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Abstract: The damage caused by the disruption of transportation networks after recent earthquakes
highlights the need of seismic risk assessment and retrofit prioritization plans for the existing bridge
network. Generally, these structures are the weak link in the transportation network and, in the case of
Quebec, where a significant part of the provincial product is transported along highways, closure of the
bridge network can lead to an economic crisis, in addition to the potential loss of life. An estimated 75% of
Quebec bridges are more than 30 years old and were designed without important seismic details adopted
in current codes. Consequently, they do not comply with the new uniform hazard spectrum (UHS) having
a 2% chance of being exceeded in 50 years, adopted across Canada in 2005. Therefore, it is necessary
to develop reliable methods to assess the structural capacity of Quebec bridges—before and after an
earthquake—and to assess effective retrofit techniques for the most vulnerable structures. This paper
uses with fragility curves to assess the seismic vulnerability of multi-span continuous concrete bridges in
Quebec. A comparison between as-built and retrofitted bridges with natural-rubber seismic isolation
devices was performed to assess the impact of seismic isolation on the vulnerability of bridge key
components and system fragility. The results show the significance of this type of retrofit measure to
protect Quebec’s concrete-bridge network from earthquake damage.

1 Introduction

Recent earthquake damage has demonstrated that bridges are the most vulnerable element in a highway
system. In Quebec, where a significant part of the provincial product is transported along highways (1ISQ
2009), bridge closures after an earthquake could lead to an economic crisis, in addition to the potential
loss of life. Furthermore, about 75% of Quebec bridges are 30 or more years old (TQ 1995).
Consequently, they were designed without important seismic improvements adopted in recent decades
and do not comply with the region’s new seismic hazard. This underlines the need to develop reliable
procedures to assess the structural capacity of bridges in Quebec—before and after an earthquake—and
to assess effective techniques for retrofitting deficient bridges (Roy et al. 2010).

Fragility curves are useful tools for assessing bridge vulnerability and describing the probability of
structural damage over a range of potential earthquake ground-motion intensities. In addition, fragility
curves provide an effective way to assess alternative retrofit measures. They can be derived from
empirical data (Bastz and Kiremidjian 1998; Shinozuka et al. 2000) or analytical approaches (Nielson
and DesRoches 2007a; Pan et al. 2007; Padgett and DesRoches 2009; Agrawal et al. 2012). Moreover,
they can be used to develop a post-event action plan (HAZUS 2003). Tavares et al. (2012) have
assessed the seismic vulnerability of typical as-built bridges—particularly in eastern Canada—using
analytical fragility curves. The results demonstrate that a large number of bridges may be damaged and
unsafe after an extreme event.
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Based on the analysis of the Quebec’s Department of Transportation (MTQ) bridge inventory, Tavares et
al. (2012) showed that 21.07% the province’s bridges are of the multi-span concrete-deck (MSC) type
supported on concrete girders. Due to number, importance, and susceptibility to seismic events of this
bridge type, this study proposes that the elastomeric bearings typically used in Quebec be replace with
natural-rubber seismic isolator devices. A comparative study using detailed three-dimension nonlinear
models was performed to assess the seismic vulnerability of MSC concrete bridges in their as-built and
retrofitted configurations, using different artificial ground motions for the eastern Canada. Experimental
results for square bearings of different sizes and shape factors were used to account for the uncertainty
concerning the mechanical properties of seismic isolation bearings. Fragility curves for key components of
MSC bridges were developed and involve a systems-level abstraction with a Monte-Carlo simulation to
assess the fragility of the entire bridge system.

2 MSC-Bridge-Model Simulation and Uncertainty Parameters

The normal configuration of MSC concrete-girder bridges is a concrete deck supported by four reinforced
or prestressed concrete girders. Most bridges have three spans and are supported on concrete bents with
shallow footings and seat-type abutments with shallow footing foundations. The bridge bents have three
circular columns and a transverse beam on the top of the columns. These bridge models are composed
of elements that may exhibit highly nonlinear behavior, such as columns, abutments, and elastomeric
bearings. In this study, the elastomeric bearings—the typical connection between a superstructure and
bents or abutments in as-built configurations—were replaced with natural-rubber seismic isolator devices.
No skew angle was considered (Tavares et al. 2012). For the MSC bridge portfolio, eight geometric
configurations were defined as representative of actual bridge configurations and are presented in Table
1. The geometric parameters were treated as macro-variables. A statistical distribution was attributed to
the histograms of actual geometrical data for each parameter. Using a Latin hypercube sampling (LHS)
technique, these distributions were sampled to develop the geometric blocks. The composition of these
blocks was chosen so that the influence of other parameters and the importance of geometry were not
neglected.

