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Seismic investigation of pushover methods
for concrete piers of curved bridges in plan
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Abstract. The use of non-linear analysis of structures in a functional way for evaluating the structural seismic behavior has
attracted the attention of the engineering community in recent years. The most commonly used functional method for analysis is
a non-linear static method known as the “pushover method”. In this study, for the first time, a cyclic pushover analysis with
different loading protocols was used for seismic investigation of curved bridges. The finite element model of 8-span curved
bridges in plan created by the ZEUS-NL software was used for evaluating different pushover methods. In order to identify the
optimal loading protocol for use in astatic non-linear cyclic analysis of curved bridges, four loading protocols (suggested by
valid references) were used. Along with cyclic analysis, conventional analysis as well as adaptive pushover analysis, with proven
capabilities in seismic evaluation of buildings and bridges, have been studied. The non-linear incremental dynamic analysis
(IDA) method has been used to examine and compare the results of pushover analyses. To conduct IDA, the time history of 20
far-field earthquake records was used and the 50% fractile values of the demand given the ground motion intensity were
computed. After analysis, the base shear vs displacement at the top of the piers were drawn. Obtained graphs represented the
ability of a cyclic pushover analysis to estimate seismic capacity of the concrete piers of curved bridges. Based on results, the
cyclic pushover method with 1SO loading protocol provided better results for evaluating the seismic investigation of concrete

piers of curved bridges in plan.

Keywords:

curved bridges; pushover analysis; cyclic loading; incremental dynamic analysis

1. Introduction

The use of non-linear static analysis, called pushover
analysis, dates back to 1970. Over the next 10 to 15 years,
numerous articles were published on this method. The main
focus of these researches was the scope of application,
advantages and disadvantages of the pushover analysis, and
its comparison with linear and non-linear dynamic methods.
All proposed methods for performance-based design used
non-linear static analysis to find the capacity curve. The
purpose of pushover analysis was to evaluate the
performance of a structure by estimating resistance and
deformation capacities through on-liner static analysis, and
then comparing these capacities with demands at equal
levels of performance (Bozorgnia, and Bertero 2004).
Pushover analysis was identified in the past few years and
used in seismic instructions (Antoniou and Pinho 2004a).
Since determinant information based on the response
obtained from linear methods (static or dynamic) was not
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achieved, this pushover method also had limitations such as
the inability to consider higher modes or severe drops in
stiffness.  These problems were associated with
approximations for structures, especially in irregular
structures and in general structures with higher modes that
have indescribable effects (Krawinkler and Seneviratna
1998).

Due to the capability of the method, various procedures
of this method have been widely used and evaluated by
researchers (Mahdavi et al. 2012, Panyakapo 2014, Jeon et
al. 2015, Bayat et al. 2017a, b, 2015, Faal and Poursha
2017, Sobhan et al. 2017, Luo et al. 2017, Naghadehi 2011,
2016, 2017, Hashemi et al. 2015, 2014, 2018, Alkayem et
al. 2018, Kia et al. 2018).

A significant number of curved bridges are built and
serviced around the world. For example, horizontally
curved bridges form a significant part of the bridge
population in the United States, so, one-third of the steel
bridges made in the United States are curved (DeSantiago et
al. 2005, Amiri Hormozakiet al. 2015). Many of these
bridges need retrofitting for various reasons including
design and construction based on old codes, increasing
years of operation, and increasing traffic loads. Therefore,
their seismic capacity must be properly estimated; hence, it
is necessary to use analytical methods that have low
computational costs with high precision.
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In general, the pushover method is one of the most
important methods for evaluating the capacity of bridges.
However, the accuracy of different pushover procedures in
the calculation of capacity curves is different. Over the past
few years, a cyclic pushover analysis method has been used
to evaluate seismic behavior of building frames. Results
indicated the ability of this method to investigate seismic
performance of buildings. In this research, for the first time,
a cyclic pushover analysis was used to evaluate seismic
behavior of curved bridges along with conventional
pushover and adaptive pushover methods. Additionally, the
optimal lateral loading protocol for cyclic pushover was
identified. To evaluate the results, this analysis was
compared to IDA. The time history of 20 far-source
earthquake records was used to conduct the IDA.

