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ABSTRACT ARTICLE HISTORY

Prior to modern seismic codes, several road bridges were not designed for Received 4 July 2016
earthquakes in many moderate seismic regions. The seismic performance ~ Accepted 5 February 2017
of these bridges is questionable. A portfolio of 30 non-seismically KEYWORDS

designed bridges is compiled for seismic reliability assessment. Fragility Seismic Performance of
analysis is conducted, and the reliability of each structure is determined Highway Bridges; Multiple
considering typical moderate seismic areas. The study shows that slab Stripes Analysis; Fragility
and multi-girder bridges with elastomeric bearings perform worse, ~ Analysis; Seismic Risk
whereas girder bridges with conventional bearings and multi-girder Analysis; Moderate
bridges with monolithic joints have better behavior. It is also shown  Seismicity; seismic Reliability
that seismic design per Eurocode 8 leads to a reliability index of ~2.

1. Introduction

In moderate seismic areas, seismic risk mitigation efforts have lagged due to the fact that in these
regions, large earthquakes are infrequent and may not have been experienced for over a century
[Elnashai and Di Sarno, 2008]. The majority of the bridges were not designed for seismic loads
due to the lack of proper seismic provisions in many countries of moderate and low seismic
zones. For instance, as per the formal Hungarian road bridge standard UT [2004], only bridges
with spans over 50 m had to be designed for seismic actions regardless of their other—often
more relevant—parameters. Experience with existing and new structures [Zsarnoczay et al.,
2014; Simon et al., 2015; Simon and Vigh, 2016] showed that a large portion of road bridges may
be vulnerable to earthquake loads in moderate seismic regions. Since bridges are key elements of
the infrastructure (their failure causes significant economic consequences: disruption to the
traffic, transportation and emergency routes as well as economic loss and repair costs), it is an
urgent and important issue to evaluate the seismic performance and vulnerability of conven-
tional road bridges in these regions.

Comprehensive seismic performance evaluation of road bridges has been carried out in
Central and Southeastern United States [Nielson, 2005; Padgett et al., 2010], Italy [Borzi et al.,
2015; Zelaschi et al., 2015a, 2016], Greece [Moschonas et al., 2009], Turkey [Avsar et al., 2011],,
and Algeria [Kibboua et al., 2014]; however, most of these countries are characterized by high
seismicity, where the bridges are possibly seismically designed leading to different structural
characteristics and details in comparison to bridges in moderate seismic areas. Although Central
and Southeastern United States is a moderate seismic region, there may be different design
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traditions (e.g., Hungarian multi-span bridges are dominantly continuous, while simply sup-
ported versions are equally preferred in the Central and Southeastern United States) in other
countries; besides, Nielson [2005] investigated only single-span and three-span overpass bridges
on highways, while conventional large-span girder bridges are also typical structures in a bridge
inventory.

In this study, a portfolio of 30 non-seismically designed road bridges is compiled based on
the bridge inventory of Hungary. The bridges are selected to represent typical structures in
moderate seismic zones. Multiple stripes analysis is adopted to create component and system
fragility curves associated with three different damage limit states, using hazard-consistent
recorded ground motions. Component fragility curves are used to determine critical bridge
components, and system fragility curves are utilized to calculate the range of possible
reliability levels considering representative moderate seismic regions, the highest and lowest
seismic areas of Hungary.

2. Compilation of Representative Bridges

A portfolio of 30 representative, non-seismically designed bridges is compiled for seismic
performance assessment in three steps: (1) with the statistical analysis of the Hungarian road
bridge database [HTA, 2015], bridge types with the highest contribution to the highway bridge
stock (either with value or number) are highlighted; (2) various classification approaches (e.g.,
[NIBS, 1999; Moschonas et al., 2009; Avsar et al., 2011]) are taken into account to select the
eight representative bridge classes with possibly different seismic behaviors (Table 1); (3) as a
result of multiple consultations with Hungarian bridge designer companies, specific realiza-
tions representing important and typical bridges are chosen for each bridge class. The selected
bridges and their most important structural attributes are summarized in Table 2.

Figure 1a-d presents the most typical configurations, bridge components for the identified
bridge classes. There are some general properties that are similar for all bridge types. The
superstructure (SS) of multi-span bridges is mostly continuous; simply supported configura-
tions are not common. The foundation system is pile foundation with very few exceptions.
The main difference between the bridge classes is the superstructure-substructure joint type.
PMG-I and SLAB bridges are constructed with monolithic joints (M]J1 and MJ2) both at the
piers and abutments. PMG-NI bridges have monolithic joints (MJ2) usually at the middle
piers; however, elastomeric bearings (EBs) are used at other piers and at the abutments, where
expansion joints (EJs) are also applied to allow girder displacements in the longitudinal
direction. Other bridges (RC-B, COMP-I, COMP-B, STEEL-I, STEEL-B) are usually con-
structed with conventional bearings free or fixed in one or two horizontal directions (generally

Table 1. Selected representative bridge types.

No. Class type Abbreviation Bearing type Typical bent type Abutment type
1 Precast multi-girder PMG-I Monolithic Multi-bent Integral

2 Precast multi-girder PMG-NI Elastomeric + monolithic Multi-bent Seat type

3 RC slab SLAB Monolithic Multi-bent Integral

4 RC box girder RC-B Conventional bearing Single bent Seat type

5 Composite girder COMP-I Conventional bearing Multi-bent Seat type

6 Composite box girder COMP-B Conventional bearing Multi-bent Seat type

7 Steel girder STEEL-I Conventional bearing Single bent Seat type

8 Steel box girder STEEL-B Conventional bearing Single bent Seat type
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Figure 1. Typical bridge configurations: (a) PMG-I, (b) PMG-NI, (c) SLAB, (d) other conventional girders,
and (e) cross sections of each bridge class. For component codes, see Fig. 2.

on one or just some of the piers in the longitudinal, while on all the piers in the transverse
direction). Pier cap (PC) beams are used for PMG-I and PMG-NI bridges to provide proper
support for the precast beams, while piers are joined directly to the deck in case of SLAB
bridges. The abutment is integral type with monolithic joints (MJ2) for PMG-I and SLAB
bridges, and seat type for other bridge classes with the application of elastomeric (EB) or
conventional bearings (CBs) and EJ.

3. Numerical Modeling
3.1. General Description

A 3-dimensional beam element model is implemented in OpenSees [McKenna et al., 2010]
(Fig. 2a). The main structural elements (piers, superstructure, abutments, etc.) are modeled
with two-node beam elements with 6 degrees of freedom per node, while nonlinear springs are
used to model the flexible supports, the soil-structure interaction, and the bearings. The beam
elements are placed in the center of mass, while eccentricity between the member axes is
bridged over with rigid elements. The mass of the structure and the additional dead load are
lumped into nodes.

3.2. Superstructure and Pier Cap Beam

Plastic deformation of the superstructure and the PC beam is not expected as it is
concluded for typical girder bridges by Zsarndczay et al. [2014]; therefore, linear elastic
behavior is assigned to these components (elasticBeamColumn element).

3.3. Superstructure-Substructure Joints

In case of CBs, spring elements are placed at each bearing position (Fig. 2b, detail B), while
continuous monolithic joints are approximated with discrete contact points (Fig. 2b, detail A).
The constitutive models for bearings and EJs are presented in the following subsections.
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Figure 2. Numerical model. (a) Global numerical model, (b) details, and (c) material models.

