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Abstract: Recent seismic events all over the world have shown that bridge structures are highly
sensitive and vulnerable during earthquakes. Many existing bridges were designed without
adequate consideration of seismic risk. The full or partial collapse of even one major bridge in a
city or community would have devastating consequences. There has been limited research to
date to evaluate the seismic vulnerability of the existing bridges in British Columbia (BC) or
support decision making on seismic upgrade. There is, therefore, a need for reliable methods for
assessing the seismic vulnerability of existing bridges, in particular large and irregular motorway
bridges having lifeline character. This research focuses on developing performance based
seismic fragility curves for typical multi span continuous concrete girder (MSCC) bridges in BC.
Ground motions compatible with the seismic hazard were used as input excitations for bridge
vulnerability assessment. The fragility curves thus developed will quantify the vulnerability of
existing MSCC bridges and aid in proper decision making to increase the safety for humans and
the serviceability of vital facilities.

1. Introduction

Safety and serviceability of highway bridges, during and after an earthquake, is one of the
prerequisites to ensure the continuous transport facilities, emergency, and evacuation routes
during an event of extreme natural calamities. Fragility assessment provides an efficient and
reliable estimate of the associated risks of highway bridges during a seismic events to a high
degree of confidence. British Columbia, being the Canada’s Pacific gateway, has huge impact in
the overall economy of the country. The British Columbia Ministry of Transportation and
Infrastructure is responsible for 900 highway structures in the highest seismic zone of Canada.
There are more than 3000 highway bridges in British Columbia (BC). An earthquake of moderate
intensity can result in extensive damage and a potential collapse could result from a major
earthquake. Owing to the major dependence of the provinces’ freight economy on highway
infrastructure systems, it is critical to identify the seismically deficient bridges. A proper
understanding of the seismic fragility and associated risk can provide a trustworthy estimate of
the resilience of existing highway bridges. Many of the highway bridges in BC are in service for
more than 30 years. Many of them were designed with codes and guidelines without the
information now available on seismic safety. There is therefore, a need for reliable methods for
assessing the seismic vulnerability of existing bridges, particularly large and irregular highway
bridges having lifeline character.

Application of probabilistic functions also known as fragility functions have been in use over the
last two decades to evaluate potential seismic risk for highway bridges, buildings, and other
systems. There are more than 3000 highway bridges in BC and they vary in their types,
construction material, span length, year of construction, and so forth. Based on these factors,
bridges can be classified in different ways. In this particular study, analytical fragility curves were
developed only for the multi-span continuous concrete girder bridge (MSCC), which represents a
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significant portion of the multi-span concrete bridges in BC. The fragility curves were developed
using nonlinear time history analyses of MSCC bridge models considering soil structure
interaction, bearing, and abutment in the modeling. In this study, MSCC bridges located in Soil
class-C (NBCC 2005), which is equivalent to soil profile Type-ll in Canadian Highway Bridge
Design Code (CANICSA-S6-10 2010) were considered. For this specific soil type, a set of 180
synthetic ground motion records were generated by Atkinson (2009) for magnitude-distance
scenarios representative of the seismic hazard of the western Canadian region. These ground
motions were used for generating the fragility curves which considered the uncertainties
associated with seismic hazard. Using the results obtained from non-linear time history analyses,
probabilistic seismic demand models of the bridge component, i.e. column, bearing, abutment,
foundation, were developed. The component fragility curves were integrated together to develop
analytical fragility curve for the MSCC bridge system.

2. Fragility curve methodology

Fragility curves allow the evaluation of seismic risk of a structure. Fragility functions describe the
conditional probability, i.e. the likelihood of a structure being damaged beyond a specific damage
level for a given ground motion intensity. The fragility or conditional probability can be expressed
as

[1] Fragility= P[LS|IM=y]

where, LS is the limit state or damage state of the structure or structural component, IM is the
ground motion intensity measure, and y is the realized condition of the ground motion intensity
measure.

