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Abstract: The existing bridge seismic design guidelines that rely on the ground acceleration in the far fault zone, ignore
the potential impact of near fault forward directivity and fling-step effects on the bridge structures. In the current study
probabilistic seismic damage evaluation of a continuous four-span box girder bridge under the impact of near-fault
forward directivity and fling step effect is studied employing the fragility analysis. The incremental dynamic analysis
is used to construct the fragility curves which shows a range of damage states from minor to collapse for the different
damage metrics and for the considered peak ground acceleration varying between 0.1g and 1.2g. Damage metrics such
displacement pier ductility, rotational pier ductility and displacement of girder are used to develop the fragility curves
and the probabilistic seismic damage model. To evaluate the bridge vulnerability, a probabilistic seismic damage
assessment is performed using an ensemble of forward directivity and an ensemble of fling-step comprising permanent
ground offset. The suggested probability-based earthquake damage framework is anticipated to be a well-versed model
able to estimate the seismic damages to the continuous box girder bridges while taking into account the variation of
near fault earthquakes. The findings show that, even at low PGA values the forward directivity and the fling-step
ground motions represent a significant risk to the bridge.

Keywords: Near fault earthquake, fragility curve, probabilistic seismic demand, forward directivity, fling step

1. Introduction

A robust bridge that can withstand extreme loading conditions such as an earthquake is a valuable addition to any
transportation system. Highway bridges must be evaluated for seismic susceptibility in order to be prepared for physical and
economic damage caused by earthquakes. In prior earthquakes across the world, bridges have been shown to be one of the
most crucial highway transportation components. The bridge damage assessment model has been developed with outmoded
governing norms (Mangalathu et al., 2019). The damaging aspects of near fault earthquakes are ignored by the current bridge
seismic design specifications, which were established for far-fault earthquakes. Although there have been quite a few near-
fault seismic occurrences recently, their effects on the bridges have not yet been fully investigated.
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Near-field ground motion could have a significant effect on structure responses, especially in long-period structure
systems. In a velocity-time history, near-fault seismic data may contain impulsive ground motions (Ertuncay et al., 2021).
Long-period pulses in near fault earthquakes have a higher damage potential, especially for flexible structures like bridges.
In near fault earthquakes that cause significant structural damage, velocity pulses of large-amplitude and long-period are
detected in the ground motion time history plots. Such features include the fling-step impact in the fault-parallel plane and
the forward-directivity impact in the fault-normal plane (Yadav & Gupta, 2017).

These two features can put a lot of strain on structures, requiring them to disperse a lot of energy with only a few major
displacement excursions. A directivity pulse results from the fault propagating at about the same velocity as the shear wave.
During an earthquake, this pulse can induce significant damage if it is apparent in the rupture forward direction once the
frequency of the structure is near to the pulse. Such well-known examples include the 1992 Landers, 1999 Kocaeli, 1999
Chi-Chi, and 2011 Tohoku (Hamidi et al., 2020). Fling happens when the ground shifts permanently in the event of an
earthquake, because accelerometer ground motion recordings include defects that make measuring static offsets difficult, it
is frequently neglected.

There are fewer relevant investigations because the fling-step characteristic data in ground motion is scarce and difficult
to extract. In the Chi-Chi earthquake, the surface rupture due to large permanent ground displacement was devastating and
the structures that crossed or were close to a fault line suffered catastrophic destruction (Burks & Baker, 2016).

Forward-directivity pulses influence near-field ground motions, resulting in substantial velocity pulses in which the
majority are related to faults in normal direction. The long-period coherent component of ground vibrations is amplified by
the directivity pulses, which can be seen in the time histories of displacement and velocity, as well as the corresponding
response spectra (Mimoglou et al., 2017). An automatic classification for detecting velocity pulse-like ground motion for the
Wenchuan earthquake was proposed within a 100 km rupture distance. This could help researchers investigate the bridge
damage mechanisms subjected to near-field earthquakes (Gentile & Galasso, 2021). Near-fault pulses, such as ground
vibrations, have more severe effects on bridges in both directions than far-fault pulses. Also, looking at how different bridges
react shows that irregular bridges are the most likely to be damaged by near-fault earthquakes. The majority of structures
that were already in existence and built before the 2008 implementation of the new design codes, as well as the seismic risk
map, which allocates a PGA to previously non-seismic sites, is a major source of concern in Italy (Lo Monte et al., 2018).