2. Pushovermethods
2.1.Conventional pushover

This method is presented in different codes such as
SEAOC (1995), ATC40 (1996), FEMA273 (1997),
FEMAS356 (2000), and EC8 (2005). In this method, the
specific loading pattern is selected and the lateral load
intensity increases uniformly, which is usually done with
uniform or triangular distribution of lateral loads. The crack
sequence, plastic hinges, and structural failure are
determined by this method. The loading continues till the
target displacement is reached or the structure is destroyed.
Target displacement is used to express the maximum
movement, which is similar to the displacement of the
structure due to the expected earthquake. Considering the
constraints of the conventional method, many efforts have
been made to improve it. Different methods have been
suggested by various researchers including the adaptive
pushover analysis method (Antoniou and Pinho 2004b).

Advanced pushover analysis has been proposed by
researchers in various approaches. In these approaches,
researchers have attempted to consider the higher mode
effects. Additionally, they have tried to propose methods in
which the distribution of the lateral load at each level is
proportionate to the strength and stiffness variation of the
structure. The force-based and displacement-based adaptive
pushover are of the most important adaptive pushover
methods. Regarding the advantages of displacement-based
adaptive pushover, it is used in this research.

2.2 Displacement-based adaptive pushover method

The adaptive pushover method consists of four steps: a)
Definition of nominal load vector and mass inertia; b)
Calculation of load factor; c) Calculation of normalized size
vector; and d) Upgrading of displacement vector. In this
method, the displacement in each step of the analysis is
obtained by the following equation

u= /I.uo (@))
In this equation, 4 is the load factor and is determined by

the force control algorithm; and uis a numerical vector.
To determine the load vector form (or increase the load
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vector) at each stage and before increasing the load, the
vector of the normalized scale is calculated by the following
equation using the Lanczos algorithm

n - n 2
D, :J,%Dii :szﬂ(rj(p,-) @
D, =i

In this equation, | is the story number; j is the mode
number; T’} is the modal participation coefficient of the i
mode; and g;; is the mass normalized mode shapes for the it
story and j" mode. Finally, the vector of load u;in step t"is
calculated by the following equation

U, =U; 4 +A D +Ug 4)

t

In this equation, A}, is the increased load factor; Uy is
the load vector in the previous step; andug is the initial
nominal load vector value.

2.3 Cyclic pushover method

The cyclic pushover method is among other promising
procedures. This is a relatively new procedure for assessing
seismic behavior of structures. In general, this method
depends on the analysis of the modal response of non-linear
structures. The dynamic equation of the single degree of
freedom (SDOF) system under the influence of the seismic
load is as follows (Chopra 2016)

. . F )
Dn +2¢8nonDp +%::—Ug(t) 5)

In this equation, D,, D, , D, are the terms of

displacement,  velocity, and modal acceleration,
respectively; and &, w, are modal damping and modal
angular frequency, respectively. The internal resisting
modal force is calculated from the relationship

an ={¢n}T {fs(Dn'Dn)} - In addltlon, I‘n ={¢n }T [m]{l}
where {#,}, [m] and {i} are modal shape vector, mass
matrix and the unit vector, respectively. In addition, Ug(t) is
the ground motion acceleration.

In order to solve this equation, application of the
analysis of dynamic time history is a common solution. Of
course, the relationship between Fg, and D, can also be
obtained with a pushover analysis. In a modal pushover
analysis, the lateral force distribution in the pushover
analysis in any mode is f, which is obtained by the
following equation

fn = Tnlm]ign A, (6)

The modal participation factor is calculated as follows

Lo o) i
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Where M, is normalized modal mass of n'" mode. In the
cyclic pushover analysis, lateral force distribution in each
mode is defined as follows

frT =2iTn [m}gn }An )

In this equation, A; is the variability factor that
determines the direction of the force and is defined as
follows: if | is an odd number, then 4;=1; and if | is an even
number, then A4;=—1. The structure is subjected to the load
distribution in a positive direction, so that the displacement
of the structure reaches the maximum level. Then, force
distribution is applied in the negative direction to the
structure and continues until maximum displacement. This
process is followed by a predetermined time history (Chou
and Chen 2011, Anastasopoulos et al. 2012, Gidaris and
Taflanidis 2013, Purba and Bruneau 2015, Oinam et al.
2017). In structures which higher modes effects on
structural responses, these influences are considered using
cyclic pushover analysis.