In order to develop fragility curves, different methods and approaches have been developed.
Depending on the available data from post-earthquake surveys and observed damage, fragility
functions can be generated empirically (Yamazaki et al. 2000). However, limited damage data
and subjectivity in defining the damage states limit the application of the empirical fragility curves
(Padget and DesRoches 2008). In the absence of adequate damage data, fragility functions can
be developed using a variety of analytical methods such as elastic spectral analysis (Hwang et al.
2000), probabilistic seismic demand model using a Bayesian approach (Gardoni et al. 2003),
nonlinear static analysis (Mander and Basoz 1999), or linear/nonlinear time-history analysis
(Tavares et al. 2012; Bhuiyan and Alam 2012, Ramanathanet al. 2012; Choi et al. 2004).In this
study, a probabilistic seismic demand model (PSDM) was developed using nonlinear time-history
analyses of the bridge. Using the PSDM, fragility curves were developed. Although this is the
most rigorous method, it is also the most reliable analytical method (Shinozukaet al. 2000).

Two approaches are used to develop the PSDM: the scaling approach (Alam et al. 2012; Zhang
and Huo2009) and the cloud approach (Nielson and DesRoches 2007;Billah et al. 2012). In the
current study, the cloud method was utilized in evaluating the seismic fragility functions of the
MSCC bridge. In the cloud approach, a regression analysis is carried out to obtain the mean and
standard deviation for each limit state by assuming the power law function (Cornell et al. 2002),
which gives a logarithmic correlation between median EDP and the selected /M as shown below.

[2] EDP =a (IMor, In (EDP) = In (a) + b In (IM)

where, a and b are unknown coefficients which can be estimated from a regression analysis of
the response data collected from the nonlinear time history analyses. Effectiveness of a demand
model is determined by the ability to evaluate Equation 2 in a closed form. The dispersion of the
demand, Beprim, conditioned upon the /M can be estimated from Equation 3 (Baker and Cornell
2006).
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81 Bropims = , N= number of total simulation cases

With the probabilistic seismic demand models and the limit states corresponding to various
damage states, it is now possible to generate the fragilities (the conditional probability of reaching
a certain damage state for a given /M) using Equation 4 (Nielson 2005).

H

A PILS /M 1= ¢{ln(IM)—ln(IMn)}

ﬂ comp

¢[.] is the standard normal cumulative distribution function and

In(S,)—1In(a)

5] In(IM ) =
[5] In(IM,) 5

In(IM,,) is defined as the median value of the intensity measure for the chosen damage state, a
and b are the regression coefficients of the PSDMs, and the dispersion component is presented
in Equation 6 (Nielson 2005).

N IBEDPIIM + :Bcz

[6] ﬁmmp - b

where, S;is the median and B is the dispersion value for the damage states of the different
components of the bridges.

Once the fragilities of the different bridge components are derived it is necessary to develop the
fragility for the bridge as a system. The probability of the bridge entering or exceeding a particular
limit state (LS) (Failssem) is therefore the union of the probabilities of each of the n bridge
components exceeding the same LS (Fail;omponent—),@nd can be derived using the following union
equation:

[7] P[Failm,em] = P[ UFailcomponentfi ]

i=1

Different researchers (Choi et al. 2004; Nielson and DesRoches 2007) have used different
techniques to develop system (bridge) fragility curves from component fragility curves. In this
study, the system (bridge) fragility curve was developed following the approach proposed by
Nielson and DesRoches (2007) through the application of joint probabilistic seismic demand
model (JPSDM). This approach indicates that if one of the bridge components exceeds a
particular damage state the whole bridge will encounter that level of damage and demands on the
various bridge components are correlated to some extent. The failure probability of the system
can be obtained with a Monte Carlo Simulation using the JPSDM and the capacity models of
different components. Random samples (105 typically) are obtained from both the demand and
the capacity model for a given seismic intensity. Probability of the demand exceeding the capacity
at each intensity level is obtained and repeated for increasing values of intensity measure until
the curve is defined. The lognormal parameters, median, and dispersion of the system fragility
curves are then estimated using regression analysis. This methodology described in this section
was used in deriving the fragility curves for MSCC bridges considering multicomponent
vulnerability.
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3. Bridge description and modeling

