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Seismic Fragility Assessment of Continuous Integral
Bridge Frames with Variable Expansion Joint
Clearances

P. Mounnarath, U. Schmitz, Ch. Zhang

Abstract—Fragility analysis is an effective tool for the seismic
vulnerability assessment of civil structures in the last several years.
The design of the expansion joints according to various bridge design
codes is almost inconsistent, and only a few studies have focused on
this problem so far. In this study, the influence of the expansion joint
clearances between the girder ends and the abutment backwalls on
the seismic fragility assessment of continuous integral bridge frames
is investigated. The gaps (ranging from 60 mm, 150 mm, 250 mm
and 350 mm) are designed by following two different bridge design
code specifications, namely, Caltrans and Eurocode 8-2. Five bridge
models are analyzed and compared. The first bridge model serves as
a reference. This model uses three-dimensional reinforced concrete
fiber beam-column elements with simplified supports at both ends of
the girder. The other four models also employ reinforced concrete
fiber beam-column elements but include the abutment backfill
stiffness and four different gap values. The nonlinear time history
analysis is performed. The artificial ground motion sets, which have
the peak ground accelerations (PGAs) ranging from 0.1 g to 1.0 g
with an increment of 0.05 g, are taken as input. The soil-structure
interaction and the P-A effects are also included in the analysis. The
component fragility curves in terms of the curvature ductility demand
to the capacity ratio of the piers and the displacement demand to the
capacity ratio of the abutment sliding bearings are established and
compared. The system fragility curves are then obtained by
combining the component fragility curves. Our results show that in
the component fragility analysis, the reference bridge model exhibits
a severe vulnerability compared to that of other sophisticated bridge
models for all damage states. In the system fragility analysis, the
reference curves illustrate a smaller damage probability in the earlier
PGA ranges for the first three damage states, they then show a higher
fragility compared to other curves in the larger PGA levels. In the
fourth damage state, the reference curve has the smallest
vulnerability. In both the component and the system fragility
analysis, the same trend is found that the bridge models with smaller
clearances exhibit a smaller fragility compared to that with larger
openings. However, the bridge model with a maximum clearance still
induces a minimum pounding force effect.

Keywords—Expansion joint clearance, fiber beam-column
element, fragility assessment, time history analysis.

I. INTRODUCTION

IGHWAY bridges are essential infrastructures in
transportation systems in the European and other regions.
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These structures should be designed to survive both normal
and seismic situations. The restoration of these bridges should
be performed with the minimum cost and time after an
earthquake event to ensure the traffic flow and economy.
Therefore, the design of bridges to attain these goals is still a
challenge for civil engineers and researchers around the world.
Although some design codes are available, such as Caltrans
[1] and Eurocode 8-2 [2], but they are still inconsistent
especially in the design of the expansion joint clearances.
Some studies on the analysis and modeling of the expansion
joints have been carried out so far. Kawashima and Penzien
[3] examined the dynamic behavior and the seismic response
of the bridge model by emphasizing the discontinuous
behavior of the expansion joints. They also correlated their
analytical study with the experimental response. Raheem [4]
developed an analytical model for the expansion joints which
takes into account of the interaction of the adjacent bridge
segments and the impact effect. He also developed three kinds
of restrainers and associated those with the expansion models
for studying the mitigation of pounding and prevention of
unseating at the opening joints of isolated multi-span bridges.
Banerjee and Shinozuka [5] analyzed the continuous integral
bridge frame by including the modeling of a simplified gap
element for pounding at the expansion joint of the middle
girder span and by adding a hook element for restrainers at
that expansion joint. The gap elements for pounding at the
abutments were also included. However, only one design gap
value for pounding at the abutments was investigated. Mitoulis
[6] analyzed three real bridge models with the variations of the
total lengths, the clearances at the expansion joints, and the
backfill models. He included the displacements of the girders
in the design of the expansion joints as specified in Eurocode
8-2 [2]. However, the expansion joints were designed for only
a specific earthquake level for each bridge. His analysis result
still does not cover other cases with various ranges of the
earthquake intensity levels and the verification of its
consistency is still required.

