and Reggio
Calabria Earthquake, 2008.

3. Chavez, H. and Alvarez, Jose J.; “Seismic
Performance of A Long Span Arch Bridge Taking
Account of Fluctuation of Axial Force.” The 14th
World Conference of Earthquake Engineering, Beijing,
China, October 2008.

4. Alvarez, J.J., Aparicio, A.C., Jara, J.M., Jara, M;
“Seismic assessment of a long-span arch bridge

oL

AY

1.06

1.04
—

EN 1.02

=
1.00 I
0.98 S

sz’ ‘Zr'\ \ <¢&\
«% & od

«2\

b) bending moment
Fig. 11. Effect of time delay on the axial force and
bending moment at abutments under different
earthquakes

& 15 4om -0
Oleson b S o5 5 Wil Jlasl asly 30 caadllas ol s
2o gk B et sl DS sy AEASS b
o S edal G 4wl o ege (L3S 13 e

AL e 25 gt e Jed s sl bl

a3l 3l b sl 53 e sl il )
2 5 e s bl opl 5 Aibe OF 4 J35 Jles!
Sloatls o 5l il e Jsb 35 51 Sl
S ade (Sl 5 Conlar o S baal Sdyys ol
di5 d
aaly s Gl el Slos cd s js jeas  Llaxdls

dojs b aad,e Sabdl gl Jsess Aoy 051 S

bl wsly o 1 conles i d5 <)

..L..«:)w

Sleds hgps s J s e Gl o ST
S50 S5, 5 bk w0 &S ad s s LG
wlas ax o Sl o3 Lo ys £ Sl ad pl (o 2
A5 A 55 o S e Dl Al SR s
N R SR TR R
oAl L g adly e Gl o Slas s Sy S S
Sndy Uy Jsb osme 5 N5 dlesl sl sl

b oo Gals s ol 5l e (e S



\i"‘ JL-A/Y‘ D)L&-n:'/Yi 092

11. Seismosoft, “SeismoStruct 2020 — A computer
program for static and dynamic nonlinear analysis of
framed structures. http://seismosoft.com/.”

12. Scharge, L. "Anchoring of bearings by friction,
joint sealing and bearing systems for concrete
structures.” World congress on joints and bearings.
Vol. 1. 1981.

13. Chang G, Mander J. "Seismic energy based fatigue
damage analysis of bridge columns: Part I-Evaluation
of seismic capacity." 1994.

14. Menegotto, M., and P. E. Pinto. "Method of
analysis for cyclically loaded reinforced concrete plane
frames including changes in geometry and non-elastic
of elements under combined normal force and
bending.” Proceedings, IABSE symposium. 1973.

15. Applied Technology Council. Quantification of
building seismic performance factors (FEMA P695).
US Department of Homeland Security, FEMA, 2009.

16. American Society of Civil Engineers. "Minimum
design loads and associated criteria for buildings and
other structures.” American Society of Civil Engineers
(ASCE), 2010.

17. E.C. Bentz, Sectional Analysis of Reinforced
Concrete Members, PhD thesis, Department of Civil
Engineering, University of Toronto, Toronto, ON,
Canada, 184. 2000.

AY

considering the variation in axial forces induced by
earthquakes.” Engineering Structures, 2012.

5. Khan, E., Sullivan, T., and Kowalsky, M.; “Direct
Displacement-Based Seismic Design of  Reinforced
Concrete  Arch Bridges.” Journal of Bridge
Engineering (ASCE), 2014.

6. Farahani, E. M., Maalek, Sh; “An investigation of
the seismic behavior of a deck-type reinforced concrete
arch bridge.” Earthquake Engineering and Engineering
Vibration, 2017.

7. Torbol, M., & Shinozuka, M. Effect of the angle of
seismic incidence on the fragility curves of
bridges. Earthquake  engineering &  structural
dynamics, 41(14), 2111-2124, 2012.

