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Seismic design codes have imposed some limitations on the maximum subtended angle of curved bridges and allow engineers to
analyze and design them using an equivalent straight bridge. Tis paper investigates these limitations and evaluates the AASHTO
code recommendations regarding the prediction of the seismic responses of curved bridges using an equivalent straight bridge for
bridges with diferent abutment properties at diferent seismic hazard levels. In this regard, the seismic responses of 21 hori-
zontally curved and straight RC four-span bridges with diferent abutment types are investigated. In 7 bridge models, soil-
abutment-bridge interaction is neglected, while in the rest of the bridge models, the seat-type abutments with the participation of
the nonlinear backfll soil, gap, and abutment piles are used in structural modeling. First, nonlinear static (pushover) analyses are
carried out to evaluate the overall behavior of the bridges with diferent abutment confgurations in the two perpendicular
principal directions. Subsequently, nonlinear time history analyses are performed to predict the seismic response of bridge
elements, including column drifts and deck displacements at the place of the abutments in the radial and tangential directions at
diferent seismic intensity levels, including the design basis earthquake (DBE) and maximum credible earthquake (MCE) ex-
citation levels. In addition, the actual maximum displacements of the components of the bridges (i.e., the total absolute dis-
placements) were also predicted and evaluated for diferent cases. It was found that the abutment properties and boundary
conditions had a signifcant efect on the seismic response assessment of curved bridges compared to straight bridges, while such
parameters are not currently considered by the design codes. Te results also indicated that by increasing the seismic intensity
level, more limitations should be imposed on the use of the equivalent straight bridges.

1. Introduction

Horizontally curved bridges have become popular in con-
gested urban areas, where a strong emphasis on aesthetic and
environmentally friendly structural design exists [1, 2].
Curved bridges with subtended angles greater than certain
limits are considered irregular bridges in bridge design codes
[3, 4]. It has been shown in the past that irregular bridges are
more vulnerable to seismic excitations compared to regular
bridges [5–11]. Experience with past earthquakes proved
that this class of bridges is more vulnerable to seismic ex-
citations than that of bridges with straight and skewed ty-
pologies. Te collapse of curved reinforced concrete (RC)

bridges during the 1971 San Fernando earthquake in Cal-
ifornia [12, 13], failure of the newly built Baihua Bridge
[14–17], and other simply supported continuous girder
bridges [18] due to the 2008Wenchuan earthquake in China
are a few examples. Bridge design codes allow designers to
use an equivalent straight bridge in lieu of a horizontally
curved bridge to simplify its computer modeling, analysis,
and design [3, 4]. However, the use of such equivalent
bridges is limited to curved bridges with certain limits on
their subtended angle and regularity. Irregular geometry and
nonuniform mass distribution in curved bridges lead to an
excessive in-plane rotation of the superstructure compared
to an equivalent straight bridge [19]. Unseating of the
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superstructure is one of the primary collapse modes of
horizontally curved bridges, exacerbated by the increased in-
plane rotation of the superstructure [20]. Although the scope
of this paper is to evaluate the seismic performance of RC
box-girder bridges, a few pieces of literature have been
reviewed in association with steel girder bridges to highlight
the adverse efects of curvature and evaluate the vulnerability
of curved bridges to earthquake excitations. According to a
probabilistic-based study conducted by AmiriHormozaki
et al. [21], as the central angle in horizontally curved steel
I-girder bridges increases, the demand for column ductility
and bearing deformations at the abutment in both directions
increases up to 44%. Other parametric studies regarding the
seismic response of curved steel I-girder bridges unani-
mously confrm that the radius of curvature had the most
signifcant impact on the seismic performance of this class of
bridges [22–24]. Minavand and Ashtiany [25] conducted a
parametric study based on the model of Sadr Elevated
Bridge, located in the northeast of Tehran, with a hori-
zontally curved RC box-girder typology. Tey concluded
that increasing the curvature of the deck leads to an increase
in seismic displacement demand of piers, shear force, and
bending moment demands of the deck and piers. According
to further seismic fragility-based probabilistic evaluations of
horizontally curved multicolumn and single-column bent
RC box-girder bridges, curvature is identifed to be an
important parameter that adversely infuences the fragility of
multiframe bridges [26]. Although horizontal curvature
signifcantly afects fragilities for some components, it has a
relatively minimal infuence on the system fragility [27].
Shirazi et al. [28] developed horizontally curved RC box-
girder bridge models based on current seismic design
considerations incorporated with modern details adopted by
Caltrans. Tey deduced that columns were the most vul-
nerable components, while the modern seismic details
successfully protected abutment piles from damage during
large earthquakes. It is also found that horizontal curvature
increases bridge vulnerability irrespective of the design era
and height range, and its adverse efects on seismic per-
formance are more prominent for bridges with single pier
bents [29, 30].

Te infuence of soil-structure interaction (SSI) on the
dynamic responses of bridges is non-negligible. According
to a study conducted by Tang et al., based on the shear wave
velocity of soil, the SSI efect both increases and decreases
the dynamic responses of large-span bridges [31]. Abutment
walls were traditionally designed to withstand active and
passive Earth pressures. However, seismic excitation induces
higher inertial loads than anticipated passive Earth pressure
conditions [32]. Under certain design considerations,
abutments also participate in the earthquake-resisting sys-
tem (ERS) of the bridge [33, 34]. Abutment modeling re-
duces seismic responses and column ductility demands up to
80% [8].Te seat-type abutment is commonly used for long-
span, highly skewed, or highly curved bridges to avoid large
or unbalanced stresses in the superstructure and embank-
ment backfll soil under thermal loads [20]. Column high
ductility demand and deck unseating are two major modes
of failure due to seismic excitations in the case of

horizontally curved RC box-girder bridges. Tis paper in-
vestigates the efects of curvature along with abutment
contribution on the aforementioned seismic responses at
diferent seismic intensity levels.