In order to understand the importance of pushover
analysis in seismic evaluation of structures and due to the
multiplicity of different procedures in the pushover method,
this research has used a number of pushover methods
including conventional, adaptive, and cyclic. Conventional
and adaptive methods have been previously used to evaluate
seismic behavior of bridges. Considering the importance of
curved bridges in plan and the necessity of seismic study of
these structures through analytical methods (that have good
computational costs at high precision), a cyclic pushover
analysis was used in this research, for the first time, to
evaluate the seismic behavior of curved bridges. One of the
most important factors in a cyclic pushover analysis is the
loading protocol.
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Fig. 4 Loading Protocol ACI

In order to identify the optimal loading protocol for use
in a static non-linear cyclic analysis of curved bridges, four
loading protocols were suggested by valid references
including 1SO (2007), ATC-24 (Krawinkler 1992),
FEMA461 (2007), and ACI (2005). The diagrams for
loading protocols are shown in Figs. 1-4.

3. Introducing the curved bridge

In this research, a bridge was studied by considering all
members of its structure including the deck, the piers
connections between deck and piers and connections
between deck and abutments. The structure was modeled by
Burdette et al. (2008a) in the Zeus-NL software (2010). The
geometry and configuration of the bridge, the height of the
piers, the modeling of the elements, and the cross section of
the elements are shown in Figs. 5-9.

The bridge was 344 meters long with nine spans and
eight piers, and its concrete deck is made up of prestressed
box sections. The first and end spans of the bridge were 32
meters long, and the mid-spans had a length of 40 meters.
The bridge piers are single-column with circular cross
section. The radius of curvature of the deck is 200 meters.
The connection of the piers and abutements to the
foundations is also considered rigid support. To Model the
connection of the deck to the piers and abutements, springs
with linear and nonlinear behavior were used. Besides,
beam element which its nonlinear behavior is considered by
using fiber elements, were used to model the piers and
decks. Mass modeling was considered centrally in the nodes
related to the deck elements and at the top of the piers. Two
different behavioral model were used to model the concrete
behavior. The Mander model (1988) is used in monotonic
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Fig. 6 Bridge configuration to be studied in a 3D space with heights of piers

Table 1 Comparison of the bridge model period

Period of reference

Mode number (Burdette et al. 2008a)

Period of analysis

1 0.938 0.94
2 0.677 0.68
3 0.545 0.54
4 0.46 0.46

modes. The expanded model by Rueda and Elnashai
(Martinez-Rueda and Elnashai 1997) which are able to
consider the reduction of hardness and strength under cyclic
loads with numerical stability, were used in the cyclic
modes.

The behavior of steel in reinforced concrete was
modeled by bilinear elasto-plastic behavior. In order to
ensure the performance of the bridge model, results of the
analysis were compared with the results presented in
references (Burdette et al. 2008a). Based on the
comparison, the analytical model responses are very close
to the reference results. The first four modes of the structure
are shown in the Table 1.

4. Analysis and assessment of results

4.1 Determination of the critical pier

model of pier with 3D
beam-column element

model of deck with
3D beam-column
element

Fig. 7 Modeling the deck, piers, and beam-column

In this study, various loading protocols have been used
for the cyclic pushover analysis. In some of these protocols,
it was necessary to determine the bridge pier that yielded
object displacement. For this purpose, the conventional
pushover analysis was performed and yielding displacement
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Fig. 10 Acceleration time histories of the earthquakes (a) El
Centro, (b)Loma Prieta and (c) Manyjil

was calculated for each pier. In some other protocols, it was
necessary to calculate the maximum displacement of piers
and, accordingly, determine the loading protocol. Due to the
height difference among piers, displacement corresponding
to the pier yield (Dy) and their maximum displacement (D)
were different. However, it was necessary to identify
critical piers, and calculate the displacement of D, and Dy,
In order to determine the critical piers and their
maximum displacement, acceleration time histories of

Table 2 Displacement capacity at the tops of bridge piers
Pier number 2 3 4 5 6 7 8 9

Displacement 00 o0 95 145 205 757 757 295
capacity(mm)

Table 3 Specification of records used in IDA

Year of .
ro Barthquake the Ste.ltlon.of Magnitude PGA R
name registration (km)
event

1 Bam 2003 Cheshmehsabz 6.6  0.0234 191
2 Borahpeak 1983 ReactorPlant 6.88 0.0335 100
3 ChiChi 1999 CHY022 59 0.0104 106
4 Dinar 1995 Bardar 64 00165 36
5 Friuli 1976 Barcis 6.5 0.0292 49
6 Georjia 1991 Oni 6.2 0.0754 42
7 Kozani 1995 Edessa 64 00232 75
8 Landers 1992 Mel Canyon 728 0.0296 126
9 LumaPrita 1992 Death Valley 565 0.068 98
10 Manjil 1990 Tehran 737 00165 175
11 MorganHill 1984 SO 619 go703 32
12 Norcia 1979 Bevagna 59 00235 31
13 Norhridge 1094 A% 669 00673 66

sland

N. Palm Puerta La
14 Springs 1986 Cruz 6.06 00767 67
15  Parkfield 1966  San Louis 6.19 00118 63
16 Pelekanada 1984  Pelekanada 50 01735 155