3.3.1. Monolithic Joints

There are two typical monolithic joints (Fig. 3): (1) piers are joined directly to the deck in case
of SLAB bridges (MJ1); and (2) vertical reinforcement is applied to transfer lateral forces for
PMG bridges (MJ2). MJ2 is commonly used for SLAB bridge abutment joints as well. MJ1
joints can be characterized with complex behavior transferring both shear forces and bending
moments. Design and verification of such joints are based on the limitation of maximum
shear stress in the middle point. MJ1 monolithic bridge joints were studied with laboratory
tests by many researchers (detailed literature can be found in [Timosidis et al., 2015]);
however, there are only a few suggestions for the modeling. Although Timosidis and
Pantazopoulou [2009] proposed a uniaxial backbone curve for the shear stress-shear defor-
mation relationship, the input parameters hold a lot of uncertainties. Moreover, degradation
and other cyclic parameters are needed for proper modeling. In typical bridge configurations,
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Figure 3. Typical monolithic joints. (a) Piers are joined directly to the deck (MJ1). Shear reinforcement is
applied between: (b) the deck and the pier cap (MJ2); (c) the deck and the abutment (MJ2).

MJ1 joints show significantly higher resistance compared to the pier. For instance, if a typical
RC slab bridge is considered, the shear forces associated with cracking of the joint is two times
larger than the pier shear resistance. For this reason, and also due to the uncertainties in the
input parameters and modeling, MJ1 monolithic joints are incorporated as rigid connections
both for displacements and rotations (Fig. 2¢c, material model 2).

The behavior of MJ2 joints is simpler. Because only shear reinforcement is applied, they can
be characterized with semi-rigid flexural behavior. The rotational stiffness of the joint is
negligible compared to the bending stiffness of the adjacent structural elements (e.g. pier,
superstructure); therefore it can be best approximated as hinged [Fennema et al., 2005].
During the rotation of the joint, cracks may appear, and hence reliable estimation of the
concrete shear strength cannot be given. Therefore, MJ2 joints are modeled with two material
models working parallel to take into account the cyclic behavior of the vertical rebars and the
friction between the two concrete surfaces (Fig. 2¢, material model 3). The latter is modeled
using a bilinear model (Steel01 material), while material model calibration (Pinching4 mate-
rial) [Simon and Vigh, 2016] is carried out to model the cyclic behavior of the shear
reinforcement based on laboratory test results of pinned connections with 2¢16 vertical rebars
[Psycharis and Mouzakis, 2012].

3.3.2. Conventional Bearings

The most commonly used bearing type is the elastomeric bearing. The behavior in the free
horizontal direction can be characterized by a bilinear curve (Fig. 2c, material model 4). The
stiffness of the elastomeric bearing is associated with the shear stiffness of the rubber
bearing, while the shear capacity is calculated as the dynamic friction capacity considering
a friction coefficient of 0.4 for concrete and 0.35 for steel surfaces [Caltrans, 2013]. In the
fixed direction, the behavior is highly dependent on the actual configuration and restrainer
components. Ultimate resistance of the bearings could be estimated from the design forces
of the ultimate limit state; however, cyclic and even post-yielding behaviors are unpredict-
able without laboratory tests or detailed finite-element models. For this reason, a simplified
modeling is followed: bearing stiffness is fully rigid in the restrained direction, while their
failure is not incorporated in the model (infinite strength is assumed) (see Fig. 2¢c, material
model 5). The same assumption applies for other CBs in this study. Note that the decreased
stiffness due to yielding leads to lower seismic demands of the piers, abutments, and
foundations; thus, it is a conservative approach with regard to these important components
maintaining the structural integrity of the structure.
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3.3.3. Expansion Joint

The gap in the expansion joint can be modeled directly with separate components and
contact elements to recognize pounding. However, it is a difficult task to set proper
parameters for the contact stiffness to avoid convergence problems and excessive calcula-
tion time. A simpler approach is followed: the gap is integrated in the constitutive model
with high stiffness (to model rigid contact) and infinite strength (ElasticPPGap material)
(Fig. 2¢, material model 6).

3.4. Piers

Piers are modeled with nonlinear beam elements (dispBeamColumn element), material
nonlinearity is taken into account with fiber sections (see Fig. 2a), while geometric
nonlinearity (P-A effect) is also incorporated. Uniaxial constitutive models assigned to
the fibers are the Scott-Kent-Park concrete model (Concrete01 material) and the Giuffré-
Menegotto-Pinto reinforcing steel model (Steel02 material). Confined concrete properties
are calculated per EC8-2 [CEN, 2008b] Annex E. Note that due to the low shear
reinforcement ratio (<0.75%), the increase of strength and ductility of the confined
concrete is usually not significant (<10%).

3.5. Abutments and Backfill Soil

The abutment can be regarded as a rigid block, and stability failure is more possible than
failure due to inadequate strength. Therefore, abutments are modeled with simple linear
elastic behavior (elasticBeamColumn element). As part of the Caltrans seismic research
program, full-scale abutment field experiments were conducted [Maroney, 1995]. The test
results showed hyperbolic force-deformation behavior of the abutment-backfill soil system
subjected to monotonic longitudinal loading [Shamsabadi et al., 2007]. This hyperbolic
behavior is implemented in the model through compression-only nonlinear spring elements
(ZeroLength element) with adjusted spring characteristics (HyperbolicGap material) and
plastic behavior (Fig. 2¢c, material model 7). One end of the springs is attached to the nodes
of a rigid grid modeling the surface of the abutment; the other end is attached to fixed nodes
(Fig. 2b, detail C). The initial stiffness of the hyperbolic curve is calculated per Caltrans [2013]
from an initial stiffness value (K;) determined for the entire width (w) of the bridge. The
stiffness is adjusted to the backwall height (H) lumped into the nodes proportionally to the
corresponding areas (A). The ultimate force (F,;) is lumped into the surface nodes in the same
way, where 368 kPa maximum passive soil pressure is utilized for dynamic loads per Caltrans
[2013]. In Simon and Vigh [2016], it was concluded that the participating mass of the backfill
soil, the approaching slab, and the wing walls have insignificant influence in case of longer
bridges (>50 m). Since all the examined bridges are longer than 50 m, the above-mentioned
components are not incorporated in the numerical model for simplification.

3.6. Foundation

The dynamic impedance of the soil-foundation system can be approximated through assemblies
of springs, dashpots, and fictitious masses [Wolf, 1985]. The complex impedance is frequency
dependent, where the complex part represents radiation damping in the soil. As a conservative
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approach, both radiation and material damping of the soil are neglected in this study, and linear
springs are used (ZeroLength element) to take into consideration the translational and flexural
stiffness of the pile foundation (Fig. 2c, material model 1). The vertical stiffness of an individual
pile is determined as the initial stiffness of a simplified trilinear behavior, representing the
combined behavior of skin friction and tip resistance; and the estimation of the horizontal
stiffness is given according to EC8-5 [CEN, 2009] Annex C. The translational and rotational
stiffness of the foundations is calculated directly from the vertical and horizontal stiffness of the
piles accounting for the actual layout of the foundation system.

