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Abstract.

Fragility analysis is an effective tool that is frequently used for seismic risk assessment of bridges. There are three

different approaches to derive a fragility curve: experimental, empirical and analytical. Both experimental and empirical
methods to derive fragility curve are based on past earthquake reports and expert opinions which are not suitable for all bridges.
Therefore, analytical fragility analysis becomes important. Nonlinear time history analysis is commonly used which is the most
reliable method for determining probabilistic demand models. In this study, to determine the probabilistic demand models of
bridges, time history analyses were performed considering both material and geometrical nonlinearities. Serviceability limit
states for three different service velocities were considered as a performance goal. Also, support displacements, component
yielding and collapse limits were taken into account. Both serviceability and component fragility were derived by using
maximum likely hood methods. Finally, the seismic performance and critical members of the bridge were probabilistically

determined and clearly presented.
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1. Introduction

In Turkey, there are three active earthquake zones
named North Anatolia, Southeast Anatolia, and Western
Anatolia. Approximately, 42% of its territory lies on the
high seismic risk zones. Therefore, the seismic events
seriously threat all structures and transportation lines in the
big and industrialized cities of Turkey. On the other hand, in
Turkey, there are many historical bridges, most of them
registered as a national heritage. Transportation systems
should continue to give service after a tremendous event
such as an earthquake.

Railway lines have an important contribution to the
economy with passenger, freight, mine and military
transportation. The total length of the railway lines is
approximately 12,000 km. The construction of railway lines
dates back to the end of the 19th century that mean most of
the parts of railway system are older than 100 years. So,
possible damage or failure of the bridges may disrupt the
service of railway lines. Thus, seismic performances of
bridges need to be determined to sustain the continuity of
railway transportation after seismic events.

There are many linear and nonlinear approaches to
determine the seismic performance of bridges and fragility
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curve is one of the famous and effective tools for this aim
(Pan et al. 2007). Fragility is the probability of exceedance
of certain performance limit under seismic events of
structural or nonstructural components. There are three
methods to derive fragility curve; expert based, empirical
and analytical. Past earthquake reports and expert opinions
are used to derive expert-based and empirical fragility
curves (Yazgan 2015). Required information to derive
expert base and empirical fragility curve is not possible for
many bridges. So, analytical fragility curves become
important. The analytical method is dependent on some
numerical analysis results such as elastic spectral analyses,
nonlinear static analyses and nonlinear time-history
analyses (Liu et al. 2017, Razzaghi et al. 2018, Sfahani and
Guan 2018). These numerical analyses are used to construct
a probabilistic seismic demand model (PSDM). Nonlinear
time history analyses (NTHA) are the most reliable and
time-consuming analysis methods to derive PSDMs
(Banerjee and Shinozuka 2007, Bignell et al. 2004,
Shinozuka et al. 2000a, b, Mackie and Stojadinovic 2001,
Kumar and Gardoni 2014, Mosleh et al. 2016). Selection of
earthquake data for NTHA is an important step to derive
fragility curves because the local site condition of selected
earthquake data has an important effect on NTHA’s results
(Sisi et al. 2018).

Performance criteria for bridges need to be determined
to derive fragility curves. There are different approaches to
specify performance criteria for bridges. Tsionis and Fardis
(2014), Yilmaz and Caglayan (2018) used maximum
horizontal rotation and displacement limit given in Annex
A2 EN 1990 as service criteria which is important for
railroad geometry and prevent derailment of the train.
Mander (1999) conducted experimental studies on bridge
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supports and determined the displacement values
corresponding to the performance targets. Mohseni (2012)
considered bending curvature ductility for steel
superstructure elements.

In this study, a simply supported steel truss railway
bridge was considered. Thirty different real earthquake data
were selected by considering three different soil conditions.
The selected data were scaled from 0.1 g to 1.0 g, and
totally 300 different nonlinear times history analyses were
performed to determine seismic response of this bridge. As
for performance limit, support displacements, component
yielding and collapse, and service limits were defined. The
service condition was determined for three different service
velocities. For supports, four different performance criteria
were determined as slight, moderate, large and collapse.
Also, two different performance criteria were defined for
truss components; yielding and collapse. Median values and
dispersions of all conditions were carried out, and the
obtained results were compared with previous existing
studies in the literature.