Tere is limited research available concerning the efect
of diferent subtended angles and abutment conditions on
the seismic responses of horizontally curved bridges in
comparison with equivalent straight bridges. Due to the
limited available research in this area, there is no consensus
among diferent seismic design codes on the limitations for
subtended curvature angle to analyze a horizontally curved
bridge using an equivalent straight bridge. One of the most
recent studies conducted in this regard by Siami and Tehrani
[35] investigated the limitations recommended by AASHTO
specifcation for using equivalent straight bridges. Te re-
sults from that study indicated that the boundary conditions
of bridges at the place of abutments highly infuence the
responses of curved bridges compared to those of the
equivalent straight bridges. For instance, it was possible to
analyze a horizontally curved bridge, having unrestrained
(i.e., free) abutment, using an equivalent straight bridge
without any limitations for a subtended curvature angle,
while for the case of the curved bridges with restrained
abutment conditions, the predicted seismic response of the
equivalent straight bridges deviated from that of the curved
bridges even for the subtended angles that satisfy the code
limitations. Te efects of abutment properties and seismic
intensity levels on the seismic response of equivalent straight
bridges have not been studied in the past, and the code
provisions need to be re-evaluated considering the infuence
of these parameters. Te current paper contributes to the
knowledge on this subject and aims to further investigate the
efects of boundary conditions at the place of abutments
using a simplifed abutment model with diferent stifness
and strength (i.e., low and high stifness). In previous re-
search [35], only the seismic responses of the middle col-
umns were investigated in the DBE seismic excitation level,
while in the present study, the seismic responses of all bridge
columns, including the middle and side columns, and also
the seismic displacements at the abutments are evaluated in
more detail in local (i.e., radial and tangential) directions for
the four-span curved bridges studied. In addition, to in-
vestigate the infuence of the seismic intensity on the pre-
dictions from the equivalent straight bridges, the bridges
under study were evaluated at diferent hazard levels, in-
cluding the DBE and MCE levels.

2. Bridge Description and Design Procedure

Bridge code specifcations promote several linear and
nonlinear analyses for design purposes. Although suc-
cessive design code revisions have improved the seismic
performance of bridges [36], in some cases, signifcant
errors still exist. For instance, deviations can occur be-
tween the predictions obtained using linear and nonlinear
analyses, which are not considered by current code
specifcations in the design of irregular bridges [5]. Re-
sponses of irregular bridges are considerably infuenced by
higher modes [37, 38]. Te AASHTO LRFD bridge
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specifcations [3] and AASHTO guide specifcations [4]
state that bridges with subtended angle values of less than
90 degrees and 30 degrees, respectively, under certain
conditions (i.e., the bridges that meet some criteria re-
garding the ratio of span-to-span length and the number of
spans) are considered regular and can be analyzed as an
equivalent straight bridge. Tese signifcantly diferent
limits proposed by these two provisions (i.e., the sub-
tended angles of 90 and 30 degrees) indicate that more
research is needed to investigate the infuence of diferent
parameters on the maximum limits of the subtended
angles in curved bridges. However, Khalafalla and Sennah
[39] concluded that these restrictions are not adequately
safe to ignore curvature efects. In another research, Siami
and Tehrani [35] concluded that abutment models sig-
nifcantly afect the criteria regarding limitations for the
subtended angle for using equivalent straight bridges
recommended by AASHTO. Te current seismic codes do
not impose any limitations on the abutment condition of
the curved bridges in order to use the equivalent straight
bridges.

Te case-study bridges in this study have a total length of
160m, including four spans having equal lengths and
symmetric geometry. Te deck is a three-celled box-girder
with a width of 9.6m and a depth of 2.4m. Te bridge piers
are circular with a diameter of 2.5m. Since the evaluation of
the column diameter and longitudinal reinforcement ratio is
out of the scope of this study, regardless of the curvature and
irregularity, the design procedure is carried out for the
straight bridge model. Column details are tabulated in Ta-
ble 1. Te stifness and capacity of abutments are not
considered in the design to ensure that columns will be able
to resist the lateral loads. In the frst step of the design
process, the bridge is designed according to the force-based
specifcations of AASHTO [3]. After the preliminary bridge
model is created, bridge characteristics should be adjusted to
meet the requirements of the seismic design category (SDC)
D of AASHTO guide specifcations [4]. SDC-D corresponds
to structures located in areas expected to experience severe
earthquakes but not located close to a major fault. For this
purpose, response spectrum analysis (RSA) is carried out
using a design response spectrum constructed according to
AASHTO [4] recommendations to calculate column bent
displacement demands, ∆D. Ten, the pushover analysis is
carried out to determine the displacement capacity, ∆C, of
columns. Tis process continues until displacement capacity
demand surpasses displacement ductility demand. Te
procedure is further demonstrated in Figure 1. Te bridges
are divided into three categories regarding their abutment
modeling assumptions. Te frst category is described by the
bridges without the abutment model (i.e., free abutment).
Te following two categories contain bridges with lower and
higher abutment stifness. Curved bridges are also charac-
terized as slightly curved (with central curvature angles of 30
and 60 degrees), moderately curved (with central curvature
angles of 90 and 120 degrees), and highly curved (with
central curvature angles of 150 and 180 degrees). Table 2
represents the notations used for the defnition of each
bridge model.

3. Numerical Modeling

Tree-dimensional fnite element bridge models are created
in OpenSees [40]. Te seismic responses of 21 bridges, in-
cluding straight and curved confgurations with and without
the consideration of soil-abutment-bridge interaction, are
investigated in this study.Te overall dead load of the bridge
deck is 156KN/m. Te deck is a prestressed concrete box-
girder with no stifness reduction in the analysis [41], which
is assumed to remain elastic during seismic excitations. Te
deck is modeled as spine lines using elastic beam-column
elements at the centroid of its cross section. Pinned con-
nection is used to connect column bents to the super-
structure. In the case of single-column bent bridges, a hinged
connection results in the cantilever behavior of the column
in the transverse direction since no signifcant rotational
restraints are provided at the column top by the super-
structure [42]. As presented in Figure 2, a rigid element is
defned to account for bent-superstructure overlap with the
dimension of 1.3m., representing the diference between the
bottom slab and the vertical centroid of the superstructure
cross section above the clear height of the bridge columns.

Table 1: Middle and side column properties.

Column section Middle Side
Section diameter (m) 2.5 2.5
Longitudinal reinforcement bar diameter (mm) 32 32
Longitudinal reinforcement percentage (%) 1.01 1.81
Number of longitudinal bars 62 110
Transverse reinforcement bar diameter (mm) 14 14
Transverse reinforcement percentage (%) 0.5 0.5
Pitch of transverse reinforcement (cm) 5 5

Preliminary design using AASHTO
force-based specifcation

Response spectrum analysis

Obtaining column displacement
demand (ΔD)

Pushover analysis

Obtaining column displacement
capacity (ΔC)

ΔC > ΔD

End
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Figure 1: Design fowchart.
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Columns are fxed to the ground to comply with previous
research on the seismic response of curved and irregular
continuous bridges [5, 35, 43]. It is noted that since this
research focuses on the efects of abutment conditions on the
seismic response of equivalent straight bridges, consider-
ation of soil-structure-interaction (SSI) at the place of bridge
columns is out of the scope of this research, and only the
nonlinear behavior at the place of the abutments is con-
sidered in the seismic analyses. Te infuence of SSI at the
column foundations on the seismic response of equivalent
straight bridges can be the subject of future studies.