4, Reliability Assessment
4.1. Adopted Method for Fragility Analysis

State-of-the-art seismic vulnerability assessment is based on analytical fragility curves [Billah
and Alam, 2015] created with nonlinear time-history analysis (NLTHA). Fragility curves are
conditional probability statements giving the probability of reaching a particular limit state
(LS) for a given intensity measure (IM) level. For the unconditional probability of failure, the
IM exceedance rate for the reference period is needed, which is provided by the seismic hazard
curve of the site. Note that failure does not necessary mean collapse, it only shows that the
structure reached a predefined LS. Fragility analysis is a useful tool, since it enables retrofit
decisions regarding economical and financial aspects.

Widely applied methods exist for fragility analysis such as Incremental Dynamic Analysis
(IDA) [Vamvatsikos and Cornell, 2002] and Multiple Stripes Analysis (MSA) [Jalayer and
Cornell, 2009]. The study adopts MSA for two reasons: (1) it is proved to be more efficient
fragility estimates than IDA for a given number of structural analyses [Baker, 2015]; (2) it
allows for different ground motions to be used at varying intensity levels to represent the
differing characteristics of low- and high-intensity shaking. The steps of the MSA procedure
are presented in Fig. 4a. At each intensity level, a number of ground motions are selected for
each horizontal direction. Maximum demands are registered during NLTHA, then assuming
lognormal (LN) distribution, the median and the coefficient of variation (CoV) are calculated
for the demands. A single fragility point at an intensity level is obtained as follows:

P[(D>Cyg)|[IM] = [ P(D>a|IM)P(C.s; = a)da, (1)

where D is the calculated seismic demand; Cyg; is the capacity associated with the ith LS; the
second function is the probability density function of the capacity, and « denotes integration
over the demand parameter. The probability of component failure can be computed as:

pi = [y Pl(D> Cpsi)|IM)dA(IM), )

where d} is the derivative of the hazard curve (Fig. 4b).

In this study, the reliability index f calculated with the inverse standard normal
cumulative density function (CDF) is used to compare the seismic performance of
different bridge configurations:
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Figure 4. (a) Procedure of the Multiple Stripes Analysis and (b) PGA hazard curve for Komarom and
Debrecen considering soil type C.

B, =—0""(p;). (3)

The component fragility curves are useful to highlight critical components, and to calculate
the probability of component failure; however, a system fragility curve is required to deter-
mine the probability related to the whole structure. It is assumed that bridges compose series
systems (system failure is associated with the failure of any component). Using first-order
reliability theory, a simple lower and upper bound on the system fragility (P;,) can be
determined for an m component system with P; component probabilities at a given IM level:

m

H[l —Py.

i=1

max P; < Py, <1 -—

i=l:m (4)
The lower bound represents a system where the components are fully stochastically dependent
(unconservative estimate), while the upper bound assumes that the components are all
statistically independent (conservative estimate) [Nowak and Collins, 2000]. Additionally,
Monte-Carlo (MC)-type simulation is applied to give a better estimation based on the joint
distribution of the demands and capacities assumed to be multivariate LN (MLN) distribu-
tions [Nielson, 2005]. At each IM level, the marginal distribution of the component demands
is obtained during the MSA procedure, and then the cross-correlation is computed to fully
describe the distribution of the demands. The capacities are also estimated with an MLN
distribution, but in this case, the correlation between each component capacity is not known.
Accordingly, two cases are examined: full correlation or no correlation at all (regarding the
capacities). The idea of the simulation is to generate a large number of random samples from
the demand and capacity MLN distributions, then Py is determined by taking into account
the ratio of the cases of failure and the number of simulated cases. This can be done for various
IM levels to compose the individual points of the system fragility curve.

In this study, peak ground acceleration (PGA) is selected as the main IM for three reasons: (1)
as noted by Bradley [2012a], the probability of failure is independent of the chosen IM if hazard-
consistent ground motions are selected (Sec. 4.2); (2) comparison between fragility curves is
easier with a general IM such as PGA; (3) PGA is widely applied by researchers for the fragility
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evaluation of bridges [Nielson, 2005; Zelaschi et al, 2015b]. Ten (0.5:0.5:5 m/s?) intensity levels
are chosen, and 50 tri-directional ground motions (two horizontal and one vertical component)
are selected for each level in all cases considering soil type C (vg30 <360 m/s) per EC8-1 [CEN,
2008a]. One could model the different site amplification and filtering by the foundation as well
as the effect of wave propagation by using different prescribed ground motions as input at
various supports of the structure, see for example [Sextos et al., 2003a, b; Pinto and Franchin,
2010]. However, due to the difficulty in predicting the values of the parameters of current
models for the simulation of differential input, spatial variability of the seismic action is not
taken into account. Note that according to EC8-2, this issue should be investigated only for 5 of
the 30 examined bridges.

4.2. Ground Motion Selection

A state-of-the-art General Conditional Intensity Measure (GCIM) ground motion (GM)
selection procedure [Bradley, 2010, 2012b] is adopted in this study. The idea is similar to
that presented in [Baker, 2011], deriving the distribution of a vector of IMs conditional on the
main IM from their joint MLN distribution. The novelty of the GCIM method is that the IM
vector can consist of not only spectral accelerations (Sa) but also other IMs (such as energy
content or duration measures). The conditional distribution provides the theoretical distribu-
tion of potential GMs, which may be observed at the site; therefore, GM selection can be
carried out fully consistently with the seismic hazard. Bradley [2012b] proposed a selection
procedure similar to that of Jayaram et al. [2011]: a number of random realizations are
generated from the theoretical distribution, and then GMs with the smallest residual for
each realization are selected. Additionally, Bradley [2012b] suggested that multiple realization
sets should be generated, and finally the ground motion pack with the smallest Kolmogorov-
Smirnov test statistic (which defines the difference between the target distribution and the
empirical distribution of the GM set) should be selected.

The record selection is carried out for the area of Komarom and Debrecen selecting three-
component GMs, considering soil type C, and using the strong motion database of the Pacific
Earthquake Engineering Research Center [PEER, 2015]. The selection is based on the geo-
metric mean of the IMs of the horizontal directions; however the vertical components of the
selected records are also applied to the structure during the analysis. The bridge inventory is
diverse; therefore, it is most advantageous to select a vector of IMs that measure different
properties of the GM and correlate well with the seismic response of a wide range of different
bridge configurations. PGA and spectral acceleration (Sa) at T = {0.1:0.1:0.8,1.0,2.0,3.0,4.0} s
are considered to account for GM intensity over a wide range of vibration periods; and
additionally, acceleration spectrum intensity (ASI), peak ground velocity (PGV) as well as
velocity spectrum intensity (VSI), and displacement spectrum intensity (DSI) are included for
acceleration, velocity, and displacement sensitive structures, respectively. These parameters
represent peak responses; however, to describe cumulative phenomena, absolute velocity
(CAV)—which accounts for the amplitude, frequency content and duration of GM in a
cumulative manner [Campbell and Bozorgnia, 2010]—and significant duration (D55 and
Dgs95)—which approximately indicate durations of body and surface waves [Bommer and
Martinez-Pereira, 1999]—are also incorporated. Therefore, the IM vector consists of the
following 20 elements: {PGA, Sa(T0 = [0.1:0.1:0.8,1.0,2.0,3.0,4.0] s), PGV, ASI, VSI, DSI,
CAV, Dgs7s, Dgsos}. According to Bradley [2012b], the importance of different IMs should be
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taken into account by assigning different weights to them. The weights are set equally, thus the
total weight of the most important IMs related to peak responses is 0.85, while a total weight of
0.15 is assigned to the other IMs associated with cumulative behavior. PGA hazard is
calculated using the ground motion prediction model (GMPM) of Akkar and Bommer
[2010]; references to other GMPMs and the equations to calculate the correlation structure
for the joint distribution can be found in Bradley [2012b].