Springs
17 Sanfemando 1971 Purgphguse 661 00270 92
18 Tabas 1978 Bajestan 735 0.0907 120
19 Taiwan 1983 SMART1E02 65 0.0056 92

- Castaic -
0 Whittier o6 Hasley 599 00316 63

Narrows
Canyon

ElCentro, Loma Prieta, and Manjil earthquakes were
applied to the bridge, and a non-linear dynamic analysis
was carried out with different scales. Diagrams of the time
histories are displayed in Fig. 10. Maximum displacement
values of pier vertices were recorded in the transverse
direction at each step. Earthquake intensity was increased
by multiplying a scalar quantity as a scale factor to the
acceleration time history of each earthquake. For one of the
piers, an increase in earthquake intensity continued to the
point where top displacement of the pier reached its
displacement capacity. The scale factor corresponding to the
displacement capacity of the pier is considered as the scale
of ultimate capacity and the pier is identified as the critical
pier, too. Rayleigh damping has been used in time history
analysis. Caltrans (2010) relationship has also been used to
determine displacement capacity at the tops of bridge piers.
The amount of displacement capacity at the tops of bridge
piers was calculated according to regulations; results are
shown in Table 2.

By conducting similar analyses for the Loma Prieta and
Manjil earthquakes, results of the IDA were also
investigated and identified; when maximum displacement at
the top of pier 5 reached its displacement capacity, the other
piers still showed linear behavior. Therefore, in the Loma
Prieta and Manjil earthquakes, pier 5 was the critical pier;
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Fig. 12 Pushover and IDA diagrams for pier 3

maximum earthquake acceleration corresponding to the
final capacity was 0.61 gravity acceleration for the Loma
Prieta earthquake and 0.39 gravity acceleration for the
Manijil earthquake.

4.2 Perform incremental dynamic analysis

For estimating pushover analysis, a non-linear IDA
(Vamvatsikos and Cornell 2002, Bayat et al. 2015) was
carried out. In fact, pushover analysis results were
compared to IDA results, and the ones closest to the IDA
were identified as superior pushovers.

According to Table 3, 20 far-field records received
(Bayat et al. 2017b) from the PEER site (Next Generation
Attenuation of Ground Motions 2006) have been used in
this study for the IDA (Vamvatsikos and Cornell 2004).

Under the influence of the 20 introduced records, the
IDA for the bridge was carried out (as shown in the table
above) and IDA curves were calculated. According to the
number of graphs obtained for optimum use of calculations,
50% fractile IDA curve which is also called the median
IDA, was calculated for each of the piers. The IDA analysis
provides an insight of structure behavior.

4.3 Perform pushover analysis

Pushover analysis results along with the median IDA
curve are presented in Figs. 11 to 18 and Tables 4-11. In the
figures, the vertical axis represents the base shear, and the
horizontal axis represents the displacement of the top of the
pier. In addition, the base shear vs. drift ratio of the top of
the pier is shown in the tables. Each of the proposed

Table 4 The base shear vs. drift ratio of the top of the pier2

Conv.  Adaptive ACILoad ATCLoad VA iSO Load
Load IDA50%
Pushover Pushover  Pattern Pattern Pattern Pattern

drift vV drift Vv drift V dift VvV dift VvV dift V dift V
ratio (kN) ratio (kN) ratio (kN) ratio (kKN) ratio (kN) ratio (kN) ratio (kN)
0.0000 O 0.0000 O 0.0000 O 0.0000 O 0.000 O 0.0000 0 0.0000 O
0.0007 173 0.0010 259 0.0007 186 0.0008 211 0.0010 259 0.0007 180 0.0010 222
0.0019 405 0.0019 412 0.0017 390 0.0018 395 0.0019 412 0.0018 395 0.0030 558
0.0020 425 0.0022 447 0.0030 517 0.0023 451 0.0022 447 0.0026 480 0.0040 672
0.0042 626 0.0038 589 0.0065 807 0.0042 625 0.0038 589 0.0043 631 0.0060 793
0.0062 786 0.0051 687 0.0083 924 0.0061 773 0.0051 687 0.0071 847 0.0070 865
0.0079 906 0.0061 775 0.0089 952 0.0079 902 0.0061 775 0.0091 964 0.0080 937
0.0091 964 0.0086 939 0.0092 965 0.0094 975 0.0086 939 0.0099 994 0.01001028
0.013810600.012510480.012210430.012410440.01251048 0.011910310.0140 1100
0.014510630.014510700.014510530.0145 1056 0.014510700.014510720.0145 1107