Near-field ground motion with directivity pulses and fling-step features is used to investigate an RC bridge pier. The
effects of various earthquake ground variables on bridge performance, like average period, orientation and arias intensity are
explored (Sengupta et al., 2016). The performance of the bridge due to impulsive ground motion for the bridge is observed
to be greater than non-impulsive ground motion. The seismic sensitivity of the girder and bent for near-field impulsive
vibrations is higher.

Vulnerability of bridges to near-field earthquakes is a severe issue in Italy because most existing structures were built
prior to the 2008 national building code and earthquake hazard map, which allocates a hon-zero peak ground acceleration
(PGA) to previously non seismic sites. The presence of three different deck types (tub girder, reinforced concrete T-beam
and prestressed concrete beam) as well as geometrical and economic constraints (limited deck-to-deck gaps and bearing
heights) were all crucial factors (Lo Monte et al., 2018).

The experience from past seismic events is seen in the way seismic design codes, bridge details, and building practices
in different countries change over time. The seismic code for building highway bridges has evolved significantly as a result
of the Indian subcontinent's history of devastating earthquakes. Bridges made using so many different design methods need
to be looked at to see how vulnerable they are to future earthquakes. But there aren't any of these kinds of frameworks for
evaluating how vulnerable highway bridges are to earthquakes in the country. Using fragility curves, this study looks at how
the rules of seismic codes affect how well a bridge works during an earthquake and how likely it is to collapse. When seismic
design principles are used to build the case study bridge, its performance is much better than when it was not designed for
earthquakes (Somerville et al., 1997).

The preceding literature review demonstrates that existing bridge seismic design guidelines that rely on ground
acceleration in the far field, ignore the potential impact of fling-step and pulses from forward directivity. In this work,
nonlinear time history analysis is used to investigate the seismic risk of a steel box girder bridge with near-field forward
directivity and fling-step seismic action. CSI Bridge develops a reference bridge that exhibits the fundamental properties of
continuous steel box girder bridges. The pier ductility and maximum deck displacement are taken as demand, whereas the
peak ground acceleration (PGA) is considered a seismic intensity variable. Linear log-log regression analysis is used to create
probabilistic seismic demand model for bridge components. The bridge vulnerability is assessed using established
probabilistic seismic demand models and fragility curves.
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2. Near Fault Earthquakes

An earthquake happens when a fault suddenly ruptures and slips because this causes the stored energy to be released in
the form of seismic waves, which in turn cause the earth to shake. Ground motions in the near fault zone frequently exhibit
a variety of characteristics, each of which is capable of having a significant influence on the response of structures. In the
direction of the fault normal, this results in an effect known as “forward-directivity” and in the direction of the fault parallel
this results in a permanent displacement known as the “fling step” (Mena & Mai, 2011). When a site is located in the near-
field region of a fault, the characteristics of the ground motion at the site are determined by the rupture propagates in relation
to the site.

The rupture spreads in two dimensions along the fault plane after it originates at the hypocenter and moves outward. If
the rupture moves in the direction of the site, then we say that the site is located in the forward directivity area. At the
beginning of the velocity time series experience a pulse with a short duration and a large amplitude in the direction that is
perpendicular to the fault plane. If the rupture propagates away from the location and records a moderate amplitude ground
motion with a long duration in the fault's normal direction the location is considered to be in the backward directivity area of
the fault zone (Moniri, 2017). Sites with forward directivity experience multiple cycles of substantial amplitude velocity
pulses in the direction of the fault, whereas records made with backward directivity do not show any movements that resemble
pulses. This particular type of earthquake is characterized by a pulse in the velocity time history in the direction that is hormal
to the fault line, and it typically takes place in an area that is not too far from the fault line (Bolt, 2004).

In the event that an earthquake occurs along a fault, the two sides of the rupturing fault will shift relative to one another,
which will result in permanent ground tectonic deformation. This deformation, also known as the fling step, can occur
regardless of the particulars of the source rupture velocity (Bhagat et al., 2021).

The fling step is characterized by a unidirectional monotonic step that is associated with a large-amplitude velocity pulse.
This step is the result of residual ground displacement that was caused by tectonic deformation that was linked with the
rupture event. When the earth is permanently moved as a result of a rupture caused by seismic activity, this phenomenon is
known as fling-step. The one-sided dominant velocity pulse that is characteristic of fling-step characteristics is what causes
the displacement time-history to take on the form of a monotonic step (Nicknam et al., 2014).