An example record selection is presented for Komarom: the theoretical distributions
(conditioned on the design PGA level: 10% probability of exceedance in 50 years) of some
selected IMs and the empirical CDF of the selected 50 GMs are shown in Figs. 5a, and Fig. 5b
presents the spectra of the selected records. The theoretical distributions are useful to analyze
the expected earthquake characteristics. For instance, the median significant duration is only
~7 s. According to EC8, when site-specific data are not available, the minimum duration of the
stationary part of the accelerograms should be equal to 10 s. Considering the expected
characteristics of possible earthquakes may lead to a decreased duration of the seismic load
and less conservative seismic demands, especially in the case of structures with rapid rates of
cyclic deterioration and accumulating plastic deformations [Chandramohan et al., 2015].

4.3. Damage Limit States

Three damage LSs per Priestley et al. [1996] are considered that can be associated with the
Damage Limitation (LS1), Significant Damage (LS2), and Near Collapse (LS3) LSs of EC8-3
[CEN, 2011a] (Table 3). The capacities of the bridge components are assumed to follow a LN
distribution per EC0 [CEN, 2011b]. In case of shear failure, CoV value is assigned according to
Biskinis et al. [2004]. The other LSs are determined in a prescriptive manner (the thresholds
are defined by the analyst) with assigned CoV values of 0.25, 0.30, and 0.35 [Nielson, 2005].

4.4. Uncertainties Applied During the Analysis

MSA can be regarded as a simplified MC simulation, where the capacity distribution is
known and the distributions of the demands are determined independently from a

1 3 1 7 1
Sa(0.5s) |’ K |
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0.5 A 0.5 0.5 £
A ! | ] =
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Figure 5. (a) Theoretical distribution of some IM conditioned on PGA (solid blue line). Blue dashed line:
KS bounds (0.1 confidence level); solid red line: empirical distribution of the selected records and (b)
acceleration response spectra of the selected records.



12 (&) J. SIMON AND L. G. VIGH

yoddns ay3 jo abpa ayy 03 sixe Bupuoddns dy) woly dULISIP 15950]D Y} Se painses|y ‘uoddns dyy Jo suoisuswip Y3 uo spuadasq -
"J01ABYq D124 3y} uo paseq sanideded pajuasaid syl yum sabplqg gy1s pue IN-DIN ‘-DWd 10} pasn -
'|991S 9SIDASURI) PUB 3210) [BIXE ‘SIURISISAI 312JOU0D WOJ) SUOHNCLIIUOD Y} BuuapIsuod [9661] ‘e 19 A3fisald 01 Buipiodde pajejndje) -

“(UOIIRWLIOBP DAISSIIXD ‘W] [013u0d dbewep ‘Bulp|3k) Z-8D3 YHM 3duepiodde ul dJe sanjea Aydede) - 7|

"uoIIRIIP PAXY By} Ul Pajen|eAd Jou si Jusuodwod siy} ‘saneded [enide ay) Jo Ajuensdun ayl 0y ang - |

"JolARY3q [RIUOZIIOY PaUleASAIUN [9pow 0) sABPIQ g-T33LS Pue |-139LS ‘-dN0D ‘I-dWOD ‘8-DY 10) pasn - 0L
‘leasapad ayy Jo abpa sy 01 sixe Huiuoddns sy woly ddURISIP 15950 Y1 Se painsealy “uoddns sy Jo suoisuswip 3y} uo spuadaq -

*sabpliq IN-DWd 104 palidde saiiadoid buneaq [edidAy wouy parendje) -
's96pUq IN-DId 404 Pasn -

‘pauyap SI 91e1S Wil dUo AjUQ ‘dpow dun|iey g -

*U01335-5504> JaId 3y} JO SISA[euUR dINJRAIND-JUSWOW YUM PauIWIRIR( -
‘96611 '[e 12 Aapisaud -

.mco_um\_zmc:Ou JUDISYIp 10} Son|eA snolleA — YA

—ANM TN OMN0O

GE0 0€0 STO WwQOE ww Q9 ww Qg  Aujigeisul uswingy abewep Joulpy Buipjaix uofiewlosad 2108 1Ipdeg
|easapad NEEYIES
GE'0 0€0 STO VA YA YA buneasun  [eisapad woly JO S||ej JIPIID  WOL) JO S|[8) J9PIID uofiewo( o PuLeaq [euonuaauo)
GE'0 0€0 SCO VA YA gww 0L Buneasun  |eisapad woly Jo s|e} JIpIID Buip|aIA uonew.oQ ,bunieaq suswoyse|3
GE0 050  STO VA ww 0§ ww g mmc:mmmcb uoliepesbap yibuang buip[ain uolew.opQq muc_o_ Jlyyjouow g adAy
S0 STO0 SsTo VA VA YA ain|ie} Jesys oinjie} Jeays ainjie} Jeays 9210} Jeays £Jeays I9ld
GE'0 0£0 STO YA L%E0 %870  9191oU0d jo Buiysnid 91a15u0) Jo bHuyjjeds sieqal Jo BUIp[AIA  UIeIIS D124OU0D IO [391S |einxa}4 Jald
€1 TS1 1S 13 [4Y 151 13 [4Y 151 ainsesy jusuodwo)
AOD uelpapy uoniuyaqg

'y Xipuaddy ul punoj 3¢ ued sanjeA uelpaw

91P1S 1WI| 9y} UO uonewloul pajie1aq ‘sanpeded paiedosse pue sa1els Nwi ‘€ d|qel



JOURNAL OF EARTHQUAKE ENGINEERING . 13

reasonably large number of time-history analyses at each intensity level. The uncertainty
of the demands is controlled mainly by the seismic load. However, to take into account
other uncertainties in the phase of determining the demands, material properties and
other input parameters are considered as random variables (Table 4). For each time-
history analysis, a random sample is used to create the numerical model of the bridge.
This approach is not only straightforward but also computationally demanding. It should
be noted that the efficiency could be increased using the Latin Hypercube sampling
method, as shown by Monteiro et al. [2016a, 2016b] and Monteiro [2016].

4.5. Effect of Various Modeling and Analysis Assumptions

Two modeling issues are investigated before the fragility analysis: (1) monolithic joints
and; (2) EJs. Figure 6 shows the NLTHA results for a PMG-I example bridge with or
without modeling the nonlinear behavior of the monolithic joints. Figure 6b indicates that
due to the high seismic demands, strength degradation of the shear reinforcement occurs
and eventually the resistance is reduced, and only frictional forces develop. This degrada-
tion leads to the redistribution of seismic demands: pier demands (Fig. 6a) and shear
forces in the pier joint (Fig. 6¢) may be significantly increased compared to the model
where the joint is modeled as a rigid connection.