2. Analytical method and simulation

Probability of exceeding performance limits for
structure or structural components are determined in terms
of intensity measure (IM). Fragility can be express as Eqg.
(1) (Padgett and DesRoches 2008).

Fragility = P[EDP > C|IM] (1)

where P is the probability of the particular case, EDP is the
engineering demand parameter and C is the capacity.
Probabilistic seismic demand models (PSDMs), structural
demand and capacity are determined by using nonlinear
time history analysis to model and analyze the bridge
structure.

2.1 Probabilistic seismic demand model

A PSDM describes the seismic demand of a structure or
structural component in terms of an approximate IM
(Padgett and DesRoches 2008)

In(d)—In(Ef)P))

P[EDP >d[IM]=1-¢( )
Beopm
where the median EDP is estimated as a power model
EDP =alM" @)
or a linear logarithm model
In(EDP) =In(a) +bIn(IM) 4)

where a and b are regression coefficients, ¢ is the standard
normal cumulative distribution function, EDP is the
median value of engineering demand, d is the limit state to
determine the damage level, and feppim (dispersion) seen
below is the conditional standard deviation of the regression
(Siqueira et al. 2014)

B byy2
gy = 2N ®)

2.2 Component and system fragility

Component fragility describes the seismic behavior of
different components under the same level of damage and
allows the weakest bridge component to be determined. In
this study, all the elements of the main bridge truss and its
supports were considered. Capacities of elements of truss
system were calculated under tension, compression, and
bending.

However, the point of system fragility is to determine all
possible damage probabilities which can occur on the
structural system, since all components must be considered
to derive the overall bridge fragility curve. Bridge damage
probability for a chosen limit state is the union of
probabilities of each component for the same limit state
(Nielson and DesRoches 2007). Upper and lower first-order
bounds on the system give a proper opinion for the fragility
curve representing the whole bridge system. For a structural
serial system, upper and lower bound fragility curves can be
obtained by deriving all the component fragilities and
collecting them into the Eq. (6). Maximum of component
failure probability provides the lower bound and assumes
that there is a certain correlation between the component
demands and gives unconfident results. Despite the upper
bound assumes no correlation between the component
demands, it gives conservative results (Nielson and
DesRoches 2007).

Max(P(F)]< P(F) <1-[[B-P(FY  (6)

where P(F;) is the failure probability of component i, and
P(Fsysiem) is the failure probability of the system.

3. Bridge description

The bridge considered in this study is a simply
supported steel truss bridge having 40 m length of span and
is composed of main trusses, floor beams, stringers, upper
and bottom lateral bracings on the Malatya-Cetinkaya
railway line, located about 70 km east of Malatya city and
was built by the Maschinenfabrik Augsburg Nirnberg A.G.
Werk Gustavsburg company in 1935. Horizontal curve
radius of the road is 300 m and applied by the rail
placement on the bridge, and to overcome the
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Fig. 2 Distribution moment magnitude to their center
distance of selected earthquake data

centrifugal forces inner and outer trusses were designed for
related different strength. The structural bridge members are
designed by using only angles as well as constructing built-
up sections. There are walkways on both sides of the sub-
spans, and the sleepers rest over stringers mounted to the
transverse girders. A general view of the bridge is given in
Fig. 1.

4. Analytical modeling and simulation.
4.1 Ground motion suites

The effect of ground motion on any structure can be
obtained using a linear or nonlinear mathematical model.
Nonlinear time history analysis is used to minimize
structural response uncertainties and provides an accurate
relationship between ground motion IMs and EDPs. So, in
this study, incremental dynamic analysis (IDA) method was
used (Vamvatsikos and Allin Cornell 2002). All responses
of the bridge were obtained to derive fragility curves and to
determine its seismic performance.

30 different real earthquake data were selected
considering different soil types naming A, B, and C, as well

Fig. 3 3D FE model views of the bridge

as their moment magnitudes, PGAs and epicentral distances
“distance between seismogram and earthquake center”. The
moment magnitudes, PGAs and central distances of records
are varying between 4.9-7.4, 0.08-0.78 g and 2.5-69.2 km,
respectively. The distribution of moment magnitudes to
center distances is shown in Fig. 2. The selected earthquake
data were scaled to 10 different PGA from 0.1 g to 1.0 g,
and 300 different nonlinear time history analyses were
totally performed for the truss bridge considered in this
study. Properties of selected earthquake data are shown in
Table 1.