3.1. Material Properties. Material properties are assigned
following AASHTO recommendations. Te confnement
provided by transverse reinforcement leads to an increase in
the ductility and load-bearing capacity of columns. In this
study, the confned concrete is modeled according to the

study conducted by Mander et al. [44]. Table 3 presents the
characteristics of concrete and reinforcing steel materials.
Te yield strength of steel rebar (f_y) is 4200MPa. Nonlinear
properties of confned and unconfned concrete are also
presented in Table 4, and backbone curves of concrete and
steel are depicted in Figure 3.

3.2. Mass Assignment. Superstructure masses are distrib-
uted along the longitudinal centerline of the bridge using
lumped masses. To achieve an accurate distribution of
mass, a sufcient number of nodes and segments should be
defned in the OpenSees model. According to the Caltrans
recommendation, each bridge span is divided into ten
segments [45]. Translational masses are computed
according to the equations proposed by Aviram et al. [42].
Te mass of each element in the two global directions (i.e.,
longitudinal and transverse) is calculated based on the
dead loads and is assigned at each node, based on its
tributary length. Column masses are distributed along the
elements. Te validity of the mass distribution and ac-
curacy of the restraint application are evaluated by
comparing the frst four fundamental modal periods ob-
tained using the OpenSees and CSI-Bridge software. As
presented in Table 5, the diferences obtained from the two
software are in an acceptable range.

It is noted that the results from two diferent software
are typically compared to make sure that there are no
major errors in modeling, particularly in defning mass
and stifness. Also, the similarity of the results confrms
that even using diferent modeling approaches in diferent
software (e.g., using elastic modeling in CSI-Bridge and
nonlinear fber modeling in OpenSees) results in similar
predictions that verify the accuracy of modeling in dif-
ferent methods. In addition to the verifcation of the
predicted modal periods from diferent software, non-
linear response of the bridge columns will also be verifed
with the experimental results in Sections 3-4 to validate the
accuracy of nonlinear modeling.

3.3. Damping. Previous studies have proposed many
modeling methods for Rayleigh damping proportional to
the tangential stifness. Structural responses are greatly
infuenced in terms of energy damping and the maximum
displacement once the damping is applied, either pro-
portional to the primary or tangential stifness [46–48]. In

Table 2: Notations used for the defnition of each bridge model.

Central curvature angle
(degree)

Abutment typology
No abutment

(free)
Abutment with lower stifness (soil + 10

piles)
Abutment with higher stifness (soil + 20

piles)
Zero (straight) F0 L0 H0
30 F1 L1 H1
60 F2 L2 H2
90 F3 L3 H3
120 F4 L4 H4
150 F5 L5 H5
180 F6 L6 H6

9.60

1.30
2.40

Rigid element

Hinged connection

Column clear height

Fixed end

14.00

Figure 2: Cross section representing the bent-superstructure joint.
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the current paper, Rayleigh damping is employed with 5%
of critical damping in the frst two modes of vibration [42].
As shown in equation (1), a linear combination of the
stifness and mass matrices is used to defne the damping
matrix [49].

[D] � α0[M] + α1[K], (1)

where [D], [M], and [K] are the damping matrix, the mass
matrix, and the tangential stifness matrix, respectively, and
α0 and α1 are the coefcients of proportionality, which are
calculated from the following equation:

α0 �
2ξω1ω2

ω1 + ω2( 
,

α1 �
2ξ

ω1 + ω2( 
.

⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

(2)

In equation (2), ξ is the damping coefcient of 0.05,ω1 and
ω2 are the frequencies associated with the frst and second
modes of vibration, respectively, based on the recommen-
dations by Aviram et al. [42]. Te participation of the other
modes in the response was not signifcant for this purpose.

Table 3: Material properties.

Materials Specifc weight (KN/m3) Poisson ratio Specifc strength (MPa) Modulus of elasticity (MPa)

Concrete 25 0.2 45 33541
Steel 78.5 0.3 420 200000

Table 4: Nonlinear properties of confned and unconfned concrete.

Concrete types ε0 εu fpc(MPa) fpcu(MPa)

Confned 0.032 0.188 181.6 127.2
Unconfned 0.002 0.005 45.0 0.0
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(a)
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re
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εu ε0

(b)

Figure 3: Stress-strain curves of (a) steel and (b) concrete materials.

Table 5: Modal periods (s) obtained from OpenSees and CSI-Bridge software.

Bridge typology Mode OpenSees CSI-Bridge Diference (%)

Straight

1 1.06 1.07 0.48
2 0.95 0.92 3.42
3 0.69 0.72 4.51
4 0.56 0.56 0.25

Horizontally curved with the subtended angle of 90 degrees

1 1.05 1.06 0.57
2 0.94 0.90 3.72
3 0.68 0.71 4.46
4 0.59 0.60 1.22

Horizontally curved with the subtended angle of 180 degrees

1 1.02 1.03 0.55
2 0.92 0.87 4.79
3 0.66 0.69 4.34
4 0.66 0.68 2.94
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3.4. Column-Bent Modeling. Columns are critical members
of concrete bridges that exhibit high fragility [50]. To capture
the spread of plasticity and accurate distribution of curva-
ture along column members, fber sections are assigned to
force-based beam-column elements in OpenSees. A sensi-
tivity analysis was conducted on important parameters
infuencing the seismic responses of bridges. In this regard
for the satisfaction of the minimum requirements of seismic
code specifcations [4, 41], it is decided to use fve integration
points for force-based beam-column elements, consisting of
20 unconfned concrete fbers, 200 confned concrete fbers
and, depending on the longitudinal reinforcement ratio, 62
or 110 reinforcing steel fbers (Figure 4). It should be noted
that while force-based elements provide more precise pre-
dictions compared to the displacement-based elements in
OpenSees, they are prone to nonconvergence problems. To
resolve this issue, a code is developed which decreases time
steps or changes the algorithm used to solve the nonlinear
equations at the iterations that numerical divergence occurs.
Tis method worked very well for this research, although at
some analysis steps, it was too time-consuming. Diferent
modeling parameters such as the number of fbers, number
of integration points, and analysis time steps were verifed by
performing a number of sensitivity analyses to ensure the
accuracy of the predictions.