This section provides detailed information on the characteristics of the selected bridge class, and
its analytical modeling procedures. Typical topological layout and structural details of MSCC
bridges were identified by reviewing the database and structural drawing obtained from British
Columbia Ministry of Transportation and Infrastructure. It was found that typical MSCC bridges
have three to four spans and maximum span lengths in the range of 40-30m. Most of the bridges
are equipped with elastomeric bearings and the abutments are mostly seat type with shallow
footing foundations. Different types of bent configurations such as, wall, circular columns, and
rectangular columns are available with both shallow and pile foundations. Figure 1 shows the
typical MSCC girder bridge considered in this study.
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Figure 1: Configuration of a typical MSCC girder bridge in British Columbia

Using a nonlinear analysis platform, Seimostruct (Seismosoft, 2011), detailed nonlinear 3-D
model of the bridge was developed. 3-D inelastic beam elements have been used for modeling
the bent beams and the columns. The fiber modeling approach has been employed to represent
the distribution of the material nonlinearity along the length and cross-sectional area of the
member. The superstructure was modeled using elastic beam-column elements with mass
lumped along the centerline. It was assumed that the deck and girder will remain elastic under
seismic excitations. Highly rigid beam-column elements, referred to as rigid elements, were used
to connect elements in the model. Menegotto-Pinto steel model (Menegotto and Pinto 1973) with
the Filippou (Filippou et al. 1983) isotropic strain hardening property was used as the reinforcing
steel material. The behavior of confined and unconfined concrete was modeled using the the non-
linear variable confinement model of Madas and Elnashai (1992) that follows the constitutive
relationship proposed by Mander et al. (1988).The confinement effect of the concrete section was
considered on the basis of reinforcement detailing. The elastomeric bearing was idealized using a
zero length spring element with a bilinear symmetric behavior in longitudinal and transverse
direction. The bilinear model was defined using the initial stiffness, yield force, and post-yield
hardening ratio, which were calculated following AASHTO (2007) guidelines. In order to account
for the pounding between decks, contact element represented by bilinear gap element
(Muthukumar and DesRoches 2006) was used. Abutments restrain the movement of bridge
superstructure in both longitudinal and transverse direction through the back wall and wing wall,
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respectively. The seat type abutment was modeled using the analytical model proposed by
Wilson (1988). This model considers three rotational and three translational springs which
represent the interaction between abutment, soil and foundation. Spring and dashpot materials,
represented by zero length element, were used to model the abutment and bent foundation. The
properties of the rotational and translational springs were calculated based on the linear elastic
half space theory (Clough and Penzien 1975).The mass of the bent foundation was lumped at the
center of the footing height.

4. Selection of ground motion

The seismic response of the MSCC bridge was evaluated using a suite of 180 synthetic ground
motion generated by Atkinson (2009) for western Canada for site soli class C. The suites were
generated for two different moment magnitudes Mw (6.5 and 7.5) and four different hypocentral
distances (12, 25, 30 and100 km).The uncertain characteristics of the earthquake ground motions
regarding moment magnitude, intensity, and frequency contents have a great effect on nonlinear
time history responses of bridge members. These ground motions were selected to represent the
uncertainty associated with the ground motions. Figure 2a shows the response spectrum for the
selected ground motions. Figure 2b shows the histogram of the ground motions which indicates
that the selected ground motions have a wide range of PGA values which will induce inelastic
response in the bridge. This set of 180 orthogonal ground motions were applied in the bridge’s
longitudinal and transverse direction.
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Figure 2: (a) Acceleration response spectrum and (b) Histogram of PGA values in the Atkinson
(2009) ground motion suite for site soil class-C.

5. Characterization of damage states

Defining a quantitative or qualitative measure for identifying the seismic damage level is an
important step in fragility assessment. Damage states (DSs) are often related to the structural
capacity of a member or system and discrete in nature as they are labeled with various limiting
values of considered damage index (Zhang and Huo, 2009). Damage states for bridges or
components should be defined in such a way that each damage state indicates a particular level
of functionality. Different forms of demand parameters are used to measure the DS of the bridge
components. Previous studies (Tavares et al. 2012; Alam et al. 2012; Padgett and DesRoches
2008; Nielson and DesRoches, 2007) have shown that it is necessary to consider the vulnerability
of several key components of a bridge to evaluate the vulnerability of the whole bridge. The
component demand parameters considered in this study are the column displacement ductility
(u), transverse (ds) and longitudinal (&¢)deformation of elastomeric bearing, deformation of
abutment wing wall (d,,,)and back wall (Spy).
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6. Probabilistic seismic demand model