4.2 Analytical bridge model

FE model of the truss bridge was generated by using 2-
node 3D beam elements, springs and link elements for
structural members, supports and connections based on the
existing shop drawings of the related bridge and in-situ
visual inspections. Due to the differences between the
centerlines of transverse and stringer, rigid bar elements
were used to model the eccentricity between these two
components in the FE model. While the weight of the
sleepers and rails was considered as dead load and mass at
the appropriate nodes, the weight of perforated plates and
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Fig. 4 PSDMs for pinned bearing (a) longitudinal direction,
(b) transverse direction

gusset plates were included by increasing the weight of the
bridge members 5%. Steel quality of the bridge members
was defined as ST37 (S235) which is appropriate for the
construction year of the bridge. Similarly, in another study
presented by Larsson and Lagerqvist (2009), yield and
ultimate strength for old railway and roadway steel bridges
were taken as 200 MPa and 360 MPa, respectively. FE
model created by using SAP2000 software was composed
of 132 nodes, 202 frames, and 42 link elements. 3D FE
model views of the bridge are shown in Fig. 3.

Time history analyses were applied to the model
considering both material and geometric nonlinearities. The
material nonlinearities were defined as steel fiber PMM
plastic hinges at both end nodes and at the mid-points of all
beam members of the bridge. Geometric nonlinearity was
defined as P-A effects coupled with large displacement. For
the solution of the dynamic equation of motion under the
earthquake loads with three directions, Newmark’s direct
integration method was used in the time history domain
analysis.

5. Demand models and performance limits
5.1 Probabilistic seismic demand models
PSDMs were constructed based on the peak transverse

displacement at the mid-point and bearing of the bridge.
The nonlinear time history analyses were employed for the

Table 2 Maximum angular variation and minimum radius of
curvature (EN1990-prANNEX A2 2001)

Speed Range (km/h) Rotation (rad)

Curvature (1/m)

V<120 0.0035 1700
120<V<200 0.0020 6000
V>200 0.0016 14000

Table 3 Quantitative limit states for bridge components in
(mm) (Nielson 2005)

Damage state

Component Slight Moderate Extensive Collapse
Damage Damage  Damages Case
Loyv-steel p_mne_ed 20 40 255
bearing-longitudinal
LOV\_/-steeI pinned 20 40 255
bearing-transverse
Low-steel sliding
bearing-longitudinal ~ °° 100 150 255
Low-steel sliding 20 40 255

bearing-transverse

IM selected as PGA. It was found that there is a good
correlation between PGA and longitudinal displacement of
the pinned bearing of the bridge. PSDMs of pinned bearings
in the direction of longitudinal and transverse are shown in
Fig. 4 and constants of Eq. (4) that obtained using the result
of regression analysis are illustrated. The R® shows the
convenience of the regression line and increase with the
increasing convenience of analysis.

5.2 Serviceability limits estimation

As the serviceability limit state, the lateral displacements of
the bridge were considered. Therefore, lateral displacement
limits given in EN1990-Annex A2 for railway bridges
(EN1990-prANNEX A2 2001), including maximum angular
variation and minimum radius of curvature to limit lateral
displacement for different velocities were used (see Table 2). In
this case, bridge lateral deformation at the middle of the span
was considered.

5.3 Components performance limits estimations

As the main causes of damage in steel truss bridges,
buckling of the upper and lower lateral bracing members and
shear failure of the transverse members can be considered
(Bruneau et al. 1996, Kawashima 2012). Shah et al. (2009)
presented a reliability assessment based on tension and
compression capacities of members as the limit state for steel
truss bridges. In most cases, the buckling capacity of a steel
member is smaller than its tension capacity, so the compression
capacity with bending moments was considered as a
performance limit case during the calculation of the element
limit state.