Concrete behavior is simulated by Concrete01 material
OpenSees [51]. Tis material is proposed by Kent and Park
[52], which defnes the monotonic stress-strain curves for
confned and unconfned concrete.Te behavior of steel bars
is modeled by Steel02 material in OpenSees [51], which uses
the Menegotto and Pinto [53] model to include isotropic
strain hardening. To capture cyclic strength and stifness
degradation in hysteresis loops, MinMax material provided
by OpenSees is used [51]. Te stress-strain behavior for this
material is provided by reinforcing steel material. If the
material strain ever exceeds specifc threshold values, the
material (e.g., Steel02) is assumed to fail. Te cyclic behavior
of column models is verifed with several experimental
studies, including the study by Lehman [54], as presented in
Figure 5. Te P-∆ efects are also accounted for in the
analyses.

3.5. Abutment Modeling. Previous studies have suggested
various abutment modeling approaches and addressed the
issues inherent in abutment modeling [55, 56]. In this study,
bridges are modeled either with or without the consideration
of soil-abutment-bridge interaction. In all bridgemodels, the
translational vertical direction is restrained at the place of
abutments. Te abutment model is composed of a rigid
element with the length of the superstructure width and fve
nonlinear springs representing abutment behavior. As
presented in Figure 6, the local longitudinal (tangential)
response is a function of the gap length, abutment piles, and
backfll soil stifness and strength. As the gap closure occurs,
the superstructure collides with the abutment. Tis impact
induces a noticeable amount of inertial force to the abut-
ment. Although the pounding of bridge structures increases
the seismic responses of curved bridges and it calls into

question the validity of the recommendations from the
seismic design provisions for regular curved bridges [2], it is
yet outsourced from this study. In order to simulate passive
backfll soil response in series with gap elements, elastic-
perfectly-plastic-gap (EPPG) material in OpenSees [51] is
used. Te backbone curve of the EPPG, as presented in
Figure 7, is obtained as per equations (3) and (4) [41]. Tese
equations produce a realistic value for embankment fll
response based on large-scale tests at UC Davis [57] and
UCLA [58].

Kabut � Ki × w ×
h

1.7
, (3)

Pbw � h × w × 239(kN)
h

1.7
, (4)

where w and h denote the width of the back-wall and the
abutment height, respectively, and Kabut and Pbw are the
abutment elastic stifness and ultimate passive capacity of
the backfll behind the abutment back wall, respectively.
Te initial stifness (Ki) of embankment fll material is
assumed to be 14.35kN/mm/m [41]. Probabilistic evalua-
tions have shown that the estimated responses of bridge
components are infuenced by backfll models in both
diaphragm and seat-type abutment bridges [59]. In the
local transverse (radial) direction of the abutments, non-
linear springs are used to simulate the abutment pile re-
sponse. Tese components also contribute to transferring
lateral loads in the longitudinal direction parallel with soil
embankment fll. As presented in Figure 8, the response of

Longitudinal reinforcement
62Ф32

Ф14@5cm
Transverse reinforcement

Confned concrete

Unconfned concrete

2.5 m

Figure 4: Fiber section simulation of the middle column.
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rc

e (
KN

)

displacement (mm)

Experimental
analytical

Figure 5: Concrete column behavior validation.
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abutment piles is captured by a trilinear hysteretic model
recommended by Choi [60]. Tis model estimates the
stifness and strength of piles using the empirical pile

resistance equation proposed by Goel and Chopra [55], as
presented in equations (5) and (6), where Rpileand Kpile are
the ultimate capacity and stifness of the pile group,

Abutment 1

Abutment 5

Pi
er

 2

Pi
er

 3 Pi
er

 4

62Ф32110Ф32

Ф14@5cmФ14@5cm

2.502.50

Side columns Middle column

R
Pile

T

Soil Gap

Figure 6: Numerical model of the bridge.
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Figure 7: (a) Backbone curve [41] and (b) cyclic behavior of the backfll soil.
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Figure 8: (a) Backbone curve [60] and (b) cyclic behavior of abutment piles.
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respectively. Tese equations provide an ultimate strength
that is assumed to occur at 1 in. (25mm) displacement
[7, 55].

Rpile � 178
kN

pile
, (5)

Kpile � 7000 ×
kN

m
. (6)

Expansion joints with a length of 5.0 cm along with
two diferent pile confgurations (i.e., 10 and 20 piles) are
considered to represent abutments with lower and higher
stifness and evaluate the infuence of abutment prop-
erties on the seismic response of curved bridges. It should
be mentioned that the main goal of this paper is to in-
vestigate the relative infuence of abutment stifness and
strength on the seismic response of equivalent straight
bridges, and therefore, more detailed modeling of dif-
ferent abutment components and piles is out of the scope
of this research. To further investigate the infuence of
diferent abutment modeling techniques on the seismic
response, more advanced abutment models can be used in
future studies [61]. Te previous study on irregular
bridges showed that the seismic responses were only
slightly improved when piles were added to the abut-
ments in straight bridges [8].

4. Pushover Analysis

To further investigate the efects of abutment modeling on
the overall strength of curved bridges compared to straight
ones, pushover analysis is carried out in both the longi-
tudinal and transverse directions of the bridge. Te chord
connecting the abutments represents the longitudinal
direction, and the transverse direction is perpendicular to
that. Pushover analyses are performed based on a uniform
acceleration load pattern. In this approach, nodal forces
are applied proportional to the translational mass distri-
bution in the corresponding direction [42]. As presented
in Figures 7 to 12, neglecting the contribution of the
abutment in the lateral load-resisting system leads to a
lower-bound estimate of the longitudinal and transverse
resistance of the bridge structures in both straight and
horizontally curved confgurations. Te additional stif-
ness produced by backfll soil after the gap closure results
in a higher strength level of the bridges. Excessive resis-
tance of abutment piles leads to higher initial stifness and
ultimate strength. Doubling the number of piles leads to an
increase in the initial stifness and increases the overall
strength of the bridge before the gap closure and ultimate
strength after the gap closure. In horizontally curved
bridges, soil resistance participates in both longitudinal
and transverse directions. Te abutment is required to
displace 5.0 cm (gap length) in the longitudinal (tangen-
tial) direction so that the gap closure occurs and additional
soil resistance infuences the seismic response. Partici-
pation of abutments in seismic response is a crucial factor
in the estimation of the overall strength of bridges. For
instance, the responses of bridges with free abutments are

only slightly infuenced by horizontal curvature (as pre-
sented in Figures 9–12, the ultimate strength of bridges
with straight and horizontally curved geometry having free
abutments is merely 10000 KN). However, the efect of
horizontal curvature in the overall strength of bridges is
more pronounced when the abutment model is considered
in analyses.