Table 1: Geometric configurations of MSC concrete-girder bridges.

MSC_Concrete  Spans Total Deck Column *Lmr
Length (m)  Width (m)  Height (m)

Block 1 3 100.98 13.04 6.72 0.30
Block 2 3 64.79 8.35 8.35 0.52
Block 3 3 54.61 23.43 9.78 0.36
Block 4 3 75.27 17.65 4.73 0.47
Block 5 3 45.93 10.72 3.77 0.46
Block 6 3 114.49 15.23 7.8 0.32
Block 7 3 67.96 11.8 6.15 0.43
Block 8 3 89.27 16.16 4.24 0.39

* Ratio between middle span length and total length of the bridge

Generic finite-element models were generated in OpenSees (Mazzoni et al. 2007) for each bridge class.
The generic FEM was parameterized to enable variation in geometric features (e.g., total length or deck
width) and component modeling (e.g., isolator stiffness or concrete strength) and is presented in Figure 1.
The superstructure, corresponding to the deck and concrete girders, was modeled with elastic beam—
column elements represented by a single element in the center of the deck cross section. The middle
span was divided into 20 elements with a lumped mass; the other two spans were divided into 10
superstructure elements. Their mechanical properties include the compound cross-sectional area (A),
Young’'s modulus (E), shear modulus (G), and the moments of inertia about the three main directions
(torsion J, ly, and 1z). In order to properly transfer efforts in the transverse direction, rigid connections
were considered at the abutments and bents. The transverse beams and columns were modeled using
nonlinear beam—column elements. These elements can be defined as force-based elements with spread
plasticity (Neuenhofer and Filippou 1998). For each fiber element, a singular stress—strain relationship



can be developed and thus precisely delineate the regions of confined and unconfined concrete as well
as the longitudinal reinforcing-steel layers. The stress—strain relationship for confined and unconfined
concrete was defined using the law presented by Cusson and Paultre (1995). Each column was divided
into five nonlinear elements in their height direction. Seven Gauss-Lobatto integration points were used
within each finite element in the plastic-hinge regions. Column diameter was defined to allow bridge
weight to account for 10% of axial capacity, and was limited to between 0.75 and 2.5m to avoid
unrealistic dimensions.
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Figure 1: Analytical model of MSC bridges: (a) 3-D model and parameter uncertainties (N = normal
distribution; LN = lognormal distribution; U = uniform distribution); (b) nonlinear beam—column elements;
(c) zero-length elements representing seismic isolation bearings.

Zero-length elements were used to represent the behavior of connections between the superstructure
and bents or abutments, foundation, and impact elements. Pounding between decks or deck abutments
were modeled using a bilinear element, which accounts for the energy dissipated during the contact, in
series with a gap element. Analytical properties of the shallow foundations were obtained using the
frequency-independent spring-dashpot model proposed by Clough and Penzien (1975). The soil-
structure interaction effect was taken into account with six compliance springs and dampers (for the six
degrees of freedom) that were uncoupled from each other, according to the recommendations of CSA S6-
06 (2006). Lumped mass was applied to the center of footing height. The behavior of the seat-type
abutments was also incorporated into the model through the use of translational and rotational springs
based on a linear elastic half-space theory and their stiffness was calculated based in the analytical
model proposed by Wilson (1988). The analytical model accounts for the back-wall and backfill stiffness



as well as the spread footing in the longitudinal direction, and the embankment and wing-wall stiffness in
the transverse direction. Further details about these modeling assumptions can be found in Suescun
(2010) and Tavares et al. (2012).

3 Retrofit with Natural-Rubber Seismic Isolators

The seismic isolation bearings were modeled with a bilinear element according to the indications
proposed by Naeim and Kelly (1999). They were designed to target periods of vibration varying from
1.85 s to 2.5 s for the first two natural periods of vibration in the longitudinal and transverse directions. A
median displacement of 100 mm was adopted considering a median hazard spectrum (with £ one
standard deviation) compatible with eastern Canada and the range of periods of vibration presented
above. The mechanical properties for the seismic isolators were determined from a series of experimental
tests on square bearings. Different specimens with sides varying from 100 to 450 mm and shape factors
varying from 4.2 to 12.5 of a low damping 55 hard natural rubber were tested. Two different setup
configurations were used and presented in Figure 2. The small-bearing test setup (Fig. 2a) was designed
to test a specimen of two parallel small bearing samples with a length of 100 mm at 0.5 Hz. The
maximum available horizontal and axial forces were £100 kN, and maximum horizontal displacement of
+100 mm. The large-bearing test setup (Fig. 2b) was designed to test single square-bearing samples of
sizes varying from 250 mm to 600 mm. The maximum available horizontal force was 500 kN and the
maximum horizontal displacements were 250 mm at 0.1 Hz for harmonic loading or 500 mm for quasi-
static tests in one direction. Axial compressive forces were applied by an MTS press with a capacity of up
to 13,000 kN.