The most well-known near-field earthquakes with the two characteristics stated are Chi-Chi, which occurred in Taiwan
in 1999; Kocaeli, which occurred in Turkey in 1999; and Landers, which occurred in the United States in 1992,

3. Probabilistic Seismic Damage Analysis

In the event of an earthquake, the fragility curves are used to forecast the probable damage of the structure. These curves
serve as an indication to determine the amount of physical damage that has been occurred to the structure during seismic risk
evaluations. Fragility curves have developed into crucial decision-making tools for evaluating seismic vulnerability of the
bridge structures which is close to the fault. The fragility curves are the result of a parameter that describes the intensity
measure, and they show the probability that the engineering demand variable (EDV) of a structure will exceed the specified
damage state (DS) (Billah et al., 2013). When evaluating the performance of the bridge physical components, damage
probability models or fragility functions are developed to quantify the damage level of the bridge components under specified
ground motions. These fragility curves provide a visual representation of the possibility of structural damage resulting from
a variety of different forms of ground shaking. In addition, they suggest that there is a connection between earthquake shaking
and the degree of damage. The generation of fragility curves may be achieved through the use of either a numerical simulation
of different nonlinear time histories or an empirical technique that is based on the data that is accessible (Fariborz & Vahid,
2004). The exceedance probability (P) for a given intensity level (IL) can be computed by taking the ratio of the number of
situations (Ni) in which the damage measure (DM) is greater than or equal to the threshold damage state (Dsi) to the total
number of cases (Nc). Cumulative distributions based on the normal or log-normal distribution can be used to depict IDA
fragility curves (Muntasir Billah & Shahria Alam, 2015).

3.1 Damage Model

In a mathematical formulation, the probabilistic seismic demand model (PSDM) combines the ground motion intensity
measure with the structural demand index. With the use of this process, the demand value for a certain IL may be determined.
An incremental dynamic analysis dataset for a particular ground-motion ensemble, using the bridge as an example, reveals
the correlation between the intensity measure parameter and the engineering demand variable (EDV) (Zeng et al., 2019). In
order to determine the model variables and standard deviation the dataset must include the nonlinear dynamic analysis (NDA)
result derived from the ground-motion recordings. The strip-based and cloud-based procedures both involve a series of time-
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history investigations, including non-linear dynamic analyses of a particular structure under the effect of a collection of
ground motion data. With ten values for each seismic ensemble, the strip-based technique is used, which is one of the easiest
ways to represents bridge response data (Ma et al., 2016).

The 240 data pairs represented by EDPs and IMs are the result of a nonlinear time-history analysis of the ensemble of
ground motions. The conditional mean of the engineering demand parameter for a given intensity measure may be considered
to be linear in log-log space if the EDP distribution is lognormal and the conditional dispersion can be assumed to be constant.

Based on threshold damage limit levels, seismic damage is divided into four damage states, namely: minor, moderate,
severe and collapse (Baker & Cornell, 2008).

It is assumed that the fragility function has a log-normal distribution and may be represented by the following equations:

P[LS/IM=X] =® ((Inx — )/B) 1)

where P [LS/IM] represents the probability of exceeding the damage threshold limit for a particular ground motion intensity
measure, X represents ground motion in relation to peak ground acceleration (PGA), u and 8 denotes the median of In X and
standard deviation, as well as the cumulative normal distribution function. The structural response variable (EDP) indicates
the variation in damage measure induced by earthquake ground motions (Federal Emergency Management Agency, 2020).

Brota= ,’ Bp® + B’ )

The fragility curves were generated by the use of an analytical technique known as incremental dynamic analysis. The
response distribution is lognormal, and the power model establishes a connection between the damage threshold metric and
the intensity measure (IM).

DM=a IM? 3
In (DM)=Ina + b In (IM) 4)
B, = \/ﬁ n((n(EDV) — (n(EDV))’ ©)

Regression analysis on In (DM) and intensity measure (IM), we were able to get the regression coefficients a and b that
are used in the preceding calculations (Ansari & Agarwal, 2016).

4. Fragility Damage Metrics and Limits

Engineering requirements and structural response characteristics such as pier ductility demand, bearing displacement
limit, and pier rotational ductility are used to determine damage limits. The chance of entering a damage stage is represented
by a fragility curve and is dependent on the value that is provided for the severity of the ground motion.