In case of bridges with EJs, the pounding between the abutment and the superstructure
may significantly alter the seismic response. The phenomenon is illustrated in Fig. 7 for a
composite bridge with a 65 mm expansion joint gap. The pounding may decrease the
demands of the piers: excessive displacements, thus the second-order effects are reduced,
while a portion of the seismic force is transferred to the abutment-backfill soil system
(Fig. 7a). Figure. 7b shows that the pounding limits the expansion joint compressive

Table 4. Random variables applied to sample input for the numerical model.

Variable Distribution ~ Mean/median STD/COV Reference
Pier cross section Uniform’ VA + 20 mm -
Pier height Uniform VA + 50 mm -
Superstructure mass Normal VA 0.1 Nowak and Collins [2000]
Reinforcement ratio Uniform 1% +0.3% -
Expansion joint gap Uniform VA + 65% -
Concrete compressive strength Lognormal 38 MPa3 0.15 JCSS [2001]
Reinforcing steel yielding Normal 598 MPa* 0.1 JCSS [2001]
Friction coefficient (concrete-concrete)®  Uniform 0.4 + 0.1 -
Elastomeric bearing shear modulus Uniform 0.9 MPa® + 50% Nielson [2005]
Elastomeric bearing friction coefficient ~ Lognormal VA7 0.1 Dutta [1999]
Foundation stiffness Uniform VA + 50% Nielson [2005]
Backfill soil stiffness Uniform 21.6 kN/mm/m  + 7.2 kN/mm/m® Nielson [2005]
Earthquake direction Uniform n/4 rad + 1/4 rad Nielson [2005]

VA - various values.

1- When sufficient information on probability distributions is not available, it is acceptable to assume a uniform distribution
with reasonable upper and lower limits to roughly account for uncertainty [Nielson, 2005].

2 - Assumption: the expected thermal movements are between + 65% of the designed gap value.

3 - Bridges are built with C30/37 concrete grade.

4 - S500 steel grade is assumed for all the bridges.

5 - Used in case of Type 2 monolithic joints.

6 - Average shear modulus according to EN 1337-3 [CEN, 2005].

7 - 0.35 and 0.4 for steel and concrete superstructure, respectively [Caltrans, 2013].

8 - Based on the upper and lower value of 14.4 and 28.8 kN/mm/m proposed by Caltrans [2013].
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Figure 8. Comparison of fragility curves: (a) using different spectra and sites for the BR24 bridge (pier
shear failure) and (b) taking into account GM direction, geometric, material, and soil uncertainties for
the BRO1 bridge (system fragility curves).

deformations, while in Fig. 7c, a pulse-like peak can be observed in the backfill soil

deformation when collision

occurs.

As a second step, fragility curves are created considering different analysis assumptions: (1)
using different spectra; (2) considering different sites; and (3) considering uncertainties in the
input parameters. The derived fragility curves are highly dependent on the spectral shape
(Fig. 8a). Artificial records are generated for two standard spectra (EC8 Type 1 and 2), and
GCIM selection is carried out for two sites (Komarom and Debrecen). The application of
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artificial records is convenient to consider standard specified design loads, since they can be
matched exactly to the standard spectrum. However, to incorporate record-to-record varia-
bility, the amplitudes of the artificial records are multiplied with a random factor considering a
lognormal distribution of 1.0 median and 0.5 standard deviation [Jernigan and Hwang, 2002].
As confirmed by Fig. 8a, the Type 2 standard spectrum represents moderate seismic areas
better than the Type 1 spectrum. The fragility curve derived with the Type 2 spectrum is closer
to the site-specific ones. It can also be observed that there is only a slight difference between
fragility curves created for different sites. It implies that the general seismic characteristics are
just slightly different; therefore, it might be sufficient to derive fragility curves for only one site
and use it for other areas in Hungary without introducing significant error in the results.

The uncertainty of the fragility results stems mainly from the uncertainty of the seismic
load itself. A short parametric study is conducted—similar to the one carried out by Padgett
and DesRoches [2007]—to understand the effect of other sources of uncertainty (Fig. 8b). In
Table 4, random variables applied to sample input for the numerical model are presented.
Fragility curves are created for LS1 and LS3 for an integral PMG-I bridge considering first only
GM direction uncertainty, then additionally geometric, material, and soil uncertainties are
also applied. It is shown that the geometric uncertainty has negligible effect, while the material
and soil uncertainties may significantly influence the calculated probability of failure. The
material uncertainty is dominant when the LS is associated with yielding and plastic deforma-
tions (e.g., LS1 in Fig. 8b is controlled by the yielding of the abutment joint); while in case of LS
with dominant brittle failure mode (e.g. LS3 in Fig. 8b is controlled by the pier shear failure),
soil uncertainties significantly influence the dispersion of the demands.

In conclusion, the fragility evaluation is conducted: (1) with a robust and detailed numer-
ical model; (2) using the site-specific spectrum for Komarom considering soil type C; (3)
applying 50 tri-directional selected GMs at 10 intensity levels; (4) incorporating the uncer-
tainties listed in Table 4.

5. Results
5.1. Fragility Curves

5.1.1. Precast Multi-Girder (PMG-I) Bridges with Monolithic Joints

BR0O1-BR08 are PMG-I bridges where all joints are MJ2 monolithic joint (see Fig. 3). Their
typical damage mechanism is illustrated through the results of the BRO7 configuration (Fig. 9).
It is highly possible that the abutment joint yields in the longitudinal direction and even
transverse yielding of the abutment joint is expected to occur prior to the pier damage. The
probability of backfill soil damage is nearly zero in the observed range of PGA. It can be
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= Pier joint long.
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Figure 9. Fragility curves for the BRO7 (PMG-I) bridge.
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concluded that the fragility of the system in LS1 is driven by the abutment joints. It is
considered that after the joints yield, the bridge is still functional; LS2 is associated with the
ultimate deformation capacity and full degradation of the joint rebars. The probability that the
joints reach LS2 is lower. Since PMG-I bridges usually have relatively short piers (5-6 m),
there is a high probability that pier shear failure occurs before other components reach LS2,
meaning that the bridge collapses with an unfavorable brittle failure mode right after the
yielding of the system.

If the pier height is increased, shear failure becomes less dominant. BR04 is an example for
this (Fig. 10), as it has relatively high piers (9 m) leading to low shear forces; besides, the shear
reinforcement is high (¢16/150) compared to the other configurations. Similar to other PMG-
I bridges, the abutment joint resistance is inadequate, and this component controls LS1 and
LS2. However, in LS3, the bridge is more likely to suffer flexural failure, and due to the high
shear resistance, a ductile behavior can be achieved. The unseating of the superstructure
(associated with joint deformations in LS3) is possible, but the probability is far lower than the
probability of flexural failure.

In Fig. 11, system fragility curves are illustrated. LS1 fragility curves show the same
tendency, except for BRO3 where the abutment joint is more likely to yield. This is the only
configuration with low (¢16/200 instead of ¢16/150) shear reinforcement of this joint. For
most bridges, LS2 and LS3 are nearly identical since shear failure dominates before other
components reach LS2 or LS3.