5. Ground Motion Selection

Type D soil category, with shear wave velocity ranging from
180m/s to 360m/s based on the defnition of AASHTO [4],
is assigned to the bridge site.Te considered records are the
far-feld type with a magnitude from 6.0 to 8.0. Te selected
ground motions (GMs) comply with the dynamic char-
acteristics of the structure and soil properties of the site,
which are obtained from the Pacifc Earthquake Engi-
neering Research Center (PEER) GM database (https://
ngawest2.berkely.edu). Since far-feld records are used in
this study, the vertical component of GMs is neglected in
the time history analyses. Eleven pairs of GMs are selected
out of 200 records and scaled such that the mean SRSS
would be compatible with the AASHTO SDC-D design
spectrum with a 7 percent probability of exceedance in 75
years, as presented in Figure 13, and the MCE response
spectrum, determined by multiplying the design response
spectrum by 1.5. During time history analyses, the major
component (the one with a larger PGA) is applied to the
longitudinal direction, while the minor component is
applied to the transverse direction simultaneously. It is
noted that no provisions are available in the current codes
to explicitly account for the incident angle of the ground
motions, and the horizontal components are typically
randomly applied in the principal directions [43, 62]. Te
longitudinal and transverse directions of the curved bridges
are considered similar to those defned in Section 4. Te
GM records are tabulated in Table 6, and Figure 13 rep-
resents the spectra of the GMs scaled to be compatible with
the design response spectrum in the period range from
0.2 T to 2.0 T, where T is the fundamental period of the
bridge. It is noted that the procedure adopted in this re-
search for ground motion scaling is based on the current
seismic design codes such as ASCE-07 [63] and AASHTO
[3] provisions. It is worth mentioning that there are also
some efective methodologies available to incorporate
uncertainty in ground motion selection via applying a
stochastic excitation [64]. However, the use of such
methods is out of the scope of this research and can be
investigated in future studies.

 . Results and Discussion

Tis part consists of a discussion regarding the results ob-
tained from the nonlinear time history analysis of bridge
models. Te evaluations are made upon the mean responses
obtained from the analyses. In this section, local (tangential
and radial) seismic demands are evaluated. However,
OpenSees software is only capable of providing drift and
displacement demands in the global directions. In this
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Figure 9: Pushover curves of F0, L0, and H0 bridge models in (a) longitudinal and (b) transverse directions.

0

5000

10000

15000

20000

25000

30000

Ba
se

 S
he

ar
 (K

N
)

0.2 0.450.150.05 0.25 0.3 0.35 0.40.10
Displacement (m)

Free
Soil + 10 Piles
Soil + 20 Piles

(a)

0

5000

10000

15000

20000

25000

30000
Ba

se
 S

he
ar

 (K
N

)

0.2 0.450.150.05 0.25 0.3 0.35 0.40.10
Displacement (m)

Free
Soil + 10 Piles
Soil + 20 Piles

(b)

Figure 10: Pushover curves of F1, L1, and H1 bridge models in (a) longitudinal and (b) transverse directions.
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Figure 11: Pushover curves of F3, L3, and H3 bridge models in (a) longitudinal and (b) transverse directions.
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Figure 12: Pushover curves of F6, L6, and H6 bridge models in (a) longitudinal and (b) transverse directions.
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Table 6: Description of ground motion records.

# Name Year Station Magnitude
PGA

Shear wave velocity
Scale factor

Major (g) Minor (g) DBE MCE
1 San Fernando 1971 LA-hollywood stor FF 6.61 0.225 0.195 316.46 2.34 3.51
2 Tabas_Iran 1978 Boshruyeh 7.35 0.106 0.085 324.57 3.89 5.84
3 Imperial Valley-06 1979 El centro array #13 6.53 0.139 0.118 249.92 3.66 5.49
4 Superstition Hills-02 1987 Poe road (temp) 6.54 0.475 0.286 193.67 1.40 2.10
5 Loma Prieta 1989 Fremont-Emerson court 6.93 0.192 0.14 284.79 3.15 4.73
6 Manjil_Iran 1990 Abhar 7.37 0.209 0.132 302.64 2.15 3.22
7 Northridge-01 1994 LA-Pico & Sentous 6.69 0.186 0.103 304.68 3.51 5.27
8 Kobe_Japan 1995 Sakai 6.9 0.152 0.127 256.00 2.83 4.25
9 Umbria Marche_Italy 1997 Castelnuovo-Assisi 6.0 0.173 0.105 293.00 3.27 4.91
10 Iwate_Japan 2008 Kitakami Yanagiharach 6.9 0.206 0.154 348.99 3.39 5.09
11 El Mayor-Cucapah_Mexico 2010 RIITO 7.2 0.397 0.376 242.05 1.00 1.50
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regard, global responses are processed at each time step in
the analysis using equation (7) to be converted into local
demands. Assuming c as the central curve angle, as pre-
sented in Figure 14, α is calculated using Table 7.

Tt

At

⎡⎢⎢⎢⎣ ⎤⎥⎥⎥⎦ �

cos α sin α

−sin α cos α
⎡⎢⎢⎢⎣ ⎤⎥⎥⎥⎦

Xt

Yt

⎡⎢⎢⎢⎣ ⎤⎥⎥⎥⎦. (7)

In equation (7), Xt,Yt, Tt, and At, respectively, represent
the displacement or drift response at the time t during time
history analysis in the longitudinal, transverse, tangential,
and radial (i.e., azimuthal) directions. Since the structure is
symmetrical with respect to its central transverse axis, the
seismic responses are determined for the side columns (Pier
2 and Pier 4), and the abutments (Abutment 1 and Abut-
ment 5) are almost equal. In this paper, component re-
sponses are based on the drift demands of the middle and
side columns (i.e., maximum demand of Piers 2 and 4) and
the abutment displacements (i.e., the maximum displace-
ment of Abutments 1 and 5).

Te actual maximum vectorial displacement [43, 62] is
also defned in this paper as real displacements using
equation (8), where Rt is the real response. It is noted that in
current computer programs for structural analysis, only the
maximum displacements in the global X and Y directions
(i.e., Xt and Yt in equation (8), respectively), corresponding
to the longitudinal and transverse directions in this research,
are available. However, the actual maximum displacements
occur in a diferent direction (i.e., in a random direction)
that does not necessarily correspond to the principal axes of
structure. To determine the actual total absolute value of the
displacements, also referred to as “real displacement” in this
research, a computer code was developed to determine the
actual displacement using equation (8) at each analysis time
step and predict the maximum actual displacement during
the time history analysis.