In this study, probabilistic seismic demand models (PSDMs) were used to establish a relationship
between component demands and a ground motion intensity measure (IM). PSDM establishes a
correlation between the engineering demand parameters (EDP) and the /M. Several alternative
IMs such as spectral acceleration at the first-mode period, Si(T,), peak ground acceleration
(PGA), Peak Ground Velocity (PGV), Arias Intensity (Al) etc. have been developed and used for
fragility assessment. Mackie and Stojadinovic (2007) and Padgett and DesRoches (2008)
suggested that the peak ground acceleration (PGA) is the optimum choice to describe the
severity of the earthquake ground motion because of its efficiency, practicality, sufficiency and
hazard computability. In this study PGA was used as the /M for developing PSDMs and
subsequently the fragility curves.

After performing the nonlinear time history analyses, peak component demands of the MSCC
bridge were recorded. The PSDMs for different bridge components were developed by plotting
the peak component responses against the IM for each ground motion. Finally a regression
analysis was carried out to estimate a, b and Bgppym following equation 2 and 3. Figure 3 shows
the PSDMs for different bridge component considered in this study. In order to develop the
JPSDM described in section 2, correlation coefficient between the component demands were
determined which are presented in Table1. These correlation coefficients describe the influence
of one component over the other and reflect the dynamics of the whole bridge system.
Observation of Table1 revealed that good correlation exist between the different component
demand considered in this study.

1
0 | y=1.08x-0.89 (1) | y=1.22x-0.85
-1 -2
~2 33
2-3 5-4
-4 -5
-5 -6
-6 -7
- -2 -1 0
N LN (PGA)
1 1
0 o b y= 12;0_2x -0.57
p R2=0.71 p R2=0.82 - ®
-2 -2
-3 -3
-4 -4
-5 -5
-6 -6
-3 0 -3 0

2 -1 2 -1
LN (PGA) LN (PGA)

Figure 3: PSDMs for different component of MSCC bridge

Table 1: Correlation coefficients between component demands

I Oww Obw Obi Obt

u 1.00 0.75 0.82 0.76 0.57

Oww 0.75 1.00 0.72 0.73 0.74
Obw 0.82 0.72 1.00 0.62 0.62
Op; 0.76 0.73 0.62 1.00 0.94
Opt 0.57 0.74 0.62 0.94 1.00
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7. Limit states-capacity models

A capacity model is needed to measure the damage level of a bridge component based on
prescriptive and descriptive damage states in terms of EDPs (Choi et al. 2004; Nielson 2005;
FEMA 2003). Four damage states, as defined by HAZUS (FEMA 2003), are commonly adopted
in the seismic vulnerability assessment of engineering structures, namely slight, moderate,
extensive, and collapse damages. Table 2 presents the limit state capacities for the different
components in terms of median (S;) and lognormal standard deviation (8.) which are required to
describe the capacity model. The limit states of the bridge components were assumed to follow a
lognormal distribution which were derived using a perspective approach (Nielson 2005). There is
also uncertainty associated with each median (S;) which must be defined. This uncertainty is
given in the form of a lognormal standard deviation or dispersion (B;). The values of lognormal
standard deviation or dispersion (8;) have been obtained following the procedure described in
Nielson (2005). The values presented in Table 2 stem from the recommendations from the
previous studies (Hwang et al. 2001; Nielson 2005; Padget et al. 2008; Tavares et al. 2012;
Ramanathan et al. 2012).