5.1.2. Precast Multi-Girder (PMG-NI) Bridges with Elastomeric Bearings

The other type of precast multi-girder bridge (PMG-NI; BR09-12) is constructed with EBs at
some piers to provide free movements in case of longer bridges; and monolithic joint with
shear reinforcement (M]J2) is applied at certain piers to provide restraint in the two horizontal
directions. These bridges are more flexible with increased fundamental periods in both
directions. For this reason, one would expect lower seismic demands; however, the lower
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Figure 10. Fragility curves for the BR0O4 (PMG-I) bridge.
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Figure 11. System fragility curves (full correlation in capacity) for PMG-I bridges.
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base shear force is distributed on fewer piers. The high vulnerability of PMG-NI bridges is
illustrated in Fig. 12 showing that pier shear failure develops prior to any other component
damage. This is confirmed by the system fragility curves (Fig. 13), and no significant difference
in the system fragilities of different LSs can be observed.

The component fragility curves provide some additional information about the bridge
performance. Besides the piers, there are other components that may be vulnerable
because of the structural layout. Typically, monolithic joints are created in the middle
piers, while on the abutments, EBs and EJs are constructed. If pounding occurs, it
increases the probability that the backfill soil reaches a given damage LS. There is also
higher probability of unseating because of the excessive movements compared to integrate
PMG-I bridges. Figure 12 shows that the backfill failure and unseating would be more
likely than pier flexural failure in LS3, if the pier shear resistance was sufficient.

5.1.3. Reinforced Concrete Slab (SLAB) Bridges

SLAB bridges may be characterized by the same behavior as PMG-I bridges, except that higher
demands are calculated due to the integrated monolithic joint MJ1. Similar behavior is
confirmed by the component fragility curves in Fig. 14: LS1 is associated with abutment
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Figure 12. Fragility curves for the BR10 (PMG-NI) bridge.
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Figure 13. System fragility curves (full correlation in capacity) for PMG-NI bridges.
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Figure 14. Fragility curves for the BR13 (SLAB) bridge.
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joint yielding, while pier shear failure is dominant in LS3 (and also in LS2) for the examined
slab bridges as well (see also system fragility curves in Fig. 15).

5.1.4. Reinforced Concrete Box-Girder (RC-B) Bridges

Results for RC-B bridges (BR17-19) are presented in Figs. 16 and 17. The component
fragility curves illustrate well the development of component damage. LS1 is initiated by
the yielding of the piers, and also in LS2, spalling of the outer concrete layer of piers is more
likely at lower intensities (assumed to be the important portion of the fragility curve).
However, it seems that the shear resistance is still insufficient. Even for more flexible
continuous girders, collapse is caused by the shear failure of the pier.

5.1.5. Composite I- and Box-Girder (COMP-I and COMP-B) Bridges

Similar behavior is observed in case of composite girders (Fig. 18), LS1 is initiated by the
yielding of the piers, while collapse is caused by the insufficient pier shear resistance. The
system fragility curves in Fig. 19 indicate that there are two composite box girders (BR24
and 25) that are clearly not designed for seismic loads, and that pier shear failure occurs
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Figure 15. System fragility curves (full correlation in capacity) for SLAB bridges.
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Figure 16. Fragility curves for the BR17 (RC-B) bridge.
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Figure 17. System fragility curves (full correlation in capacity) for RC-B bridges.
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Figure 18. Fragility curves for the BR21 (COMP-I) bridge.
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Figure 19. System fragility curves (full correlation in capacity) for COMP bridges.

24 ; 36 , 24
t t
CB (longitudinal: fix; transverse: free)  SS (COMP-B, W=14m) CB (longitudinal: fix; transverse: free)

dAb+BS — No. in trans. direction: 4 Ab+BS h

= H=4.5
FP1 (1x6 =80 cm) ps=22 o P FP1 (1x6 $=80 cm)

p
—
FP1 (2x6 ¢=80 cm)IU 0.6 $16/100 stirrups LD_U'FN (2x6 $=80 cm)

Figure 20. BR23 configuration with special bearing arrangement.

prior to any other component damage; therefore, the system fragility curves are identical
to one another in all LSs.

The BR23 bridge should be highlighted due to its special configuration: monolithic MJ2
joints are used at the abutments, the piers are restrained in the longitudinal direction, while
free movements can develop in the transverse direction (Fig. 20). Due to the supporting role
of the abutment-backfill soil system, seismic pier demands are minimal in the longitudinal
direction; besides, negligible horizontal forces are transferred to the pier by bearing friction
in the transverse direction. Accordingly, the critical components are the abutment joints in
LS1 and LS2, and it is also possible that failure is caused by unseating of the superstructure
(see Abutment joint. trans. in Fig. 21). Note that the pier shear reinforcement is high (¢16/
100 instead of the typical ¢$12/150), which—compared to the developing shear forces—
indicates that pier shear failure is not expected. This configuration may be an economical
solution for highway bridges with a total length up to 100 m.

5.1.6. Steel-l and Box-Girder (STEEL-I and STEEL-B) Bridges

Results for steel girders (BR26-30) are shown in Figs. 22 and 23. Figure 22 illustrates that steel
bridges typically have an optimal behavior: pier flexural damage characterizes all three damage
LSs, and energy dissipation due to the cyclic behavior of the piers can be utilized until collapse.
Steel girder bridges are relatively flexible structures (T0 = 1.5-2 s), large displacements are
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Figure 21. Fragility curves for the BR23 COMP-B bridge.
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Figure 22. Fragility curves for the BR28 (STEEL-B) bridge.
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Figure 23. System fragility curves (full correlation in capacity) for STEEL bridges.

expected in case of an earthquake. However, Fig. 22 confirms that the developing longitudinal
displacements are not large enough to cause unseating (measured with joint deformations),
pier failure is always more likely to occur.

5.2. Reliability of the Structures

The f reliability index (Eq. (3)) for a 50-year reference period is calculated using the hazard
curve for Komarom and Debrecen (area of highest and lowest seismicity in Hungary, see
Fig. 4b) to provide a possible range of reliability levels in moderate seismic regions. The target
reliability index is not unique and varies from code to code. ECO specifies a target value only
for Ultimate LS and Serviceability LS as 3.8 and 1.5, respectively, for structures with moderate
consequences of failure (RC2 class). In the Joint Committee on Structural Safety Model Code
[JCSS, 2001], it is proposed that the relative cost of safety measure (RCSM) should also be
taken into account in the target reliability. It is stated that due to the large uncertainty in
seismic loads, a lower reliability class should be used. Values of 1.98, 3.21, and 3.46 are
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proposed for large, normal, and small RCSM, respectively; thus, a 1.98 target is adopted in this
study to highlight structures that possibly need strengthening and retrofit.

The possible range of reliability indices for the portfolio bridges is presented in Fig. 24, where
the upper and lower bounds are related to the area of Debrecen and Komarom, respectively.
Reliability indices and the weakest components are also summarized for the Koméarom area in
Table 5. The reliability is highly dependent on many structural attributes (Table 2), thus only
some concluding remarks can be made regarding the reliability of different structural types.

PMG-I bridges are critical (considering the area of Komdrom) if the total length is over 80 m.
Pier shear failure is dominant; however, 1500-2000 mm?/m pier shear reinforcement seems to
be sufficient (see shear reinforcements in Table 2) to achieve the minimum target reliability
except for the longest BR0O8 bridge with circular cross section (D = 0.8 m) and ¢10/100 stirrups.