Fragility analysis is an effective tool for the seismic
vulnerability assessment of civil structures under various
levels of the earthquake excitations. This technique is reliable,
and can illustrate a clear trend of the structural behavior and
the damage probability. It was applied by many researchers
([7]-[16], and etc.) to carry out the bridge analysis for various
objectives so far. The response analysis of bridges with the
inclusion of the abutment models mainly depends on the
method of the modeling of the abutments and backfills as well
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as the design and modeling of the expansion joint clearances.
Unfortunately, studies on these problems are still limited,
especially for various ranges of the different input ground
motions like the fragility analysis. Therefore, this study
focuses on the seismic fragility assessment of continuous
integral bridge frames by considering the influence of the
expansion joint clearances on the modeling of the abutment
backfill stiffness. The movement of the girders at openings is
assumed to occur in many scenarios. For the first case, the
girder is assumed to be freely moveable. For the second case,
the girder is allowed to move to the finite value of the
clearance that is designed for service actions only. The
openings for the third, fourth, and fifth cases are designed for
the consideration of the partial seismic displacements under
the damage limitation, collapse prevention, and extra
earthquake levels, respectively. Detailed information can be
found in the next sections.

II. BRIDGE PROPERTIES AND PARAMETERS

A. Bridge Properties

A continuous integral bridge frame with four spans is
considered in this study as a prototype bridge as shown in Fig.
1. The clear height of all piers is taken as 30 m and their
sectional properties are designed similarly in order to provide
uniform vertical and lateral stiffness. The initial geometrical
design of all structural members is then carried out. The girder

and piers are designed by using the concrete classes C35/45
and C30/37 according to Eurocode 2 [17], respectively. The
reinforcing steels of all structural components belong to the
steel grade A706M of Caltrans [1], which has the
characteristic yield and ultimate strengths of 420 and 550
MPa, respectively. The pre-stressing steels utilize the steel
grade Gr270 of Caltrans [1], which has the characteristic
tensile strength of 1860 MPa. All detailed material properties
can be further found in the specified references. The
expected/mean material properties are assigned to each
structural member in both linear and nonlinear analysis. The
linear analysis is performed by using the response spectrum
analysis method. Two seismic design levels with a PGA of
0.175 g and a PGA of 0.35 g are assigned and represented for
the damage limitation and the collapse prevention levels,
respectively. The bridge is designed as a ductile frame by
following Eurocode 8-1 [18], Eurocode 8-2 [2], and Eurocode
2 [17] standard specifications. The behavior factors are taken
as 3.5 for the two horizontal directions and 1 for the vertical
direction. The bridge is assumed to be located on the soil type
D with the importance factor equal to 1. Fig. 2 shows the
sectional properties of the piers and the girder at the middle
spans. Fig. 3 depicts the foundation plans of the three piers
which are later used in the computation of the soil spring
stiffness as illustrated in Table I.
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Fig. 1 Longitudinal profile of the prototype bridge (unit: [m])
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Fig. 2 Cross sections of the piers and the girder (unit: [m])
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Fig. 3 Foundation plans of the three piers (unit: [m])
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TABLE 1
STIFFNESS VALUE OF THE SOIL SPRING ELEMENTS
No Stiffness value Unit Pier P, Pier P, Pier P;
1 K, kN/m 2.1x10° 2.8x10° 2.1x10°
2 K, kN/m 4.9x10° 6.5%10° 4.9x10°
3 K. kN/m 2.1x10° 2.8x10° 2.1x10°
4 K kN.m/rad 2.5x107 3.3x107 2.5x107
5 K, kN.m/rad 3.7x10° 4.9x10° 3.7x10°
6 K. kN.m/rad 2.5%107 3.3x107 2.5%107
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Fig. 4 Abutment seat width requirements in Caltrans [1]

B. Design of the Expansion Joint Clearances

The design of the expansion joints by various bridge design
codes such as Caltrans [1], Eurocode 8-2 [2]; is almost
inconsistent. Caltrans [1] accounts for only the serviceability
effects as shown in Fig. 4. Where Aps is the displacement
attributed to the pre-stress shortening, Ac+sn 1s the
displacement attributed to the creep and shrinkage, and Aenp 18
the displacement attributed to the thermal expansion and
contraction. Whereas Eurocode 8-2 (section 2.3.6.3) [2]
accounts for the partial fraction of the seismic displacement
from the linear analysis to the calculation of the required
clearances of the expansion joints as given by

dk]l = d[:' +d(i + ‘//ZdT > (l)

where dg is the long-term displacement due to permanent and
quasi-permanent actions (e.g. post-tensioning, shrinkage and
creep for concrete girders). For simplicity, in this context, this
term is computed by assuming that it is equivalent to the
thermal contraction at the temperature of 30°C ([19] and [6]).
dr is the displacement due to thermal expansion (here, it is
computed by assuming a temperature of 25°C), > is the
combination factor for the quasi-permanent value of the
thermal action (0.5). In (1), dr is the design seismic
displacement determined

dE = intuudm 4 (2)

where 5 is the damping correction factor that can be

determined by
- 3
(0.05+¢&)