Table 5 The base shear vs. drift ratio of the top of the pier3

Conv.  Adeptive ACILoad ATCLoad Iy 1SOLoad |y oo
Pushover  Pushover  Pattern Pattern Pattern Pattern 0

drift vV drift V dift V drift V dift V drift V dift V

ratio (KN) ratio (kN) ratio (kN) ratio (kN) ratio (KN) ratio (kN) ratio (kN)
0.0000 0 0.0000 O 0.0000 O 0.000 O 0.000 O 0.000 O 0.000 0
0.0008 142 0.0007 120 0.0007 123 0.0007 120 0.0007 120 0.0006 115 0.0008 153
0.0016 270 0.0021 325 0.0017 292 0.0017 288 0.0015 262 0.0021 331 0.0025 367
0.0020 316 0.0025 361 0.0019 305 0.0025 361 0.0017 288 0.0028 383 0.0033 429
0.0035 422 0.0050 510 0.0032 406 0.0050 510 0.0035 426 0.0050 511 0.0050 531
0.0043 470 0.0066 590 0.0047 494 0.0066 590 0.0066 590 0.0059 554 0.0058 333
0.0057 546 0.0079 649 0.0069 605 0.0079 649 0.0079 649 0.0079 648 0.0067 623
0.0096 714 0.0096 711 0.0092 695 0.0096 711 0.0096 711 0.0103 729 0.0100 760
0.0115 768 0.0107 747 0.0115 765 0.0107 747 0.0107 747 0.0110 749 0.0117 801
0.0121 772 0.0121 771 0.0121 770 0.0121 771 0.0121 771 0.0121 776 0.0121 811

analyses will have a more favorable performance if their
results are closer to IDA.

In pier 2, the cyclic pushover analysis provided similar
results. As shown in Fig. 11, in the capacity curve of the
adaptive pushover analysis, a hump was suddenly seen at
the end of the linear region, which didnot conform to IDA
results. Therefore, the performance of cyclic pushover
methods was better than adaptive pushover analysis.
Conventional pushover in the linear region showed good
performance, but structural capacity was less than estimated
in the non-linear region. There was no significant difference
in capacity curves generated by various cyclic pushover
protocols; however, the 1SO protocol is closer to the IDA
diagram.

Based on results obtained in pier 3, all pushover
analyses exhibited relatively similar performances. The
capacity of pier 3 was slightly more in anon-linear dynamic
analysis than in static analyses (see Fig. 12 and Table 5).

In pier 4, the difference between results of pushover
methods was more evident. According to the results
displayed in Fig. 13, the cyclic pushover analysis with ACI
loading protocol and conventional pushover analysis did not
show satisfactory performance. The other pushover
analytical methods in the linear region showed similar
results through IDA. At the start of the non-linear area, the
IDA showed more capacity for pier 4 as compared to
pushover analyses. By evaluating the results, the cyclic
pushover analysis with ISO loading protocol provided a
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Table 6 The base shear vs. drift ratio of the top of the pier4

Table 8 The base shear vs. drift ratio of the top of the pieré

Conv.  Adaptive ACILoad ATC Load FEMA 1SO Load
Load IDA50%
Pushover ~ Pushover  Pattern Pattern Pattern Pattern

Conv.  Adaptive ACILoad ATC Load FEMA 1SO Load
Load IDA50%
Pushover  Pushover  Pattern Pattern Patten Pattern

drift vV drift vV dift V dift V drift V drift V dift V
ratio (kN) ratio (KN) ratio (kN) ratio (kN) ratio (KN) ratio (kN) ratio (KN)

drift vV dift VvV dift VvV dift V drift V drift V drift V
ratio (kN) ratio (kN) ratio (kN) ratio (KN) ratio (kN) ratio (KN) ratio (kN)