(@) Small bearing test setup (b) Large bearing test setup

Figure 2: Experimental setups used for material characterization tests.

To account for the incertitude in mechanical properties, values of shear modulus and damping for shear
deformations varying from 50% to 125% and for pressures varying from 5.0 MPa to 7.5 MPa were
considered. These results were plotted as histograms and a probability density function (PDF) applied to
represent statistically significant variations in mechanical properties. An example of the procedure is
presented in Figure 3 for damping variation. In the case of shear modulus, a lognormal PDF with a
median (u) of -0.203 (0.816 MPa) and a standard deviation (o) of 0.141 were adopted. The values of
shear modulus samples used in analysis, which controlled the horizontal stiffness of the seismic isolators,
which varied from 0.65 MPa to 1.03M Pa for a cumulative probability distribution between 5% and 95%.
For the damping variation, a lognormal PDF median (p) of 1.956 (7.075%) and standard deviation (o) of
0.176 provided a better representation of the experimental results. In this case, the values of the damping
samples varied from 5.3% to 9.5% (cumulative probability distribution between 5% to 95%). The range of
property values for samples of shear modulus and damping varied from 0.65 to 1.30 around the median
value. Therefore, this range of variation covers the changes in mechanical properties due to
environmental effects (e.g., temperature, aging, etc.). More details about the experimental tests of
seismic isolators can be found elsewhere (Siqueira 2013). For abutment isolators, a keeper plate was
considered in the transverse direction to reduce the demand applied to the wing walls. Keeper-plate



properties were adopted based on values presented by Padgett (2007), approximated by typical bridge
retrofit details in the central and southeastern United States.
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Figure 3: Experimental results for the damping variation and PDF adopted.
4  Analytical Fragility Methodology

The analytical fragility curves developed were based on full nonlinear time—history analyses and intended
to reflect the vulnerability of a general portfolio of retrofitted structures. Fragility is normally defined as the
conditional probability that the seismic demand (D) on a structure or structural component meets or
exceeds its capacity (C) for a given level of ground-motion intensity (IM), or, in this case, PGA.
Considering that both the demand (D) and capacity (C) follow a lognormal distribution, due to their
random nature, bridge-component fragility can be computed in a closed form, as presented in Eq. 1
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where @ is the standard normal cumulative distribution function, Sp is the median, Bpwm is the logarithmic
standard deviation for the demand, Sc is the median, and B¢ is the logarithmic standard deviation for
capacity. To determine the demand placed on bridge components, eight typical bridge configurations
were paired with artificial ground-motion records, for a total of 120 analyses. Through regression analysis
on the computed responses of columns, seismic isolators, abutment walls, and abutment foundations, a
probabilistic seismic demand (PSDM) model was obtained for each bridge component. Following the work
of Cornell et al. (2002), in which the median of the seismic demand was assumed to follow a power law
(Sp = a.IMP), the relationship between the peak component response and ground-motion intensity, in the
logarithmically transformed space, can be written as presented in Eq. 2

Tan o

laa @ ™ — 2 L Ta Tan TR
[2] Mion ) = &) + 0.1

1*1_-}

in which the unknown regression coefficients a and b can be estimated from a linear regression analysis
in the transformed space. The logarithmic standard deviation (Bp;m) of the demand conditioned on the IM
can also be estimated from the regression analysis for each component, as presented in Eq. 3, where N
is the number of simulations and d; is the peak demand of the component of interest.
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Capacity estimates of bridge components have been traditionally defined to correspond to qualitative
descriptions such as slight, moderate, extensive, and complete, as presented in HAZUS (2003). Specific
measurable metric values (in terms of a median Sc and a lognormal standard deviation Bc) were
attributed to each of the qualitative damage descriptions and bridge components to generate a limit state
(LS), which corresponds to a particular level of anticipated bridge functionality. These limit-state
capacities were also considered to follow a lognormal distribution. The actual values and assumptions
used during the analysis are presented later.