1a is the displacement ductility factor given by

1 =q if T>T,=125T , C))

HF(‘I‘U%HSSq—‘* if T<T,, %)

and dg. is the seismic displacement computed from the linear
elastic analysis (response spectrum analysis). In (3)-(5), & is
the damping ratio (taken equal to 0.05 in this study), ¢ is the
behavior factor, T is the fundamental period in the considered
horizontal direction, and T is the corner period defined in the
response spectrum curve.

Section 2.3.6.3 (5) of Eurocode 8-2 [2] allows using an
appropriate fraction of the design seismic displacement and
the thermal expansion for the non-critical structural
components (e.g. girder movement joints and abutment
backwalls). In this study, we apply the recommended values
by the code, which are 40% for the design seismic
displacement and 50% for the thermal expansion in (1). It
could be found from the response spectrum analysis that the
required expansion joint clearance between the girder and
abutment backwalls is approximately 0.06 m computed by
following Caltrans’s procedure. And it is about 0.15 m and
0.25 m for satisfying the two design earthquake levels
(damage limitation and collapse prevention, respectively)
computed by following Eurocode 8-2 [2]. However, to set
sufficient parameters, a larger opening value with 0.35 m is
supplemented as an extra value as listed in Table II.

TABLE IT
MAIN PARAMETERS OF THIS STUDY
No Earthquake levels Clearances (m) Codes
1 All 0.06 Caltrans
2 0.175 g 0.15 Eurocode 8-2
3 035¢g 0.25 Eurocode 8-2
4 Extra 0.35 -

III. FRAGILITY ANALYSIS PROCEDURE

A. Structural Modeling

The detailed nonlinear structural modeling and analysis are
performed in OpenSees [20]. The three-dimensional skeleton
beam-column elements are modeled as shown in Fig. 5. Two
main types of total five structural models are analyzed and
compared. The first model as depicted in Fig. 5 (a) serves as a
reference. This model uses simplified restraints at both ends of
the girder as shown in Fig. 7 (a). The vertical flexibility of the
abutments and bearings is neglected. The simplified vertical
restraints replace those effects. The girder is allowed to move
freely in the longitudinal direction. The longitudinal torsion is
assumed to be perfectly restrained using the transverse shear
keys. The girder ends and the abutments are also assumed to
be able to contact perfectly and move together in the
transverse direction by the mechanism of the transverse shear
keys and stoppers.
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Fig. 5 Skeleton beam-column element models: (a) reference model, (b) variable models
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Fig. 6 South abutment and girder connection details

As it could be observed from the pushover analysis in
SAP2000 [21] that the girder’s plastic hinges are in the elastic
range only, thus the modeling of the girders for all frame
models in this study employs the elastic beam-column
elements. The pre-stressing tendons in the reference and other
models are represented by the Corotational truss elements in
OpenSees [20] as shown in Figs. 6 and 7. The total tendon
sectional area with Uniaxial Elastic Perfectly-Plastic Gap
Material is assigned. Fig. 5 (b) illustrates the other four
models, which are referred to as the variable models. The
models consider the properties of the longitudinal and the
transverse backfill stiffness. Four different values of the
expansion joint clearances between the girder and the
abutment backwalls are used as the main variables of the

longitudinal backfill stiffness models as shown in Figs. 6-8.
The modeling of the abutment sliding bearings is also
included. The modeling of the longitudinal backfill stiffness at
the south abutment (or passive direction) applies the Two
Node Link Element with Uniaxial Elastic Perfectly-Plastic
Gap Material as shown in Fig. 8 (a). The embankment fill
material is assumed to meet the requirements of the Caltrans
standard specifications [1]. The longitudinal backfill stiffness
is calculated by