Rt �

�������

X
2
t + Y

2
t



. (8)

6.1. Column Drift. According to Figures 15–18, when soil-
abutment-bridge interaction is neglected, the super-
structure curvature only slightly infuences the column
drift responses, especially when the seismic excitation level
is low. In these models, since the abutments do not par-
ticipate in the seismic response, the maximum column
drift demand is achieved in both tangential and radial
directions. As presented in Figures 15 and 18, consider-
ation of the abutments as a part of the lateral load-resisting
system in addition to the bridge columns leads to a no-
ticeable decrease in column drift demands in the tangential
direction. For the case of straight bridges, the diference in
the column drift demands predicted using the F0 and L0
models is almost 55%.Te diference increases to 60% once
abutments with higher stifness are used. In the bridge
models that the abutment is included in structural mod-
eling, the curved geometry considerably infuences the
seismic responses in a way that the column drift demands
increase in the tangential direction and decrease in the
radial direction as the central angle of curvature increases.
In this regard, the diference in the predicted column
demands using F6 and L6 models is around 30%, and it
increases to 50% when the results obtained using the F6
and H6 models are compared in the tangential direction.
Adding extra piles to obtain excessive stifness and re-
sistance has prominent efects on reducing the tangential
drift demands. For instance, in the DBE level, a maximum
of 20% column drift reduction is observed when abut-
ments with higher stifness are used compared to the case
where abutments with lower participation in load resisting
exist. Tis diference increases up to 25% when responses
are evaluated in the MCE excitation level (see Figures 15
and 18). On the other hand, the radial responses are only
slightly infuenced by extra piles. Regardless of the abut-
ment model used, the middle and side columns of the
straight bridges have almost equal displacements in the
tangential direction; however, when the soil-abutment-
bridge interaction is considered in the structural modeling
of horizontally curved bridges, the response of one of the
columns becomes more critical. For instance, Pier 2 (i.e.,
the edge column) in models having abutments with lower
stifness and Pier 3 (i.e., the middle column) in bridges
simulated with abutments having higher stifness are the
critical columns, respectively. In fact, the results indicate
that a larger horizontal curvature can result in the con-
centration of seismic demands in a few elements that can
eventually lead to signifcant structural damage. Tis is
similar to the efects of irregularity on the seismic response
of bridges with diferent column heights, as pointed out by
Tehrani and Mitchell [8].

On the contrary, in the radial direction, drift demands
concerning the middle column are noticeably diferent from
the side columns. As presented in Figure 16, in the straight
bridge and the models with a slight curvature, when the
abutments are included in the seismic analysis, drift de-
mands of the middle column are higher than or almost equal
to the demands of the models without abutment in the DBE
and MCE levels, respectively. Previous studies have shown
that substructure irregularity leads to an unequal

Table 7: Guideline for calculating α.

Response Abutment 1
displacement

Pier 2
drift

Pier 3
drift

Pier 4
drift

Abutment 5
displacement

α c/2 c/4 0 −c/4 −c/2

γ

Abutment 1 Abutm
ent 5

Pier 2

Pi
er

 3

Pi
er 

4

Figure 14: Curvature with a central angle of c.

Shock and Vibration 11



0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6

D
RI

FT
 (%

)

0 60 90 120 15030 180
SUBTENDED ANGLE

Free
Soil+10Piles
Soil+20Piles

(a)

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6

D
RI

FT
 (%

)

0 60 90 120 15030 180
SUBTENDED ANGLE

Soil+10Piles
Soil+20Piles

No Abutment

(b)

Figure 15: Drift demands of the middle column in all bridge confgurations in the tangential direction using GMs compatible to (a) DBE
and (b) MCE response spectrums.

0
0.2
0.4
0.6
0.8

1
1.2
1.4

D
RI

FT
 (%

)

0 60 90 120 15030 180
SUBTENDED ANGLE

Free
Soil+10Piles
Soil+20Piles

(a)

0
0.2
0.4
0.6
0.8

1
1.2
1.4

D
RI

FT
 (%

)

0 60 90 120 15030 180
SUBTENDED ANGLE

Soil+10Piles
Soil+20Piles

No Abutment

(b)

Figure 16: Drift demands of the middle column in all bridge confgurations in the radial direction using GMs compatible to (a) DBE and
(b) MCE response spectrums.
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Figure 17: Real drift demands of the middle column in all bridge confgurations using GMs compatible to (a) DBE and (b) MCE response
spectrums.
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distribution of drift and ductility among columns
[5, 7, 35, 65]. Although columns are the same height in this
study, the nonuniform dispersion of drift demand is ob-
served when the bridges are restrained by the stifness and
resistance of abutments. Drift demand is almost equally
distributed among columns in severely curved bridges in the
radial direction. Boundary conditions of abutments do not
infuence the distribution of displacement demand among
middle and side columns in the tangential direction as much
as the radial direction. As presented in Figure 19, curvature
slightly infuences seismic responses of side columns in the
radial direction when the records are applied at higher
seismic excitation levels.

It is observed from Figure 17 that the real drift re-
sponses of the middle column are nearly 15 to 20% larger
than drift demands in both perpendicular directions, for all
bridge confgurations in both seismic excitation levels in
the case that free abutment is used. When drift responses
are predicted in the tangential direction, this diference
increases to 50% in the case that soil-abutment-bridge
interaction is accounted for in straight and slightly curved