8. Savor Novak, Marta, Damir Lazarevic, Josip Atalic,
and Mario Uros. "Influence of multiple-support
excitation on seismic response of reinforced concrete
arch bridges." Applied Sciences 10, no. 1. 17, 2020.

9. Rezaei, H., Arabestani, S., Akbari, R, &
Noroozinejad Farsangi, E.The effects of earthquake
incidence angle on the seismic fragility of reinforced

concrete  box-girder bridges of unequal pier
heights. Structure and Infrastructure Engineering,
2022.

10. Scattarreggia, N, et al. "Collapse analysis of the
multi-span  reinforced concrete arch bridge of
Caprigliola, Italy." Engineering Structures 251 2022.



Volume 24, Issue 3, 2024 Modares Civil Engineering Journal

Effects of Earthquake Incidence Angle and Asynchronous Support
Excitation on Reinforced Concrete Arch Bridges

A. Gholipour *, M. Davoodi?, H. Yousefpour *

1- PhD Candidate, Babol Noshirvani University of Technology, Babol, Iran.
2- Associate Professor (Deceased), Babol Noshirvani University of Technology, Babol, Iran.
3- Associate Professor, Babol Noshirvani University of Technology, Babol, Iran.

Email: *hyousefpour@nit.ac.ir

Abstract:

Arches are one of the most recognized structural forms, which are capable of transferring vertical loads to
the supports through a compressive path. In addition to possessing desirable aesthetics, their force transfer
mechanism makes arches especially suitable for materials that are weak in tension but strong in compression,
such as concrete. With the advent of reinforced concrete, significant flexibility has been introduced to the
design of concrete arches, due to which many reinforced concrete arch bridges have been built around the
world, including in the high-seismicity regions. Notable damage has been documented in several arch
bridges during past earthquakes, such as the Chi-Chi or Wenchuan earthquakes. In these earthquakes,
undesirable cracking within the arch itself or in the lateral bracing elements was detected in arch bridges.
Certain aspects of seismic behavior of arch bridges are different from those in typical slab-on-girder bridges,
including the significance of axial loads, which may change during earthquakes, sizable differences between
in-plane and out-of-plane stiffness, and the use of piers with different heights. However, limited previous
studies have addressed the seismic behavior of concrete arch bridges. In particular, the effect of earthquake
excitation in directions other than the principal directions of arch bridges has not been sufficiently
investigated. Moreover, the effect of asynchronous support excitation has not been examined in detail for
arch bridges. In the present study, the effects of earthquake incidence angle and asynchronous support
excitation on reinforced concrete arch bridges are investigated. Nonlinear 3-D models of four existing
reinforced concrete deck-type arch bridges in Iran were developed. The bridges had arch spans of 23, 35, 45
and 50 meters and were subjected to nonlinear time history analyses using seven acceleration records. The
models incorporated nonlinear fiber-based elements for arch and piers and elastic elements for the bridge
deck. The incidence angle was changed in 15 degrees increment between 0 and 90 degrees. Moreover, the
effect of asynchronous support excitation was investigated by means of introducing a time delay between
excitation input for different supports. The relative displacement (drift) of the piers, the curvature ductility
demands within the piers, the curvature ductility demand at different locations of the arch, and the
displacement of the deck at the abutments (unseating) were used as damage indicators. The results showed
that arch bridges were significantly more vulnerable to seismic loading in the transverse direction than in the
longitudinal direction. Unseating of the bridge deck from abutments and pier drifts were the most and the
least sensitive damage parameter to the change in incidence angle, respectively. The unseating varied by 40
percent, whereas the maximum drift varied by 5 percent as a result of changes in the earthquake incidence
angle. The axial force at the end points of the arch was found to change significantly during earthquake, with
a maximum of 40 percent in case of 90-degree incidence angle. The effect of asynchronous support
excitations was relatively small, with a maximum increase of 10 percent in damage indicators and 5 percent
in the axial forces and bending moments.

Keywords: Arch bridge, Nonlinear Time history Analysis, Incidence angle, Asynchronous Support
Excitation, Unseating
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