Determining the limit state for a different component of the
bridge is an important step to derive a fragility curve. Four
different limit state levels as slight, moderate and
large/extensive damages/displacements and (finally) collapse
case were defined by HAZUS-MH (FEMA 2003). Also, the
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timeline needed for the repair of a bridge is the key parameter
to determine the limit state.

Each limit state describes the different level of bridge
functionality over time. The limit states need to be functionally
equivalent. Prescriptive approach is an effective tool to
determine the limit state for different structural components.
Limit states of steel bearings for highway bridges were
determined by Mander (1999) and some of them are given in
Table 3.

According to these limit states (Mander et al. 1996), 6 mm
longitudinal deformation of a low- type pinned bearing caused
cracks in the concrete pier, and this was supposed as the
noticeable level of damage. For 20 mm deformation, prying of
the bearings and severe deformation in the anchor bolts were
predicted. At 40 mm toppling or sliding of the bearings was
detected. It was believed that the bearing movement might
exceed the 255 mm width causing a falling down from the seat
and failure of the anchor bolt. In this case, the geometric
continuity of superstructure lost and the collapse of the bridge
system occurred.

6. Deriving fragility curve

Fragility function is mostly defined by two parameters
log-normal distribution function. There are two different
statistical approaches to determine this parameter, so-called
method of finding the moment parameter and maximum
likelihood method (Baker 2015). In this study, the nonlinear
time history analysis was performed to determine the
nonlinear behaviour of the bridge, and the maximum
likelihood method was used to determine the fragility
parameters. Fragility curve can be derived using Eq. (7).

P(C|IM =x)=c1>(—'“(xﬂ/9)] )

P(C|IM=x) is the probability where a ground motion
IM=x will cause the structure to collapse. @ is the standard
normal cumulative distribution function (CDF), 6 and f are
median and standard deviation of the fragility function.

One of the most effective ways to calculate moments of
EDP and IMs is the incremental dynamic analysis based on
scaling each ground motion in a group until it causes
structural failure. But this method has some difficulties.
One of them is the need for the huge computational effort
needed for the analysis. The other one is the unsuitable
results obtained for the greater scale values that are used
during the calculation which are not expected to occur for
the site, and the last one, uncertainty representing that too
large scaling small and medium ground motions do not
produce a realistic result. One of the solutions is limiting of
the ground motion scaling to a valuable IMs, and it is called
a truncated incremental dynamic analysis (Baker, 2015).
Maximum likelihood method was used to figure the
likelihood of observed data so that a candidate fragility
curve was derived.

Likelihood = ¢[Mj

5 (8)

Table 4 Median and dispersion values for MSSS steel
roadway bridge (PGA, g) Nielson (2005)

Damage Levels

Slight Moderate Large Collapse
Median 0.24 0.45 0.58 0.85
Dispersion 0.50 0.50 0.50 0.50

Table 5 Median and dispersion values for serviceability
fragility curve based on train velocity (PGA, g)

Damage Levels (km/h)
V<120 120<V<200 200<V
Serviceability Median 0.81 0.07 -
Limit Dispersion  0.36 0.73 -

{é, ,5’} =argmax, , i{mqﬁ[%ﬂ
(©)
In(IM

maxwﬂ
B

Using Eq. (9) the fragility function parameters were
obtained by maximizing the likelihood function.

Nielson (2005) determined median and standard
deviation values of different roadway bridge considering
four different damage levels. Table 4 shows the median and
dispersion values for a multi-span simply supported
(MSSS) steel roadway bridge.

+[n- m]In{l—cD[

6.1 Fragility curve for railway serviceability

Railway lines must have certain  geometric
characteristics in order to preserve traffic safety. Lack of
these characteristics can cause serious events such as
derailment as well as the overturning of a train. Three of
such events were observed for the Kocaeli, Turkey
earthquake (Byers 2004). In the specification, there is a
geometric limitation for serviceability of railway line
considering three different train speeds (EN1990-
prANNEX A2 2001). Railway transportation is of great
importance both nationally and internationally for passenger
and goods transportation. Service speed affects transport
capacity and quality (Lindfeldt 2015). Three different speed
limits shown in Table 2 were used in this study and both
median and dispersion values were calculated as well as
fragility curves were derived. Table 5 shows the median and
dispersion values and Fig. 5 shows serviceability fragility
curves.