Using the results of median demand values of various bridge components, a correlation matrix was
obtained and used to generate a joint PSDM, as proposed by Nielson and DesRoches (2007b). The
correlation matrix reflects the overall dynamics of the bridge system, including the influence of each
component on another component’s behavior. The system fragility for retrofitted MSC concrete bridges
was assessed through a Monte-Carlo simulation using a series approximation for bridge-level failure
analysis. This simulation is intended to integrate the joint PSDM over all possible failure domains as
defined by the limit states. The probability that the bridge system was at or beyond a particular limit state
is therefore the union of the probabilities of the bridge components exceeding the same LS. Finally, the
parameters for the lognormal distribution representing the system fragility (median and lognormal
standard deviation) were estimated through regression analysis, allowing the assessment of the
conditional probability of achieving various qualitative damage states.

To account for the uncertainty due to earthquakes, the suite of synthetic ground motions developed by
Atkinson (2009) for eastern Canada site-class C in the NBCC (2005), and compatible with a uniform
hazard spectrum (UHS) having a 2% probability of exceedance in 50 years is used. The ability of the
fragility curve procedure to propagate inherent uncertainties as the earthquake source, wave propagation,
and soil conditions is conditioned by the ability of the suite to capture these aleatoric uncertainties. The
range of PGA for the entire ground-motion suite was 0.1 to 1.25 g. From a total of 180 artificial ground
motions generated, a set of 120 orthogonal components were selected and applied in the longitudinal and
transverse directions of each bridge model.

5 Demand and Capacity Estimates

The seismic demand for each retrofitted bridge class was assessed by constructing PSDMs for the
response of critical bridge components considering a power law, as presented above. The potential
nonlinear behavior of columns, abutment footings, abutment walls, and seismic isolators were considered
in the three-dimensional analytical models. The demand placed on each component varied from as-built
bridges when seismic isolation was considered as a retrofit measure, with different values for the median
(In(a)) and slope (b) of the regression models. Figure 4 presents a comparison of regression lines for
column drift of as-built and isolated MSC concrete bridges. The replacement of conventional elastomeric
bearings (solid lines) with seismic isolators (dotted lines) increased system flexibility, significantly
reducing column drift. The values of PSDM estimates for as-built and isolated models can be found
elsewhere (Tavares et al. 2012, Siqueira 2013).
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Figure 4: PSDM regression comparison of column drift for as-built and isolated MSC concrete bridges.




In this study, the median values of the prescriptive limit states used by Tavares et al. (2012) were
adapted for columns, abutment walls, and foundation footings for retrofitted bridge models in Quebec.
These limit states were associated with qualitative descriptions or functional interpretations of bridge
damage such as slight, moderate, extensive, and complete, as presented in HAZUS (2003). Due to the
nonspecificity of a unique column configuration, column drift values were adopted based on the study
conducted by Tavares et al. (2010). In the case of abutment walls and footing foundations, the first limit
state was defined as the first yield, while the other limit states were defined based on the ultimate
displacement of these components.

The derivation of limit states for the seismic isolators was based on stability tests for two slender square
bearings measuring 300 mm on a side, with a total rubber height of 180 mm and shape factors of 6.25
and 8.33, respectively. Experimental tests were based on the constant lateral-displacement method and
the critical load was determined by the procedure developed by Nagarajaiah and Ferrell (1999). Using the
results obtained for these slender bearings, two-dimensional half-space finite-element models were
developed using ADINAR and compared to the experimental results. The Neo-Hookean constitutive model
with stiffening and four node elements with constant pressure were used to represent the rubber
elements. Since good agreement between experimental results and FE modeling was found, three
specimens measuring 300 mm on a side and with a total rubber height of 108.0 mm were modeled,
covering a range of shape factors varying from 6.25 to 12.5. Figure 5 presents the details of the
experimental test and the FE model. Considering a range of service pressures varying from 5.0 to
7.5 MPa, the mean value of critical displacement causing instability of the FE-bearing models was
288 mm, which corresponds to 267% of shear strain. Since the specimens tested evidenced no sign of
intermediary damage prior to instability or shear failure, which occurred at shear-strain values of around
300% for a compressive pressure of 5.0 MPa, this value of 267% of shear strain is considered to be the
only limit state for natural-rubber seismic isolators in Quebec. The limit states for all components
considered for retrofitted Quebec bridges are presented in Table 2, in terms of a median (S¢) and
lognormal standard deviation (Bc).

