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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
(CE&J{ (o tadgolow (Al iy 350 sla fy NS glad b Y JSSS

Flols Gy Ll

Fig. 2. General layout of the studied bridges: a) Siah-
Bisheh; b) Gazanak; c) Vana; and d) Ziarbagh.
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Mechanical Siah Ziar
PropertiesG'"’lzan'""k Vana bisheh  bagh

Rebar yield strength 4000 4000 4000 4000

Compressive

strength 300 280 240 300
(slab concrete)
Compressive
strength (girders)
Compressive
strength 300 280 280 350
(arch and piers)
Modulus of elasticity
of concrete

(arch and piers)
Compressive
strength 300 280 240 300
(foundations)

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

300 280 240 300

260000 251000 251000 281000

b o owbis Slasiin Y Jgier

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 2 2 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

assumption Behavior and section diagram

£

Confined core concrete

Chang and
Mander
(1994)

[13]

Concrete 5
Unconfined
covericoncrete
€, £ &

Isotropic 1.
stain
hardening
Rebar according to
Menegotto
and Pinto
(1973) [14]

Reinforcing steel

1
|
1
|
I
1
1
L
£,

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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Event name Eault PGA PGV shear

Year (station) M,, Distanc @ (cmis) wave

e (km) g velocity

(cml/s)
Northridge

1994 (Beverly Hills— 6.7 13.3 0.52 63 356
Mulhol)

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

1995 (Nishi-Akashi) 6.9 87 0.51 37 609

1999 focaeli oo a2 022 a0 523

(Arcelik) ' ' '

Manyjil

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

1999 (TCU045) 76 775 051 39 705

1976 . Frli 65 202 035 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
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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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¢)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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Fig. 7. Ratio of abutment unseating under different angles
to that with the application angle of 90 degrees under the
Northridge earthquake.
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Table 6. Earthquake time delays in one span of each bridge
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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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