bridges in both seismic excitation levels, and it decreases to
almost 10% in highly curved bridges in the DBE level. Te
diference between real drift demands and responses in the
radial direction when the abutment model is included
ranges from 5 to 40% in slightly and highly curved models,
respectively. Horizontal curvature slightly infuences the
real seismic displacement demand of the middle column so
that the column drifts decrease as the subtended angle
increases. However, according to Figure 20, the curvature
does not infuence the seismic responses of side columns
when predicted using real drifts. As presented in Figure 20,
the diference between the real and radial drift demands of
the side column is around 25% at the DBE level and 20% at
the MCE level when the free abutment is used. When soil-
abutment-bridge interaction is considered, prediction of
the drift demands of straight and slightly curved bridges
using real maximum vectorial drifts results in 30% and 5%
increase in displacements of side columns in the tangential
and radial directions, respectively. Moreover, this difer-
ence reaches 20% in highly curved bridge structures in both
perpendicular directions.
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Figure 18: Drift demands of side columns in all bridge confgurations in the tangential direction using GMs compatible to (a) DBE and
(b) MCE response spectrums.
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Figure 19: Drift demands of side columns in all bridge confgurations in the radial direction using GMs compatible to (a) DBE and (b) MCE
response spectrums.
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6.2. Deck Displacement at the Abutment. Lines presented by
red color in Figures 21–23 demonstrate the deck displace-
ment at the abutments in straight and horizontally curved
bridges having free abutments. Black and yellow colors are
representatives of bridges having abutments with low and
high stifness, respectively. Subtended angles are also
demonstrated in radar graphs. Comparing the results at-
tributed to bridges with free abutments shows that although
curved geometry is not a key factor infuencing deck dis-
placements, it leads to a slight increase in deck displacements
at the place of abutments in the tangential direction and
prevents the deck from excessive displacements in the radial
direction. It is revealed from the fgures that the consider-
ation of soil-abutment-bridge interaction results in de-
creasing deck displacement by up to 50% in the tangential
direction and 90% in the radial direction in the straight
bridge model. By looking through Figures 21 and 22, it is
inferred that the addition of backfll soil and abutment piles
to the bridge models contributes to the increase and decrease
of the deck displacements in the radial and tangential di-
rections, respectively, as the central angle of the curvature
increases. For instance, the deck displacement of bridges
with no abutments increases by up to 65% (i.e., the diference
between the responses of F6 and H6 models) in the tan-
gential direction and decreases by up to 55% (i.e., the dif-
ference between the responses of F6 and H6 models) in the
radial direction in highly curved bridges, compared to the
cases that the abutment response is considered in structural
modeling. It is also noted that due to the excessive nonlinear
behavior of abutments at the MCE level, the diferences of
abutment displacements for diferent subtended angles
become smaller. Extra piles are more efective in preventing
excessive abutment displacements in the radial direction
rather than the tangential direction, particularly when the
earthquake records are applied at the MCE level. Large deck
displacements at the place of abutments (i.e., displacements
larger than the seat width of the abutment in the tangential
direction) lead to deck unseating, which is more pronounced
in curved bridges due to their excessive deck displacements.

As presented in Figure 22, the real abutment displace-
ments are only slightly infuenced by horizontal curvature.
When the free abutment is used, the real responses increase
about 15% on average compared to the predictions obtained
in both perpendicular directions for both seismic excitation
levels. As it was observed before, in the case that the
abutment model is included, abutment displacements are
larger in horizontally curved bridges compared to slightly
curved and straight bridges. As a result, the diference be-
tween real abutment displacements and the same responses
in both perpendicular directions ranges from 75% in straight
bridges (L0 and H0 models) to 20% in highly curved bridges
(L6 and H6 models).

6.3. Comparison of Seismic Responses of Curved Bridges with
an Equivalent Straight Bridge. In this section, seismic re-
sponses of curved bridges, including column and deck
displacements, are compared with the equivalent straight
bridge. Under certain circumstances, AASHTO [3, 4] sug-
gests that the response of curved bridges can be predicted
using an equivalent straight bridge model. Te equivalent
straight bridge is defned to have the same material and
section properties as the curved bridge with span lengths
equal to the arc lengths of the curved bridge except for the
curvature of the superstructure.

As presented in Figure 24, when the abutment model is
not included in bridges (i.e., free abutments), the dif-
ference between middle and side column displacements of
the curved bridges and the equivalent straight bridge in
the tangential direction and side column displacement in
the radial direction is below 10%. However, this diference
for the displacement of the middle column in the radial
direction ranges from 10% to 20%. It can be concluded
that in the case that the abutment model is neglected,
estimating column displacements of curved bridges using
an equivalent straight bridge can lead to slightly con-
servative response predictions, especially in severely and
moderately curved bridges.
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Figure 20: Real drift demands of side columns in all bridge confgurations using GMs compatible to (a) DBE and (b) MCE response
spectrums.
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According to Figure 24, when abutments with lower
stifness are included in analyses for the highly curved
bridges (i.e., bridges with subtended angles higher than 150
degrees), the diference between the column displacements
of the curved and equivalent straight bridges ranges from
10% to 40%. Tis diference ranges from 10% to 60% when

abutments with higher stifness are used. In the horizontally
curved bridge with the subtended angle of 30 degrees, the
diference of the column responses with respect to the
equivalent straight bridge is smaller than 10% in both
perpendicular directions. Since a large diference exists
between the column demands predicted for the curved
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Figure 23: Real abutment displacement in all bridge confgurations using GMs compatible to (a) DBE and (b) MCE response spectrums.
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Figure 21: Abutment displacement in all bridge confgurations in the tangential direction using GMs compatible to (a) DBE and (b) MCE
response spectrums.
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Figure 22: Abutment displacement in all bridge confgurations in the radial direction using GMs compatible to (a) DBE and (b) MCE
response spectrums.
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Figure 24: Continued.
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Figure 25: Curved/straight deck displacement ratios at abutments predicted in the tangential direction at (a) DBE, (b) MCE levels; ratios
predicted in the radial direction at (c) DBE, (d) MCE levels; ratios predicted using real displacements at (e) DBE, (f ) MCE levels.
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Figure 24: Curved/straight column displacement ratios of the middle column predicted at (a) DBE, (b) MCE levels, side column at (c) DBE,
(d) MCE levels in the tangential direction; ratios predicted for middle column at (e) DBE, (f ) MCE levels, side column with GMs compatible
to (g) DBE, (h) MCE levels in the radial direction, curved/straight real column displacement ratios of the middle column at (i) DBE, (j) MCE
levels, side column at (k) DBE, (l) MCE levels.
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bridges with respect to the equivalent straight bridge when
the abutment is added to bridge models, it is suggested to
analyze curved bridges with the subtended angle of higher
than 30 degrees using their original shape as recommended
by AASHTO [4].

As demonstrated in Figures 21, 22, and 25, nonlinear
behavior of the abutments, especially in the MCE excitation
level, has made abutments in the curved bridges more in-
volved in seismic load-bearing than columns compared to
the straight bridge. As a result, the diference between
column displacements of the curved and equivalent straight
bridge has decreased at the MCE level.

According to Figures 25(a) and 25(b), when free abut-
ments are used, the diference between the deck displace-
ment at the abutments in the highly and moderately curved
bridges and that of the equivalent straight bridge reaches
around 20% to 30% in the tangential direction. On the other
hand, only a slight diference is observed in the radial di-
rection. Hence, in the assessment of deck displacements at
the abutments when soil-abutment-bridge interaction is
ignored, it is recommended to use the curved bridge in its
original shape rather than estimating responses with an
equivalent straight bridge. However, it is noted that this
diference in slightly curved bridges (bridges with the
subtended angles of 30 and 60 degrees) is negligible. As
demonstrated in Figure 25, the existence of the abutment in
bridge models signifcantly increases the diference between
the deck displacements of a curved and equivalent straight
bridge in the radial direction, especially if responses are
evaluated in the MCE excitation level. According to
Figure 25(c), in assessing responses of a horizontally curved
bridge with a central arch angle of 30 degrees in the DBE
level, it is recommended to use an equivalent straight bridge.
However, according to Figure 25(d), the displacement of
abutments in the radial direction in the curved bridges is
around 3.5 times higher than that of the equivalent straight
bridge at the MCE excitation level. For larger subtended
angles, higher diferences are observed. As a result,
AASHTO’s recommendation is questionable at the MCE
level.