The displacement ductility ratio is used to analyses various damage states ranging from minor to collapse, with minor
threshold limits (Ay >Aq > Ay1), moderate threshold limits (A2 > Ag > Ay), extensive threshold limits (Ac¢ max > Ad > A2), and
collapse threshold limits (A¢> Acmax) being the most prominent.

According to Fig. 1, the yield displacement Ay of the pier is calculated from moment-curvature analysis and Ac;
represents the displacement ductility under consideration pier portion, while pier displacement ductility at its maximum is
indicated by (Ac2+3), which is taken as concrete strain in pier reaches, Ac 0.002. Because the initial yield displacement is
equal to 1, Ayl is equal to 1 (Mosleh et al., 2020).

Plastic hinges, which develop as a result of the excessive rotation at the pier, frequently cause bridge damage during
earthquakes. It has been demonstrated that bridge piers exposed to lateral seismic loads eventually lose their stiffness and
strength. Calculating plastic rotation following the creation of a plastic hinge base on the pier can reveal a damage indication
in a pier's rotational ductility (Berry & Eberhard, 2005). To assess the degree of the bridge's damage, the calculated rotational
ductility at the plastic hinge component is compared to the rotational ductility requirement threshold for each damage
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scenario. In order to get the theoretical moment capacity Mn, the yield curvature ¢y may be calculated by extrapolating the
line connecting the initial yield and origin conditions. Difference between the final curvature ¢y and the yield curvature @y is
the plastic curvature capacity, which is expressed as a @p.

Pp = Qu- Py (6)

Lp is assumed to have a constant plastic curvature over its corresponding length, which generates a similar @pas in the
actual bridge structure.

With this equation in mind, we can determine the extension of plastic hinge from the point of contra-flexure to its critical
section:

Lp =0.08L+0.022 fye*dy > 0.044fye )
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Fig. 1 - Selected pier moment-curvature curve

A bridge collapse will occur when the girder reaches its maximum seat length, which is determined by the superstructure
movement from the abutment. As the abutment width and bent size serve as the structure seats, they dictate the circumstances
under which this limit state occurs (Elnashai et al., 2004). Due to the deck's longitudinal motion, girders may fall loose from
the bearing pads, resulting in structural failure. From AASHTO-LRFD, the minimum seat width will be determined as
follows:

S = (200 +0.0017 L + 0.0067 H) (1 + 0.000125 0?) (8)

In this equation, L represents the deck length in millimeters, S represents the minimum length of support, calculated
normal to the centre line of bearing, H is the average height of piers. It is calculated that the minimum seat width is equal to
25%, 50%, 75%, and 100% of the qualifying damage limits for minor, moderate, severe, and collapse damage respectively
(Mosleh et al., 2020).

To accurately quantify the vulnerability of the box girder bridge, there are three damage limits that are taken into
consideration: (i) the displacement pier ductility that represents the damage to the pier caused by the yielding of the
reinforcement bars (DPD); (ii) the rotational pier ductility (RPD) that represents the state of plastic rotation in the bridge
pier; and (iii) the maximum girder displacement (MGD) that represents the dislocation of girder from the abutment bearing
pads. When determining the seismic vulnerability of a bridge, it is common practice to use a scale with four distinct damage
levels. Damage that has been classified as minor, moderate, large, or collapsed is evaluated according to the criteria outlined
in HAZUS as depicted in Table 1.
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Table 1- Damage metrics and threshold limits

. Damage Limits
Damage Metrics

Minor  Moderate Severe Collapse

DL1 DL2 DL3 DL4
Displacement ductility of pier (DDP) 1 1.32 1.96 4.96
Rotational Ductility of Pier (RDP) 2.1 6.13 11.27 22.45
Deck displacement (DD) 25% S 50% S 75% S 100% S

5. Configuration of Bridge

For the purpose of the numerical study, a conventional steel box girder bridge with typical RCC circular piers was
utilized. According to the bridge data, the spans of the bridge are 32.6, 38.7, 41.2, and 28.2 meters, respectively (Baig et al.,
2022). The bridge is a continuous four-span steel box-girder Fig. 2. The two-steel box girder and deck system are part of the
steel box girder superstructure, which has a top slab that is 10 meters in length. The actual thickness of the slab is 300
millimeters, and the depth of the box girder is 1.485 meters. It is anticipated that the unconfined concrete strength of the deck
will be M45, and the reinforcing steel will be Fe 415 D. Each of the two web plates that make up the steel tub section has a
thickness of 20 millimeters and a slope of 4:1. The bottom flange is comprised of a plate that has a width of 1700 mm and a
thickness of 50 mm. The bents are supported by a cap beam that has a gradually decreasing rectangular cross section and
two circular columns made of reinforced concrete. The bents are held up by reinforced concrete columns that have a diameter
of 1.6 meters and a height of 6.6 meters. Each column is constructed from spiral hoops measuring 10 millimeters in diameter
and 32 vertical bars measuring 25 millimeters in diameter. These hoops are spaced 150 millimeters apart. The uniaxial stress-
strain behavior of unconfined and confined concrete is investigated using concrete with a strength of M45 and the Mander
model.