Table 2: Limit state capacities for different components

Component Slight Moderate Extensive Collapse
P Se B S Be Se B S B
Column ductility 1 0.25 1.24 0.25 1.76 0.46 4.76 0.46

Elastomeric bearing-long (mm) 30 0.25 60 0.25 150 0.46 300 0.46
Elastomeric bearing- trans (mm) 30 0.25 60 0.25 150 0.46 300 0.46
Abutment wing wall (mm) 7 0.25 15 0.25 30 0.46 60 0.46
Abutment back wall (mm) 7 0.25 15 0.25 30 0.46 60 0.46

8. Component fragility curve

In order to assess the seismic vulnerability of MSCC bridge, seismic fragility curves for the piers,
abutments, and elastomeric bearings were generated using the numerical results obtained from
the nonlinear time history analyses. Assuming a lognormal distribution with respect to the median
of seismic intensity (PGA), the fragility curves for different bridge component responses were
generated using Equation 4 and calibrating with the capacity limit states as shown in Table 2.
Figure 4 plots the fragility curves for the bridge components for the slight, moderate, extensive
and collapse damage states. Evaluation of the component fragility curves offer a valuable insight
on the relative vulnerability of different components on the probability of the damage.

The elastomeric bearings appear to be the most fragile components in the slight and moderate
damage state while the columns and abutments are the most fragile for extensive and collapse
damage state. The shift in the relative fragility of different components at different damage states
can be attributed to the difference between the median values of the component limit states. For
example, the median value for the elastomeric bearing in longitudinal direction is exactly 100%
higher than its value for slight damage. On the other hand, this same increment is reduced to
approximately 25% when considering the columns. From Figure 4 it can be noticed that, at slight
damage state, the columns are the least vulnerable component while at the extensive damage
they become the most vulnerable component. The shift in component vulnerability at different
damage states highlights the importance of multicomponent vulnerability assessment of bridges.
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9. Bridge system fragility curves

As the collapse of bridge columns and/or excessive deformation of bearings or abutments will
lead to the collapse of the bridge structural system, their fragility curves should be combined to
obtain the system fragility curve. The fragility curve for the bridge system was developed using
JPSDM described in section 2 and using equation 7. Using a crude Monte Carlo simulation, the
overall possible failure domain of the bridge was determined using the JPSDM and the limit state
capacities for different bridge components. Figure 4 also shows the fragility curves of MSCC
bridge class in site soil class C along with different components. Comparison of the system and
component fragility in Figure 4 revealed that the bridge as a system is more fragile than any one
of the bridge components. The fragility curves revealed that columns are not the most vulnerable
component in a bridge which are often used to evaluate the seismic vulnerability of bridges.

The system fragility curve shown in Figure 4were developed based on the median values of the
limit state capacities. In order to consider the uncertainty associated with these median limit
states, confidence bounds were established around the median fragility curves. The 90%
confidence bounds were developed following the approach described in Singhal and Kiremidjian
(1998). The median fragility curves along with the 90% confidence bounds are shown in Figure 5.
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Figure4: Bridge and component fragility curves for MSCC bridge class for (a) slight, (b)
moderate, (c) extensive, and (d) collapse damage states.

From the 90% confidence bounds it can be observed that in slight and moderate damage state,
the fragility curves of all confidence level were almost identical but the fragility curves of extensive
and collapse damage states were much different at different confidence levels. For example, at
PGA of 1g the probability of the bridge exceeding the moderate damage state varies between
94% to 97%, whereas the probability of the bridge exceeding the extensive damage state varies
from 43% to 60%. The difference in the fragilities at higher damage states can be attributed to the
highly nonlinear component demand at higher intensity of ground motions.
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Figure 5: 90% confidence bounds and median system fragility curves for MSCC bridge class

10. Conclusions

This study utilizes analytical simulation method to conduct seismic fragility assessment of typical
MSCC bridge in British Columbia. Within the scope of this study, a performance-based seismic
assessment of 3D MSCC bridges, considering quantitative limit states has been carried out using
probabilistic framework. Through the process, the impact of different components on the
probabilistic seismic demand models, vulnerability of the MSCC bridges were evaluated. Based
on the analyses result it was found that component vulnerability shifted at different damage
states. Confidence bounds on the median fragility curves were established to capture the
uncertainty associated with median fragility. Based on the evaluations of the representative
bridge of the inventory, other bridges can be expected to behave similarly in terms of probable
structural damage when they have similar structural configuration. The resulting fragility curves
will provide decision makers critical information for better decision making.
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