: X 1

(a) Critical load test configuration (b) Detail of FE model

Figure 5: Critical load-test details: (a) photograph of the specimen during test; (b) FE mesh in the laterally
deformed configuration.

Table 2: Limit state capacities for isolated bridges in Quebec.

Component Slight Moderate Extensive Complete
Sc Bc Sc Bc Sc Bc Sc Bc
Column drift (%) 0.5 0.250 0.7 0.250 1.1 0.460 3.0 0.460
Abutment back-wall deformation (mm) 7.0 0.250 15.0 0.250 30.0 0.460 60.0 0.460
Abutment wing-wall deformation (mm) 7.0 0.250 15.0 0.250 30.0 0.460 60.0 0.460
Abutment footing, longitudinal (mm) 40 0.250 20.0 0.250 40.0 0.460 80.0 0.460
Abutment footing, transverse (mm) 40 0.250 20.0 0.250 40.0 0.460 80.0 0.460
SI* longitudinal, shear strain (%) 267.0 0.460 267.0 0.460 267.0 0.460 267.0 0.460
SI* transverse, shear strain(%) 267.0 0.460 267.0 0.460 267.0 0.460 267.0 0.460

* S| = seismic isolator



6  Fragility Results

Using the methodology presented earlier, fragility curves were developed for different components and,
adopting a series-system approach, the fragility of the full bridge system was assessed. Figure 6 provides
a comparison of component fragilities and full-bridge system fragility for as-built and isolated models.
Components with values of cumulative probability smaller than 5% for a PGA of 1.0 g are not presented
due to the low probability of occurrence. As can be seen, the use of seismic isolators reduced the fragility
of almost all components assessed. Consistent with the results of Tavares et al. (2012), abutment footing
did not present significant vulnerability. In the case of columns, a significant reduction in the risk of
damage was observed for slight and moderate limit states. The controlling fragile component contributing
to system fragility in the as-built models varied depending on the damage state of interest. For slight
damage, elastomeric bearings yielded the highest fragilities, followed by columns. In the case of
moderate damage, abutment walls and columns evidenced very similar levels of fragility in the range of
the PGA values considered. Abutment walls were the most fragile components for the remaining limit
states. This could cause some traffic restrictions or even some bridge closures. In the case of isolated
bridges, the wing wall was the controlling fragile component for all bridge classes. This would provide
some advantages in terms of bridge performance after an earthquake. For example, considering the
performance levels described by the limit states, even if the wing walls were damaged after an
earthquake, the system would maintain functionality due to column and foundation integrity, and no
bridge closure is expected.
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Figure 6: Comparison of component and system fragility for as-built and isolated MSC concrete bridges in
Quebec.

The system fragility was reduced significantly for slight damage; smaller reductions are observed at
moderate and extensive damage states. This smaller reduction can be explained by the fact that the
abutment wing walls governed the fragility of the isolated systems. Due to the superstructure mass of this
bridge class, significant inertial loads were transferred to these slender structures during an extreme
event; even with the use of keeper plates to reduce the demand, significant damage is expected. The



probability of complete damage for all bridge classes was less than 10%, and low susceptibility for
complete damage is expected.

Conclusions

This paper presented the analytical development of fragility curves for typical multi-span concrete bridges
in Quebec retrofitted with natural-rubber seismic isolators. The methodology for assessing the fragility of
isolated Quebec bridges includes the use of 3-D analytical models subjected to a suite of bidirectional
GMTHs for eastern Canada. The contribution of multiple vulnerable components was incorporated for the
system fragility estimation. Experimental results of square bearings of different sizes and shape factors
were used to account for uncertainty about the mechanical properties of seismic isolators. Moreover,
experimental results and finite-element modeling to determine the critical load of square bearings were
used to establish the limit states for seismic isolators in terms of shear strain. The fragility of different
components offers insight into the impact of seismic isolation in the demand placed on various system
components. Generally, the use of seismic isolators significantly reduced the demand placed on key
elements such as columns for seismic isolated bridges. The use of seismic isolators significantly reduced
system fragility for a slight limit state; smaller reductions were observed for higher damage states. The
main difference between system fragility for the as-built and isolated models was that a different
component governed system fragility depending on the limit state in the case of as-built bridges. In the
case of isolated bridges, the abutment wing wall governed system fragility in all limit states. Protecting key
components of the bridge system, such as columns and foundations, leads to less time to restore
complete bridge functionality and less probability of traffic restriction or bridge closure after an extreme
event.
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