1.7m

K, =K xw,, x[ P ] s (6)
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Fig. 8 Backfill stiffness models: (a) longitudinal stiffness model, (b) transverse stiffness model

where K; is the initial stiffness which is taken as 28.7
kN/mm/m. wp,, is the projected width of the backwall for the
seat abutment, and /p,, is the height of the abutment backwall.
The idealized bilinear force-displacement law can be
determined by using

P, = A x239kPax (%] , @)

where 4. is the effective abutment wall area computed by
A =h, xw, . ®)

The transverse backfill stiffness is calculated similarly.
Instead of using the Two Node Link Element, it is replaced by
the Zero-Length Element with Uniaxial Elastic Perfectly-
Plastic (without Gap) Material as illustrated in Fig. 8 (b). The
idealized bilinear force-displacement law is determined by
assuming the wing walls as diaphragm walls and adjusting
factor 8/9 for considering the difference in the participation of
both wing walls [1], [22]. However, this study focuses mainly
on the longitudinal analysis and the transverse backfill
stiffness has only very small or almost no influences on the
analysis. The detailed procedure for computing that value will
be not presented here, but it can be found in [1] and [22]. It

should also be noted that the friction between the approach
slabs and the backfill soil as well as the friction between the
abutment wing walls and the surrounding soils are also
neglected in this study. The sliding bearings are modeled by
using Single Friction Pendulum Bearing Elements in
OpenSees [20] and assigning the friction coefficient of 0.04.
The effective radius of the concave sliding surface is taken as
3.6 m. The vertical stiffness is defined as 170000 kN/m. The
properties of all sliding bearings are specified by the
Manufacturer (Mageba Inc., USA [23]). The approximated
horizontal yield displacement has been obtained by following
the procedure of [24]. The stiff zones at both ends of the
girders for all studied models are represented by rigid link
elements as shown in Figs. 6 and 7. The elastic stiffness of
these elements has been assigned to be about 100 times of
their surrounding elements [25].

Fig. 9 shows the connection details of the pier, girder, and
foundation at Pier P2. It can be seen that the flexibility of the
pier foundation is considered, and it is modeled by using Zero-
Length Elements with Uniaxial Elastic Material for
representing all stiffness values in all six degrees of freedom.
These values are listed in Table 1. As can be seen from Fig. 9,
several fiber beam-column elements are used to separate the
potential plastic hinge zones and the outer zones. These two
zones have different spacings of the lateral reinforcing steels
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or the core concrete confinement factors. Five points of the
Gauss-Lobatto integration per one element are applied. The
lumped masses are distributed uniformly along the height of
the piers and also along the length of the girder. It can be
observed that the strain penetration lengths at both ends of the
piers increase the height of the idealized fiber beam-column
elements. Again, the rigid connection zones between the piers
and the girders are modeled by using the rigid link elements

Rigid link elements
Lumped mass along the girder

similarly as stated earlier. Fig. 10 illustrates the typical fiber-
reinforced concrete section of the piers in this study. The
cover and the core concrete fiber patches are modeled by
using the unconfined and confined concrete material model of
Mander et al. [26] or the Concrete04 Material in OpenSees
[20]. The steel layers are modeled by employing the Giufre-
Menegotto-Pinto model [27] or the Steel02 Material in
OpenSees [20].

Corotational truss elements

Elastic beam-column elements

*_H

i . |
! | Strain penetration length !
Plastic hinge zone
Rigid link elements 1
!
i
Quter Lumped mass along the pier
plastic hinge zone 1
Gauss-Lobatto integration points
' ™
] Fiber beam-column elements
Plastic hinge zone . :
T TR T 77N '_ Sm_n%len%__ﬂ_—
T