PMG-NI bridges perform worse, the calculated reliability index highlights the high vulner-
ability of these bridges, especially for shear failure. Some decrease of the base shear force can
be achieved with this system due to the increased fundamental periods. However, this base
shear force is distributed on fewer piers (for instance, BR12 is 8-span bridge, but it has only 2
longitudinally restrained supports in the middle), while in the transverse direction, these
restrained piers carry the horizontal loads. Moreover, in case of the examined bridges, the
applied shear reinforcement is even lower than in case of fully integrated PMG-I bridges.

Table 5. Calculated reliability indices (B8) for Komarom (NC - no correlation; FC — full correlation in
capacity). The weakest components: AJL, ABT — abutment joint longitudinal and transverse direction,
respectively; SH — pier shear failure; FL — pier flexural failure).

Configuration Weakest component B (collapse) Configuration Weakest component B (collapse)
Class BR LS1 LS2 LS3 NC FC Class BR LS1 LS2 LS3 NC FC
PMG-I 01 AJL SH SH 196 207 SLAB 16 AL SH SH 1.05 1.26
02 AL SH SH 236 252 RC-B 17 FL FL SH 235 237
03 AL SH SH 152 1.82 18 FL FL SH 196  2.02
04 AL AJL FL 3.04 3.26 19 FL SH SH 2.15 2.26
05 Al SH SH 202 215 COMP-I 20 FL FL SH 224 226
06 Al SH SH 2.75 2.98 21 FL SH SH 222 222
07 AL SH SH 1.79 1.9 22 FL FL SH 1.77 1.85
08 AJL SH SH 1.46 162 COMP-B 23 AL AJT FL 3.19 344
PMG-NI 09 SH SH SH 0.57 0.86 24 SH SH SH 0.55  0.65
10 SH SH SH 0.92 1.13 25 SH SH SH 026 048
11 SH SH SH 0.77 099  STEEL 26 FL FL FL 182 195
12 FL SH SH 0.99 1.51 27 FL FL FL 1.85 2.03
SLAB 13 AL SH SH 255 269 STEEL-B 28 FL FL FL 203 2.09
14 AL SH SH 1.45 1.58 29 FL SH SH 227 231

15 AL SH SH 179 195 30 FL FL FL 189 197
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Generally, some SLAB bridges perform considerably worse than PMG-I bridges. Shear
failure is dominant, while the shear reinforcement is usually low (e.g. BR14 configuration has
only $10/200 stirrups). It is estimated that SLAB bridges would reach the minimal target
reliability (even for Komdrom) up to 80 m total length if a minimum of ~2500 mm?/m pier
shear reinforcement was applied.

Continuous girder bridges with CBs perform well, especially steel girders that are shown to
behave in an optimal way suffering pier flexural damage with the highest probability in each
damage LS. BR23 should be highlighted since it is already shown in the fragility analysis that
the highest performance can be achieved with this bridge system and configuration. Focus
should be laid on two composite box-girder bridges with 3 and 9 spans which are clearly not
designed for seismic actions. Both configurations employ two circular piers in the transverse
direction without tie beams and with low shear reinforcements (¢16/200 and $12/200). The
total length is 115 and 416 m for BR24 and BR25, respectively, while the number of restrained
supports in the longitudinal direction is 1 and 2. This means that one pier supports half of the
mass of 115 and 208 m superstructure. Moreover, torsion develops from the transverse
vibration causing additional longitudinal shear forces in the pier pairs at the longitudinal
restrained supports. This configuration is a typical example where mere strengthening is not a
reasonable option, and the whole bridge behavior should be altered.

Figure 24 shows that the reliability index is highly dependent on the considered design site.
The difference in the reliability index is 0.55-0.85, e.g., the f of the BR15 SLAB bridge is ~2.6
and ~1.9 if it is built in Komdrom and Debrecen, respectively. Note that the bridge config-
uration is fixed (e.g. reinforcements, cross sections, capacities, etc.), and the results illustrate
possible reliability indices of non-seismically designed bridges only.

Table 5 shows that a high portion of the examined bridges are highly susceptible to pier
shear forces. To estimate what reliability level can be attained with seismic design according to
EC8-2, the following procedure is carried out. An intensity-based evaluation using modal
response spectrum analysis (MRSA) is conducted to calculate demand-capacity (DC) ratios
associated with pier shear failure at the design PGA level (10% exceedance rate in 50 years) for
all bridges. The standard shear resistance is computed per EC8-2. The last step is to assign the
corresponding reliability indices to each configuration and then plot these 8 values against the
DC ratios. The procedure is carried out for both areas, Komarom and Debrecen.

As confirmed by Fig. 25, the correlation between the reliability and the DC ratio can be
described with a logarithmic function. The function does not depend on the actual site: the
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Figure 25. Reliability index against the DC ratios calculated at the design PGA level.
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fitted curve represents well both Komarom and Debrecen. With seismic design (DC <1.0), a
reliability of index of ~2 or higher can be reached, which is in line with the minimum target
reliability level proposed by JCSS. Note that an additional increase in the safety of the structure
is introduced with the application of MRSA providing conservative estimates of seismic
demands. For comparison, seismic demands are also calculated with a more rigorous
approach using the median demands at the design PGA level determined during the MSA.
The decreased demands lead to decreased DC ratios, and the fitted logarithmic curve is shifted
to the left. In conclusion, if the bridge is designed for seismic demands calculated with more
sophisticated methods, the reliability index may fall below 2.

The curve can also be used to estimate the required DC ratio for a specific  value. For
instance, to reach a minimum target value of 2 with sophisticated analysis method, the DC
ratio should be lower than 0.75 meaning that the piers should be overstrengthened by ~30%.
This additional factor may be incorporated in yp; (applied to avoid brittle shear failure).
Another option is to increase the return period and thusly the intensity of the design earth-
quake. In EC8-3, the return period of this earthquake is 2450 years for full collapse, while in
case of new bridge design, the no-collapse criteria of EC8-2 specifies 475 years. This should be
clarified and harmonized with the target reliability index for seismic loads. Moreover, the
target reliability is also an open question. The determination of the target 3 should be based on
rational economic calculations taking into account the consequences and the RCSM.

6. Conclusions

The seismic performance of several existing road bridges is questionable in many countries of
moderate and low seismic zones due to the lack of proper seismic provisions. Therefore, it is
an important issue to evaluate their seismic behavior to estimate the economic and financial
consequences due to the developing damage caused by a seismic event. In this paper, fragility
analysis and reliability assessment of 30 non-seismically designed bridges are conducted. The
bridges are selected to represent typical bridges in a national bridge inventory. Detailed
numerical models and hazard-consistent GMs are used for fragility analysis. Component
fragility curves are created to analyze the damage mechanism of typical bridge types. Using the
system fragility curves, the reliability indices of the structures are calculated to compare the
seismic performance of representative bridge configurations.