0.0000 O 0.0000 O 0.0000 O 0.0000 O 0.0000 O 0.0000 0 0.0000 O

0.0016 461 0.0014 481 0.0043 772 0.0014 473 0.0014 481 0.0012 426 0.0022 736
0.0019 500 0.0018 583 0.0063 970 0.0026 708 0.0018 583 0.0020 570 0.0033 856
0.0025 575 0.0026 704 0.007210400.0037 811 0.0026 704 0.0028 726 0.0044 976
0.0055 895 0.0039 829 0.007910820.0053 989 0.0039 829 0.0047 919 0.0067 1146
0.007610650.0054 1006 0.0092 11320.0070 11220.0054 1006 0.0062 1078 0.0089 1187
0.010111570.0068 1098 0.0102 1162 0.0087 11600.0068 10980.0079 1140 0.0111 1195
0.012711810.0076 1146 0.0128 11830.0107 11670.0076 1146 0.0115 11800.01331223
0.015411990.013111740.0144 11960.0138 12130.0141 1574 0.0149 1187 0.0156 1228
0.016111980.016111890.016111980.0161 11850.0161 11890.0161 11900.0161 1226

0.0000 0 0.0000 O 0.0000 O 0.0000 O 0.0000 O 0.0000 O 0.0000 0

0.0010 337 0.0010 398 0.0020 439 0.0016 517 0.0010 398 0.0006 219 0.0022 718
0.0012 382 0.0014 482 0.0029 577 0.0017 633 0.0014 482 0.0012 520 0.0033 852
0.0019 507 0.0020 600 0.0033 672 0.0026 711 0.0020 600 0.0018 612 0.0044 985
0.0028 620 0.0028 694 0.0049 840 0.0037 815 0.0028 694 0.0026 688 0.0067 1147
0.0037 719 0.0039 831 0.0063 969 0.0053 992 0.0039 831 0.0038 822 0.00891198
0.010111630.0040 869 0.007910860.0070 11280.0040 869 0.006210820.0111 1227
0.012711770.0049 931 0.011211850.0087 11670.0049 931 0.0079 11460.01331243
0.015412090.0106 11420.014012150.0117 1191 0.0106 11420.0132 1201 0.0156 1265
0.016112140.016112210.016112110.0161 12220.016112210.0161 12240.0161 1269

Table 7 The base shear vs. drift ratio of the top of the pier5

Conv.  Adaptive ACILoad ATCLoad EM& isOLoad |00
Pushover  Pushover  Pattern Pattern Pattern Pattern

drit vV drift VvV drift V dift V dift V dift V drift V
ratio (kN) ratio (kN) ratio (kN) ratio (kN) ratio (KN) ratio (kN) ratio (kN)

0.0000 0 0.0000 O 0.0000 O 0.0000 O 0.0000 O 0.0000 0 0.0000 O
0.0019 966 0.004115390.003413830.004115390.0041 15390.00431684.0.0017 726
0.0026 11660.005017320.004917160.005017320.0050 17320.0057 1848 0.0033 1452
0.004215550.0055 1801 0.005518050.0055 1801 0.005518010.0071 1944.0.0067 1991
0.006819230.007019400.006518950.007019400.0070 19400.0086 20080.0100 2103
0.010120300.0086 2008 0.0074 19590.0086 2008 0.0086 20080.010020460.0133 2126
0.015120790.013120570.0094 2034 0.0131 2057 0.0131 20570.017920960.0167 2133
0.019121300.0157 2084 0.016320690.0157 2084 0.0157 20840.0200 2118 0.0200 2109
0.023021660.0206 21290.021021300.0206 2129 0.0206 21290.0233 21530.0233 2163
0.024221740.024221570.024221190.0242 2157 0.0242 21570.0242 2158 0.0242 2177