~. | I Zero-length spring elements

P2

Fig. 9 Pier, girder, and foundation connection details

Cover concrete fiber patch
/" Steel layer
J

Core concrete fiber patch

A=

YZ
Fig. 10 Typical fiber-reinforced concrete section of the piers

B. Input Ground Motions

In this study, the artificial ground motion sets are taken as
input. The accelerograms have been scaled to the target elastic

acceleration response spectrum with a 5% damping ratio of
Eurocode 8-1 [18] for the ground type D. The envelope shape
of the computed curves is approximated by the Saragoni and
Hart function [28]. The instant of time corresponding to a
unitary density is taken to be 4 s and the value of the intensity
corresponding to the last instant of time is set as 0.05 s. The
input PGAs ranges from 0.10 g to 1.0 g with an increment of
0.05 g. The total duration of each ground motion is 20 s with a
time-step of 0.005 s. The generation of these accelerograms
has been achieved by employing the software SeismoArtif. v
2.1.0 (Seismosoft srl, Earthquake Engineering Software
Solutions [29]). The built-in calculation method namely, the
“Artificial Accelerogram Generation & Adjustment” is
selected and applied. Fig. 11 shows the example of the elastic
and generated response spectrum with a PGA of 0.35 g. The
mean error between each generated curve and the reference
target curve is less than 10% which satisfies the required
criteria. Fig. 12 illustrates the seven achieved ground motions.
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Fig. 11 Target elastic and generated response spectrum curves with a
5% damping ratio
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Fig. 12 Seven achieved ground motions with a PGA of 0.35 g

C. Nonlinear Time History Analysis (NTHA)

The static analysis of the idealized structural models under
the gravity loads is firstly performed in OpenSees [20]. Then
the constant gravity loads are maintained and the computed
time is reset to zero before performing the dynamic analysis.
Various dynamic analysis methods are recently developed and
available. However, this study employs the well-known
nonlinear time history analysis method. The time-step for the
analysis is taken as 0.005 s, and the total duration of the
analysis is set to be 35 s. This duration has been split into two
portions. The first portion is about 20 s which is used for the
analysis of the input ground motion. The second portion with
15 s is utilized for the free vibration analysis after ending the
earthquake input data. The second portion is included to
ensure the stop of the structural shaking. The time integration
method employs the Hilber-Hughes-Taylor method. The main
input parameter o is taken as 0.68 to ensure the
unconditionally stable calculation. The Rayleigh damping is
used for the mass-stiffness proportional damping. As
mentioned previously, seven accelerograms are applied as
input per one PGA level. An average of each maximum
response has been obtained.

D. Engineering Demand Parameters (EPDs) and Damage
States (DSs)

Various studies related to the analytical fragility analysis of
the bridge structures have used different sets of the
engineering demand parameters (EDPs) and the damage states
(DSs). Basoz and Mander [7] used the drift limits for weak
piers and displacement limits for weak bearings as EDPs with
the definition of four damage states such as slight, moderate,
extensive and complete damage states. Kowalsky [30] applied
the concrete strain and steel strain limits of the columns as the
EDPs with two damage states, serviceability and damage
control. Hwang et al. [8] employed the displacement ductility
as an EDP. They defined five damage states, e.g., no damage,
slight/minor damage, moderate damage, extensive damage and
complete damage. HAZUS (FEMA) [31] defined only five
qualitative damage states. The damage ranges are similar to
that in [8]. Liao and Loh [9] also applied the displacement
ductility of the piers and the displacement limits of the
bearings similar to [8]. However, instead of defining five
damage states, they assigned only four damage states as
specified by [7]. Choi et al. [10] employed several EDPs such
as the displacement ductility of the columns, the
displacements of the steel and expansion bearings, the
displacements of the fixed and expansion dowels. They
defined only four damage states like in [7]. Nateghi-A and
Shahsavar [12] used the inelastic displacement ductility ratio
and the Park-Ang damage function of the columns as the
EDPs with four damage states. Avsar [15] defined EDPs by
using the curvature ductility, the shear capacity of the columns
and the cap beams as well as the girder unseating. They set
three new damage limits corresponding to the structural limit
states defined by Priestley et al. [22]. Banerjee and Shinozuka
[5] defined an EDP from only one response like the threshold
rotational ductility demand. They used five damage states like
in [8]. Zhang et al. [32] applied the section ductility and the
shear strain of the elastomeric bearings as EPDs with four
damage states. It is clear from the previous studies that the
definitions of the engineering demand parameters and the
damage states were inconsistent which depend on the
objectives, conditions, and assumptions of different
researchers. Therefore, in this study, the curvature ductility of
the piers and the displacements of the sliding bearings at the
abutments are selected as two main EDPs. Four damage states
as specified in [7] are used. Firstly, the displacement ductility
capacity in the four DSs is determined according to the
procedure of [8]; then it is converted to the curvature ductility
capacity by applying the expression in [33] as

- m-r ©)
T L
(1-0.52)
L L

where w4 is the curvature ductility capacity, w4 is the
displacement ductility capacity, L is the distance from the
plastic joint to the point of zero moment in the piers, and L, is
the plastic hinge length estimated according to Eurocode 8-2

[2]
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L,=0.1L+0.015f,d_, (10)

in which fj is the characteristic yield stress of longitudinal
reinforcement (in MPa), and d; is the longitudinal steel bar
diameter.