Fig. 5 shows the probabilities exceeding of
serviceability limit states for PGA values. Nielson (2005)
determined median values for multi-span simply supported
(MSSS) steel girder roadway bridge as 0.24 g for slight
damage, 0.45 g for moderate damage, 0.58 g for large
damage and 0.85 g for collapse damage condition.
Serviceability limit states were assumed as slight damage.
(Tsionis and Fardis 2014).

Median values for slight damage of MSSS steel
roadway bridges are 0.24 g which is higher than median
values for serviceability limit of 120<V<200 km/h and
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Fig. 6 Fragility curves for steel bridge bearings

V>200 km/h velocity limit, but smaller than serviceability
limit for V<120 km/h. A PGA value of %10 probability of
exceeding in 50 years is 0.41g according to Turkish seismic
risk map. Probability of exceeding serviceability limit state
for these values are %100, %99 and %2 for V>200 km/h,
200>V>120 km/h and V<120 km/h respectively. Probability
of exceeding the same hazard level for MSSS steel roadway
bridge are %85, %41 %23 and %7 for slight, moderate,
extensive and collapse damage level respectively. Median
values for the steel railway bridges, 200 >V>120 km/h
service velocity and MSSS steel roadway bridge slight
damage is close to each other but the steel railway bridge
V<120 km/h service velocity higher than MSSS steel
roadway bridge slight damage.

6.2 Fragility curves for bridge components

In this study median and dispersion values of the
support displacements obtained from the nonlinear time
history analyses were calculated by using maximum
likelihood methods, as shown in Table 6.

Longitudinal and transverse displacement limits for four
different damage levels are previously shown in Table 3.
For pinned bearing longitudinal direction and roller bearing
transverse direction, all displacements were smaller than

Table 6 Median and dispersion values for the steel railway
bridge bearings (PGA, g)

Damage Levels
Slight Moderate Large Collapse
Median 0.26 0.85 2.07 -

Pinned Bearing

Longitudinal  Dispersion  0.51 0.37 0.44 -
Pinned Bearing Median ~ 1.18 - - -
Transverse  Dispersion  0.39 - - -
Roller Bearing Median ~ 1.15 - - -

Longitudinal  Dispersion  0.13 - - -
Median 0.24 0.56 0.89 -

Dispersion  0.51 0.43 0.42 -

Roller Bearing
Transverse

Table 7 Median and dispersion values for component
fragility curve (PGA, g)

Damage Levels

Yielding Collapse
Transverse Median 103 )
Dispersion 0.27 -
Median 1.23 -
Truss B B . .

russ Bottom Beam Dispersion 0.30 i
Median 1.50 -
Truss Brace Dispersion 0.42 -
Median 1.18 -
Port Beam Dispersion 0.42 -

. Median 0.43 0.71

Top Wind Brace Dispersion 0.54 0.56

collapse limit state so median values and dispersion values
cannot be calculated. For pinned bearing transverse
direction and roller bearing longitudinal direction all
displacements were smaller than moderate, large and
collapse limit state so that median and dispersion values
could not be calculated.

Median values for pinned bearing transverse direction
and roller bearing longitudinal direction were calculated as
1.18 g and 1.15 g, respectively, and they were the highest
values as well as safer than others. Median values for
pinned bearing in longitudinal and roller bearing in
transverse were 0.26 g and 0.24 g respectively. Fragility
curve of pinned and roller steel bearings are shown in Fig.
6.

Element buckling capacities were calculated using AISC
360-10 (2016) specification, assuming axial forces coupled
with bending acting on the bridge components. This
consideration was used to specify whether damage occurred
on the structural component or not. Median values and
dispersion values are given in Table 7.

The smaller median values for yielding were obtained at
top wind bracing as 0.43 g as well as 0.71 g for collapse.
Median values for MSSS steel roadway bridge was 0.24 g
and 0.85 g for slight damage and in case of collapse
damage, respectively. Median values for yielding at the top
wind bracing were higher than slight damage of MSSS steel
bridge and similarly, median values for the collapse of top
wind bracing were close to collapse damage of MSSS steel
bridge. Fragility curves for damages resulted from yielding
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and the collapse of the bridge components are given in Figs.
7 and 8.