Table 9 The base shear vs. drift ratio of the top of the pier7

. FEMA
Conv.  Adaptive ACILoad ATC Load Load 1SO Load IDA50%

Pushover  Pushover  Pattern Pattern Pattern Pattern

drift vV drift V dift V drift V dift V drift V dift V

ratio (KN) ratio (kN) ratio (kN) ratio (kN) ratio (KN) ratio (kN) ratio (kN)
0.0000 0 0.0000 O 0.0000 O 0.0000 O 0.000 O 0.000 O 0.000 0
0.0009 99 0.0010 113 0.0014 152 0.0010 113 0.0010 113 0.0012 132 0.0013 143
0.0015 169 0.0015 167 0.0020 213 0.0015 167 0.0015 167 0.0017 189 0.0020 194
0.0033 280 0.0017 183 0.0026 249 0.0017 183 0.0017 183 0.0023 232 0.0027 246
0.0045 328 0.0020 216 0.0030 267 0.0022 228 0.0020 216 0.0028 262 0.0040 317
0.0053 351 0.0028 260 0.0043 320 0.0028 261 0.0028 260 0.0040 310 0.0053 357
0.0060 375 0.0040 310 0.0055 358 0.0040 310 0.0040 310 0.0057 364 0.0067 399
0.0076 423 0.0063 382 0.0075 390 0.0063 382 0.0063 382 0.0061 375 0.0080 450
0.0092 468 0.0083 439 0.0092 448 0.0086 447 0.0083 439 0.0069 398 0.0093 480
0.0097 478 0.0097 478 0.0097 465 0.0097 478 0.0097 478 0.0097 481 0.0097 484

1200 —

1000

——AClload Pattern
——ATC load pattern
——FEMA load pattern
——|SO load pattern

——adaptive pushover

~——conv. pushover
IDA50%

0 0/02 0/04 0/06 0/08 0/1 0/12 0/14
A(m)

Fig. 13 Pushover and IDA diagrams for pier 4
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——FEMA load pattern
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——conv. pushover
IDA50%

0 0/02 0/04

006 008 01 012 014
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Fig. 14 Pushover and IDA diagrams for pier 5

1400
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400 ——ISO load pattern
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0 0/02 0/04 0/06 0/08 01 0/12 0/14
A(m)

Fig. 15 Pushover and IDA diagrams for pier 6

slightly better capacity curve than the other pushover
analyses.

As shown in Fig. 14, the adaptive pushover analysis
demonstrated a higher capacity than the IDA in the linear
region and in the early non-linear region. However, in
comparison with other cyclic pushover analyses, IDA
estimated a higher capacity for pier 5. In pier 6, the curve
obtained through a cyclic pushover analysis with ACI
loading protocol as well as through a conventional pushover
had a significant distance from the IDA curve, and did not
show satisfactory performance (see Fig. 15). The
performances of adaptive and conventional pushover
analyses with FEMA loading protocol were close to each
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500

400
%\ 300 > o
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Fig. 16 Pushover and IDA diagrams for pier 7
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Fig. 17 Pushover and IDA diagrams for pier 8

Table 10 The base shear vs. drift ratio of the top of the pier8

——AClload Pattern
——ATC load pattern
——FEMA load pattern
—ISO load pattern

~——adaptive pushover
——conv. pushover
IDA50%

0 0/02 0/04 0/06 0/08 0/1 0/12 0/14
A(m)

Fig. 18 Pushover and IDA diagrams for pier 9

Table 11 The base shear vs. drift ratio of the top of the pier9

Conv.  Adeptive ACILoad ATCLoad Iy 1SOLoad |n oo
Pushover  Pushover  Pattern Pattern Pattern Pattern ’

drift vV drift V dift V drift V dift V drift V dift V

ratio (KN) ratio (kN) ratio (kN) ratio (kN) ratio (KN) ratio (kN) ratio (kN)
0.0000 0 0.0000 O 0.0000 O 0.000 O 0.000 O 0.000 O 0.000 0
0.0012 368 0.0013 387 0.0019 490 0.0012 368 0.0013 387 0.0005 309 0.0022 816
0.0035 683 0.0021 518 0.0024 690 0.0034 662 0.0030 622 0.0007 507 0.0033 871
0.0052 850 0.0030 622 0.0042 752 0.0047 799 0.0035 675 0.0012 672 0.0044 926
0.0067 912 0.0035 675 0.0054 803 0.0057 884 0.0042 748 0.0022 756 0.0067 992
0.0088 978 0.0042 748 0.0063 910 0.0067 919 0.0049 816 0.0029 800 0.00891087
0.010110150.0049 816 0.0092 995 0.0087 992 0.0068 916 0.0062 930 0.0111 1134
0.012710700.0068 916 0.014310850.012210650.009510040.008910220.01331179
0.015411370.009510040.01601137 0.0144 11240.01331044.0.0124 10600.0156 1200
0.016111490.016111690.016111390.016111620.0161 1169 0.0161 11850.0161 1208

Conv.  Adaptive ACILoad ATC Load FLE;\:cf‘ 1SO Load IDAE0%
Pushover  Pushover  Pattern Pattern Pattern Pattern 0

drit vV dift vV drift V dift V dift VvV dift V dift V
ratio (kN) ratio (kN) ratio (kN) ratio (kN) ratio (kKN) ratio (kN) ratio (kN)