The displacement capacity for the complete damage state of
the sliding bearings is selected by using the design manual of
the Reston Pendulum Sliding Bearing (Mageba Inc., USA
[23]) and by the engineering judgment introduced by us. Other
values for the first three damage states have adopted the
capacity values of the expansion bearings applied by [10].
Table III lists the EDPS and the DSs in this study.

TABLE ITI
ENGINEERING DEMAND PARAMETERS AND DAMAGE STATES

No Damagesutes PRI GO displacomen (mm)
I Slight(DS) 1.00 1.00 50
2 Moderate (DS2) 1.46 239 100
3 Extensive (DS3) 3.17 7.58 150
4 Complete (DS4) 6.17 16.67 200

E. Component Fragility Analysis

Previous studies on seismic fragility analysis in last decades
have applied various techniques to establish the fragility
curves. In this study, the component fragility curves are
computed by using the lognormal cumulative distribution
function (cdf). This function can be derived by integrating the
probability density function (pdf). The damage probability
function can be calculated by

Sd
P,:P[SN}, (11)

c

where Pris the damage probability at a specific damage state,
Sq 1s the structural demand, and S. is the structural capacity.
Alternatively, (11) can be re-written in another form as

P :(D|:ln(S(,/S<):|, (12)
s

where ® [x] is the standard normal distribution function, and f
is the logarithmic standard deviation or dispersion.

Based on the above principle, the first component fragility
curves are then established in terms of the curvature ductility
demand to the capacity ratio of the piers. The second
component fragility curves are generated in terms of the
displacement demand to the capacity ratio of the abutment
sliding bearings. Fig. 13 (a) shows the pier fragility curves for
the first variable structural model with the expansion joint
clearance of 60 mm. Fig. 13 (b) presents the bearing fragility
curves for the same model.
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Fig. 13 Component fragility curves for the first variable structural
model: (a) pier fragility curves, (b) bearing fragility curves

Fig. 14 illustrates the comparison of the pier fragility curves
for the reference and other four variable bridge models with
different expansion joint clearances ranging from 60 mm to
350 mm. It can be observed from all damage states (a) to (d)
that the reference model exhibits a severe vulnerability
compared to that of other models. The bridge models with
smaller clearances exhibit a lower fragility compared to that
with larger openings. The similar trend can be found in the
bearing fragility curves as shown in Fig. 15.
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Fig. 15 Comparison of the bearing fragility curves for the four
variable models

F. System Fragility Analysis

Previous studies have applied several different methods to
determine the system fragility curves. Banerjee and Sinozuka
[5] considered only the threshold rotational ductility demand
as the main response to generate the fragility curves and
utilized them as the system curves. Nateghi-A and Shahsavar
[12] also employed only the responses from the piers to
generate the fragility curves. Choi et al. [10] applied the first-
order reliability theory to obtain the system fragility curves by
combining various component fragility curves. Nielson and
DesRoches [13] also developed the system fragility curves
from the component curves as in [10]. However, they utilized
the Monte Carlo simulation instead of the first-order reliability
theory. Mackie and Stojadinovic [34] suggested determining
the system fragility curves from the functionality and the post-
earthquake retrofit cost. Zhang et al. [32] proposed a
composite damage state. They used a proportion ratio 0.75 for
columns and 0.25 for isolation devices by weighting the
importance for the load-carrying capacity of the relative
components during the earthquake and the post-earthquake
repair cost. However, they used the proportion ratio for the
first three damage states only. For the fourth damage state,