Prior to the reliability assessment, preliminary studies are conducted related to the
applied seismic load, modeling, and analysis assumptions. The following conclusions can
be drawn from the preliminary study:

o The theoretical distribution of various GMIMs shows that the expected significant dura-
tion of GMs in Hungary (and probably in typical moderate seismic areas) is under 10 s,
which is the minimum duration of the stationary part of the accelerograms according to
EC8. Thus, considering the expected characteristics of possible earthquakes may lead to a
decreased duration of the seismic load and less conservative seismic demands.

e Evaluation of different modeling and analysis assumptions on the seismic response
shows the importance of modeling the cyclic behavior of monolithic joints and the
pounding between bridge components. It is also shown that besides the uncertainty
of the seismic load, the material and soil uncertainties may significantly influence the
calculated probability of failure, while the geometric uncertainty is negligible.
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On the basis of the reliability assessment results, the following concluding remarks can be
made regarding the 30 specific examined configurations:

o The fragility analysis of the 30 examined configurations shows that the monolithic joints
of integrated precast multi-girder and slab bridges are likely to suffer damage; while
collapse is initiated by pier shear failure in most cases. Longer precast multi-girder
bridges applying both EBs and monolithic joints are highly vulnerable, and pier shear
failure occurs prior to any other component damage with high probability. Bridges with
CBs have better behavior; however, collapse is related to insufficient pier shear resistance.
More favorable ductile flexural failure is observed only in case of more flexible integral
precast multi-girder and steel girder bridges.

e Comparing the reliability indices of the 30 bridges implies the better performance of
integral precast multi-girder bridges and girder bridges with CBs, while typically certain
slab bridges and longer precast multi-girder bridges with EBs have worse behavior.

e It is shown that a high reliability level can be achieved with a special configuration: with
monolithic joints at the abutments, and conventional fix and free bearings in the long-
itudinal and transverse directions at the piers, respectively. This configuration is an
optimal solution for highway overpass bridges up to 100 m total length.

¢ In certain cases, the calculated reliability level is extremely low (the f index for a 50-
year reference period may fall below 1) due to the improperly chosen structural
configuration and the lack of seismic design.

o The range of possible reliability indices of typical road bridges is presented in the paper.
Since these bridges are not designed for seismic actions, the probability of collapse is
highly dependent on the actual design site. A difference in the reliability index of 0.55-
0.85 is observed considering two typical moderate seismic areas, the most and the least
seismic area of Hungary.

¢ By comparing the intensity-based standard evaluation method to the reliability analy-
sis results, it is shown that seismic design as per the Eurocode 8 standard leads to a
reliability index of ~2.

In conclusion, the insufficient pier shear resistance is a typical problem of several existing
bridges in Hungary. The reliability indices highlight that numerous bridges do not reach the
acceptable reliability level, indicating the necessity of retrofit measures in moderate seismic
regions as well due to the lack of seismic design and inadequate detailing. The authors believe
that the results can be useful in other moderate seismic areas since the paper provides a
general illustration of the expected seismic performance and reliability levels of typical non-
seismically designed road bridges.
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Table A2. Explanation of Bearing 1 and Bearing 2 associated with different bridge classes.

Bridge class Bearing 1 Bearing 2 BR

PMG-I Monolithic joint Type 2 at the abutments Monolithic joint Type 2 at the piers 1-8

PMG-NI Elastomeric bearing at some piers and the abutments  Monolithic joint Type 2 at other piers  9-12

SLAB Monolithic joint Type 1 at the abutments Monolithic joint Type 2 at the piers 12-16

BR23 Monolithic joint Type 2 at the abutments Conventional bearings at the piers 23

OTHER Conventional bearings at the abutments Conventional bearings at the piers Other
Appendix B

Table B1. Fragility curve parameters for portfolio bridges: median (8;) and dispersion (Bs,).

LS1 LS2 LS3

Correlation No Full No Full No Full

BR efr Bfr efr Bfr efr Bfr efr Bfr efr Bfr efr Bfr
01 2.01 0.39 2.28 0.43 4.70 0.34 5.39 0.37 4.70 0.34 539 0.37
02 1.99 0.38 2.24 0.43 6.69 0.27 8.07 0.31 6.73 0.27 8.08 0.31
03 0.65 135 0.81 1.22 3.15 0.44 4.46 0.49 3.16 0.46 4.52 0.50
04 1.53 0.36 1.66 0.37 8.08 0.31 9.16 0.32 14.09 0.37 17.83 0.40
05 1.82 0.33 2.01 0.37 5.08 0.38 6.04 0.42 5.20 0.40 6.11 0.43
06 2.22 0.37 2.50 0.37 9.66 0.33 12.04 0.34 10.90 0.39 14.70 0.45
07 1.21 0.47 1.32 0.50 4.45 0.51 5.16 0.55 4.51 0.53 521 0.56
08 1.40 0.37 154 0.38 2.89 0.43 3.53 0.49 2.90 0.44 3.56 0.47
09 1.03 0.50 1.49 0.55 1.03 0.51 1.47 0.58 1.02 0.50 1.49 0.55
10 1.69 0.72 2.28 0.71 1.70 0.71 2.28 0.67 1.71 0.71 2.25 0.71
1" 134 0.73 1.80 0.68 1.39 0.69 1.83 0.65 1.40 0.71 1.82 0.65
12 1.81 1.26 2.59 0.88 2.56 132 3.77 0.83 2.84 137 417 0.85
13 2.28 0.39 2.47 0.43 8.52 0.40 10.49 0.44 9.51 0.46 11.13 0.47
14 161 0.34 1.78 0.39 2.74 0.34 3.19 0.38 2.75 0.34 3.21 0.38
15 1.48 0.38 1.63 0.39 4.00 0.42 5.04 0.46 4.20 0.44 5.26 0.50
16 1.40 0.42 1.64 0.43 1.84 0.45 2.38 0.48 1.82 0.45 2.35 0.47
17 4.30 0.58 4.40 0.59 7.30 0.56 7.98 0.57 8.32 0.53 8.90 0.57
18 2.89 0.73 3.04 0.74 536 0.66 5.80 0.69 6.22 0.67 6.69 0.67
19 5.13 0.62 5.64 0.60 6.13 0.58 7.34 0.57 6.64 0.53 7.62 0.54
20 2.04 1.19 2.08 1.21 5.94 0.44 6.21 0.45 6.68 043 7.09 0.46
21 3.49 0.54 3.46 0.56 6.67 0.50 6.82 0.51 7.26 0.53 743 0.55
22 135 0.65 1.49 0.66 334 037 3.82 0.39 3.91 037 433 0.40
23 1.24 0.46 1.34 0.46 6.90 0.38 7.46 0.40 16.92 0.41 21.27 0.40
24 0.99 0.51 1.12 0.50 0.99 0.49 1.13 0.50 0.99 0.48 1.12 0.50
25 0.76 133 1.06 1.18 0.76 134 0.99 137 0.75 133 1.06 1.19
26 1.73 0.68 1.94 0.71 3.58 0.46 4.14 0.51 432 0.43 521 0.49
27 1.59 0.68 1.94 0.70 3.53 0.46 4.47 0.51 4.41 0.42 5.59 0.48
28 3.60 0.74 3.82 0.75 5.11 0.70 5.45 0.71 6.54 0.64 7.07 0.65
29 5.26 0.62 5.40 0.62 7.06 0.54 7.44 0.54 7.51 0.51 7.94 0.52

30 2.55 137 3.13 0.89 4.51 0.79 5.00 0.80 6.14 0.74 6.99 0.77
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