0.0000 O 0.0000 O 0.0000 O 0.0000 O 0.000 O 0.0000 0 0.0000 O

0.0007 82 0.0015 167 0.0014 152 0.0010 113 0.0015 167 0.0007 79 0.0013 171
0.0011 123 0.0020 217 0.0017 192 0.0017 184 0.0020 217 0.0012 132 0.0020 222
0.0019 203 0.0022 229 0.0022 230 0.0020 217 0.0022 229 0.0017 189 0.0027 273
0.0037 301 0.0028 261 0.0026 250 0.0022 229 0.0028 261 0.0028 263 0.0040 316
0.0053 353 0.0034 288 0.0030 269 0.0034 288 0.0034 288 0.0034 288 0.0053 366
0.0060 378 0.0052 353 0.0038 302 0.0052 353 0.0052 353 0.0047 334 0.0067 405
0.0076 425 0.0073 415 0.0043 322 0.0073 415 0.0073 415 0.0057 367 0.0080 449
0.0092 472 0.0086 452 0.0055 361 0.0086 452 0.0086 452 0.0071 410 0.0093 470
0.0097 483 0.0097 484 0.0097 448 0.0097 484 0.0097 484 0.0097 484 0.0097 480

other, and both estimated pier capacity better than cyclic
pushover analysis with ACI loading protocol; but compared
to the cyclic pushover with 1ISO and ATC loading protocols,
they had a greater distance from the non-linear dynamic
curve. In pier 6, the performance of cyclic pushover with
ISO and ATC loading protocols were better than other
pushover analyses.

In piers 7 and 8, the pushover analysis estimated less
pier capacity than the non-linear IDA. Based on the
calculated results shown in Figs. 16 and 17, in these piers,
the pushover analysis showed a similar function; only in
pier 7, the cyclic pushover analysis with ACI loading
protocol in the non-linear region showed a weaker
performance.

Based on results shown in Fig. 18, the cyclic pushover

analysis with ISO protocol in the linear region and in the
early non-linear region provided more pier capacity than
IDA. However, compared to other pushover analyses, the
cyclic pushover analysis with 1SO protocol showed better
performance.

5. Conclusions

Regarding the number of curve bridges in plan in all of
the world and their susceptibility to earthquakes, the
seismic investigation of curve bridges in plan in this
research is investigated. Pushover analysis is a very
powerful technique and is widely used in seismic evaluation
of structures. Therefore, various methods of pushover
analysis have been presented. In recent years, the cyclic
pushover method has been proposed by researchers to
evaluate seismic performance of buildings. Considering
cyclic pushover analysis specification and multiplicity of
loading protocols, cyclic pushover analysis with different
protocols was used in this research to study the seismic
performance of curved bridges in plan; the optimal loading
protocol was also identified in order to evaluate this
analytical method for curved bridges. For this purpose,
results of static non-linear analyses including cyclic
pushover analysis with ACI loading protocol, cyclic
pushover analysis with ATC loading protocol, cyclic
pushover analysis with FEMA loading protocol, cyclic
pushover analysis with ISO loading protocol, conventional
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pushover analysis and, displacement-based adaptive
pushover analysis were compared with that of non-linear
IDA.

The analytical model previously studied by Burdette et
al. (2008b) was used to evaluate the curved bridge in plan.
The finite element model of the bridge provided in ZEUS-
NL software was evaluated and its reliability was assured.
The curved bridge had 8 piers. Pushover analyses were
performed along with the IDA. To conduct the IDA, the
time history of 20 earthquake records was used, which was
eventually plotted with statistical computations of 50%.The
base shear displacement of the tops of piers was drawn for
the different piers and the performance of each pushover
method was compared to non-linear IDA.

Generally speaking, based on the results of this study,
cyclic pushover analysis provides better results for
evaluating the performance of concrete piers of curved
bridges as compared to conventional pushover analysis and
also adaptive pushover analysis. This can be due to the
reciprocal nature of cyclic pushover analysis which is closer
to real behaviour. Among the four protocols, the SO
loading protocol provided better results for evaluating
seismic performance of concrete piers of curve bridges in
plan. Therefore, according to this research, using cyclic
pushover analysis with 1SO loading protocol an lead to a
better evaluation of seismic performance of concrete piers
of curved bridges and somewhat, improve the weaknesses
of other pushover methods.
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