they applied the governing damage between the piers and the
isolators. From our points of view, the numerical computation
of the real system fragility is too complicated or even
impossible. The failure consequence of each bridge
component cannot be determined numerically in contrast to
the experimental works. Moreover, the derivation of the
system fragility curves should be distinguished for each type
of the bridge system. In fact, the failure of the abutment
sliding bearings in a continuous integral bridge might induce
only a very small effect on the piers and the overall bridge.
Therefore, in this study, the simplified numerical computation
is performed by using the importance weighting. The first-
order reliability theory is applied to generate the upper-bound
curves. It can be seen from Fig. 16 that the upper bound curve
is almost the same curve as the bearing fragility curve even
though the piers in the above prototype bridge play a more
important role for carrying both the weights and the seismic
forces. This is one of the reasons why we believe that the
results obtained from this theory are too conservative if we
take them as the system fragility curves. The lower-bound
curves take the pier fragility curves, because as stated above;
the piers are weighted as more important than the bearings in
this work. The component fragility curves (pier fragility
curves) of the reference bridge model serve as the system
curves since the modeling of the abutment bearings is not
included as described previously. The system fragility curves
of four variable bridge models are obtained by weighting the
importance of the piers and the abutment bearings. Finally, the
proportional contribution ratios equal to 0.75 and 0.25 (similar
to [32]) are taken for the pier and the bearing fragility curves,
respectively. It is important to note that the proportions are
specified in the fragility curves for all four damage states
instead of only the first three damage states as in [32]. The
upper bound fragility values are computed by

max[P(F)] < P(F,,,) <1-T1[(1- P(F)], (13)
where P(Fuyper) is the damage probability of the upper bound
values, and P(F;) is the damage probability of each
component.

Fig. 17 shows the system fragility curves for all structural
models. It can be seen from Figs. 17 (a) and (b) for the first
and second damage states that at the PGA ranging from 0 to
0.15 g the fragility curves of the reference model exhibit a
lower vulnerability compared to that of other models. After
that range, the reference curves show a higher fragility
compared to other curves. For the third damage state in Fig. 17
(c), the reference curve shows the smallest damage probability
at the PGA levels smaller than 0.2 g. Moreover, at the PGAs
ranging from 0.2 to 0.5 g, the reference curve still depicts a
slight damage probability compared to that of the third and
fourth variable bridge models with opening values of 250 and
350 mm, respectively. However, at the PGAs larger than 0.5 g
it shows a severe vulnerability compared to other curves. In
Fig. 17 (d), the reference curve show a lower fragility
compared to that of all other bridge models. It can be observed
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to that with larger openings.

PGA(2)

(b) Damage state 2 (DS2)
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PGA(g)

from Figs. 17 (a)-(d) that the bridge models with smaller
clearances still exhibit a slighter failure probability compared
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Fig. 17 System fragility curves for all bridge models

Fig. 18 shows the induced pounding force effect between

the girder and the abutment backwalls. As expected, the bridge
model with a maximum clearance induces a minimum
pounding force effect.

Al

Pounding force (MN)

| == PDForce-G60 ||
= === PDForce-G150
—— PDForce-G250
=6— PDForce-G350

T T T
0.7 08 09 1

Fig. 18 Induced pounding force effect between the girder and the
abutment backwalls

III. CONCLUSIONS

In this study, the seismic fragility assessment of continuous

integral bridge frames with a simplified reference model and
four variable bridge models with different expansion joint
clearances and backfill stiffness is presented. The results can
be concluded as follows:

In the component fragility analysis, the reference model
exhibits a severe vulnerability compared to that of other
sophisticated models. The bridges with smaller clearances
show a lower fragility compared to that with large
openings. This verifies that the inclusion of the backfill
stiffness in the modeling of variable bridge models can
greatly reduce the responses of the superstructure,
bearings, and piers. The bridge models with smaller
clearances contribute more to the effective backfill
resistances compared to that with larger gaps.

o In the system fragility analysis; for the damage states 1-3,
the reference model shows a smaller damage probability
at the lower PGA level. Then it exhibits a higher fragility
compared to that of other variable bridge models. In the
damage state 4, the reference curve has the lowest
vulnerability, because the modeling of the abutment
bearings is not included. The same trend can be found in
the system fragility curves. The bridge models with larger
openings possess a higher damage probability compared
to that with smaller clearances.

e The result of the pounding effect shows that the bridge
model with a larger clearance induces a smaller pounding
force effect.

e Although the design of the expansion clearances by
following the Caltrans’s procedure in this study seems to
be more practical compared to the method of Eurocode 8-
2. However, the possible damages induced by the higher
pounding force effects should be also taken into account,
which is neglected in this study.
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