Top wind brace damage is more likely apparent than
other component and there is no yielding observed at truss
top beam, stringer, and bottom wind brace. And the only
component that collapse damage observed is the top wind
brace for the truss superstructure.

6.3 Fragility curve for the bridge system

Fragility curve of the entire bridge can be derived from
a different approach. Upper and lower bound approaches
were constituted as the two limits of the fragility curve. For
a serial system, the bounds can be expressed as in Eq. (10).

Max[P(F)] < P(Fyen) <1-] [L-P(F)]  (10)

Where P(F;) is the failure probability of component i,
and P(Fsystem) is the failure probability of the system.

Maximum of component failure probability provides the
lower bound (Nielson and DesRoches 2007). Since there is
some correlation between component demands, this
provides a non-conservative result. In contrast, the upper
bound assumes no component correlation and hence
provides a conservative result. The actual system fragility
curve is expected to lie between the upper and lower bound
curves. If only one component significantly affects system
fragility, the bounds become closer, whereas if many
components affect the system, the bounds can become
wider (Nielson and DesRoches 2007). System fragility
curves depends on support conditions are shown in Fig. 9
and system fragility curves depends on bridge members’

5 System fragility curve depend on support condition
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yielding are shown in Fig. 10.

Probabilities of exceeding limit state for the PGA values
of %10 probability of exceeding in 50 years are %97, %23,
%3 and %0 for slight, moderate, large, and collapse damage
based on upper bound, respectively. Comparing with MSSS
steel roadway bridge, steel truss bridge is more vulnerable
to slight damage but more conservative for moderate, large
and collapse damage state.

Probability of exceeding limit state for the PGA values
of %10 probability of exceeding in 50 years is %44 for
yielding limit state of the truss component based on upper
bound. This gives a similar result to MSSS steel roadway
bridge moderate damage probability.

7. Conclusions

This study presents a probabilistic seismic assessment of
a simply supported steel truss railway bridge. 3D finite
element model of the bridge was generated by using
SAP2000 software. 30 different real earthquake data were
selected from A, B, and C ground sides. All the data were
scaled to 10 different PGA intensity measures between 0.1 ¢
to 1.0 g. A great number of the nonlinear time history
analyses were performed to determine the nonlinear
response of the bridge and its components. To derive
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fragility curves, various limit states such as serviceability,
support damages, bridge members’ yielding, and collapse
were considered. Two parameters (median and dispersion)
log-normal distribution functions were calculated by using
the maximum likelihood method.

Serviceability fragility curves were derived for three
different velocity limits. It was found that the increases in
the service velocity increase the probability of failure. And
V<120 km/h service velocity was calculated as much safer
than the other two velocity limit state. Probabilities of
failure for %210 probability of exceeding in 50-years
earthquake intensity measures were calculated for 200<V,
200<V<120, and V<120, respectively. The results show that
service velocity of the bridge needs to be limited to sustain
traffic safety of railway line.

Four limit states for pinned and roller bearings were
considered. Pinned bearing longitudinal and roller bearing
transverse directions were obtained as most vulnerable to
failure of the support and bridge system. Probabilities of
failure for %210 probability of exceeding in 50-years
earthquake intensity measure were calculated as %97, %23,
%3 and %0 for slight, moderate, large, and collapse,
respectively. The results show that simply supported steel
truss bridges supports were more vulnerable to slight
damage but safer for moderate, large and collapse damage
than MSSS steel roadway bridges.

The bridge components were also considered in terms of
yielding and collapse. Top wind brace elements were
calculated as more vulnerable elements of the truss system
and median values were 0.43 g and 0.71 g for yielding and
collapse, respectively. Median values for yielding was
bigger than MSSS steel roadway bridge slight damage and
for a collapse similar to MSSS steel roadway bridge
collapse damage. System fragility for yielding of the bridge
components was derived. Top wind brace element strongly
affected system fragility so the upper and lower bound were
close to each other. Probabilities of failure for %10
probability of exceeding in 50-years earthquake intensity
measure was obtained as %44 for yielding and as similar to
MSSS steel roadway bridge moderate damage.
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