In a previous study [35], responses of the middle column
were compared to assess the feasibility of using an equivalent
straight bridge for the seismic response estimation of a
curved bridge at the DBE level. Results obtained in the
previous study are validated in the present research by
assessing seismic responses of more components, including
edge columns and abutments at diferent local and global
coordinates, considering diferent abutment properties and
diferent hazard levels (i.e., DBE and MCE levels). Te re-
sults indicate that it is not applicable to predict the seismic
displacements of the bridge deck at the abutments in the
horizontally curved bridges (even having subtended angles
lower than 30 degrees) using an equivalent straight bridge in
the MCE level when nonlinear abutment models are in-
cluded in analysis.

Real response estimates of the horizontally curved bridge
and an equivalent straight bridge are also compared in this
section. As presented in Figures 24(i) and 24(j), real drift
demands of the middle column of the horizontally curved

bridges in the models with free abutments have a slight
diference from those of the equivalent straight bridge even
in the F6 model (the diference is less than 10%). However,
when soil-abutment-bridge interaction is considered, this
diference increases to 35% and 30% in moderately and
highly curved models with the high-stifness abutments for
the DBE and MCE levels, respectively. In the assessment of
seismic drift responses, regardless of the abutment modeling
assumption, the diference between the real drifts of the side
columns in curved bridges and an equivalent straight bridge
is less than 10% in the MCE level for all subtended angles
(Figure 24(l)). However, this diference in the DBE level in
H3, H4, and H5 bridge models exceeds 10% to up to 15%
(Figure 24(k)). As presented in Figures 25(e) and 25(f), the
diference between the real displacements of the abutment in
diferent subtended angles does not exceed 30% (e.g., in
moderately curved bridge models) even in bridges with
high-stifness abutment models.

It is worth mentioning that while in this research, a
deterministic approach was adopted for seismic evaluations
based on the current seismic practice, more advanced
methodologies can be used in future studies to incorporate
the uncertainties rooted in bridge/earthquake engineering,
such as randomness in material properties, and modeling
errors in the seismic evaluations [66].

7. Conclusion

Tis study investigates the seismic performance of 21 bridge
models with straight and horizontally curved confgurations
using nonlinear time history analyses. For this purpose,
eleven sets of ground motion records are scaled and applied
to the fnite element bridge models created in the OpenSees
platform.Te bridges are designed and detailed based on the
recommendations of AASHTO LRFD bridge design speci-
fcations and AASHTO guide specifcations. Te bridges are
divided into three main categories concerning their
boundary condition at the place of abutments. To evaluate
the infuence of abutments on the seismic response of
bridges, seat-type abutments with the contribution of
backfll soil and two diferent pile confgurations, including
10 piles (i.e., abutments with lower stifness) and 20 piles
(i.e., abutments with higher stifness) are considered, and the
results are compared to the case that soil-abutment-bridge
interaction is neglected. Pushover analysis is also carried out
on all bridges to obtain their overall strength. Te conclu-
sions from this study can be summarized as follows:

(i) Results showed that neglecting soil-abutment-
bridge interaction leads to a lower-bound estimate
of the strength of the bridge and poses a large error
in nonlinear analyses. Backfll soil contributes to
seismic responses of horizontally curved bridges in
both longitudinal and transverse directions. After
the gap closure, the additional stifness and resis-
tance of backfll soil extremely increase the ultimate
strength of the bridge.

(ii) According to the results of nonlinear time history
analysis, if the abutments do not participate in the
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seismic load-resisting system of the bridge, the
superstructure curvature does not signifcantly in-
fuence the column drift responses. By accounting
for the soil-abutment-bridge interaction, the drift
demands considerably decrease and are noticeably
infuenced by the bridge curvature. Te addition of
extra piles to obtain excessive stifness and resis-
tance has a signifcant efect on reducing the tan-
gential drift demands; however, it only slightly
infuences column responses in the radial direction.

(iii) Curved geometry only slightly infuences deck
displacement responses in bridges with free abut-
ments. However, when the abutment model is in-
cluded in bridges, horizontal curvature afects deck
displacements. In this case, straight bridges have the
lowest deck displacements in the radial direction
that increase to the highest values in severely curved
models. Increasing the number of piles (i.e., in-
creasing the abutment stifness and strength) not
only helps the structure to neutralize the adverse
efects of curvature in the longitudinal direction but
also contributes to better control the excessive deck
displacements in highly curved bridges.

(iv) As the subtended angle increases, curvature slightly
afects the responses of bridges with free abutments.
However, displacements of the middle column and
abutments, especially in the radial direction, are
considerably infuenced by boundary conditions
provided by the abutment model. Te diference
between the responses of the curved bridges and the
equivalent straight bridge also increases inmoderate
and high curvatures when the abutment model is
included. In conclusion, abutment modeling is
critically important in the seismic response as-
sessment of curved bridges, and it can signifcantly
change the seismic responses of curved bridges with
respect to the equivalent straight bridges.

(v) Te results from this study support the fndings of
the previous study that the seismic responses of the
middle columns in horizontally curved bridges with
a subtended angle of less than 30 degrees can be
evaluated using an equivalent straight bridge.
However, the results of this study showed that the
deck displacements of moderately and highly
curved bridges at both excitation levels in the
tangential direction are larger than those of the
equivalent straight bridge. Te results also indicated
that the deck displacements of horizontally curved
bridges in the radial direction are signifcantly larger
than the equivalent straight bridge in the MCE
excitation level, especially when abutments with
higher stifness are used. Te use of the equivalent
straight bridges for these cases can result in an
underestimation of the superstructure movements
of the curved bridge at the abutments that can, in
turn, result in unseating of the bridge deck.

(vi) It is found that abutment modeling is critically
important in the seismic response assessment of
curved bridges compared to straight bridges.
However, in current seismic provisions, the efects
of seismic intensity, abutment properties, and
boundary conditions are not considered, when
equivalent straight bridges are used for design. Tis
can result in unsafe designs in some cases. Tere-
fore, the limitation on the subtended angle for
analyzing horizontally curved bridges using an
equivalent straight bridge is questioned at high
seismic intensities (e.g., at the MCE level) based on
the results from this study.
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