5.1 Finite Element Modelling of Considered Bridge

A three-dimensional model for the structural bridge was generated with the help of the nonlinear finite element software
CSI Bridge. Fig. 2 displays the analytical model in its simplified form for the bridge. For the purpose of simulating the
superstructure and substructure of the bridge, the lumped mass approach was used (Tondini & Stojadinovic, 2012). In the
structural modelling of a steel box girder bridge, elastic beam elements were used to represent the girder, while nonlinear
elements were used to simulate the bearings and piers. Rigid links were used to connect the girder and piers with bearings,
while fiber-based nonlinear links were used to represents the piers plastic hinge (Hajihashemi et al., 2017). Linear elastic
beam-column segments were utilized for the girder, linear link segments were utilized for the bearings and rigid links were
utilized for the connection of bearings and girder. The stress-strain relationship of unconfined concrete, confined concrete
and longitudinal steel reinforcement is illustrated in Fig. 2, along with the particulars of fiber-based nonlinear components
used in the pier sections. The compressive strengths of unconfined concrete are 40 MPa, whereas the compressive strengths
of confined concrete are 45 MPa, and the compressive strengths of steel reinforcing yield stress are 415 MPa. Because of the
stiff site constraints, the bases of the piers are considered to be fixed and the influence of the soil-interaction is not taken into
consideration.

5.2 Model for Bearings

In CSI Bridge, bearings are depicted as linear connections that connect one joint to the superstructure and the other to
the bending. There are six degrees of freedom in deformation: axial, shear, torsion, and pure bending. A link element operates
as a single element made up of six springs and is a joint supported spring. As shown in Fig. 2, the roller abutment model is
given at both ends of the girder and comprises of a basic boundary condition module that provides single-point restrictions
against vertical displacement (vertical support). This model may be used to provide a lower-bound estimate of the bridge's
longitudinal and transverse resistance using a pushover study. At the intermediate bends, steel rocker bearings are fitted. The
development of plastic hinges and the ductility capability of the column bents dominate the reaction of this basic bridge
model.
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Fig. 2 - Cross-sectional view of considered steel box girder bridge

6. Selection of Ground Motions

The ground motion data are the most inherent aspect of developing fragility curves. It is crucial to choose an acceptable
ground motion and scale the ground motions before attempting to construct this curve (Banerjee & Shinozuka, 2007). The
ground motion close to a fault is characterized by a high energy velocity. It is distinguished by its pulse-like waveforms, long
period, as well as unique high peak values (Yang et al., 2021). The ground motions that concentrate the majority of the
ground motions created by the radiated seismic energy are referred to be "pulse-like" and they are characterized by the
presence of a full-cycle velocity pulse at the beginning of the waveform.

The selection of near-field recordings was based on the presence of a high-amplitude and periodic velocity pulse, as well
as the distance from the fault that the record was recorded. For the purpose of the study, each ensemble was given a selection
of 10 unique ground motions with peak ground accelerations (PGAs) ranging from 0.1 to 1.2 g. Each ground motion was
scaled to PGAs ranging from 0.1 to 1.2 g, with an interval of 0.1 g, in order to execute the incremental dynamic analysis that
was previously stated.

Fling-step is involved with permanent tectonic displacement, which is represented by a full sinusoidal pulse in the time
history of acceleration and a half sinusoidal pulse in the velocity time history (Hamidi Jamnani et al., 2013). Raw fling-step
recordings must be processed in order to provide authentic tectonic deformation. The impact of fling-step is investigated in
this research using raw data from the Chi-Chi earthquake

Table 3. The processed data from Bhandari were chosen because they had to meet the following criteria: a magnitude
(Mw) between 7 and 7.6, a peak ground displacement (PGD) between 100 and 230 cm, and a radius (Rjb) of less than 15
kilometers (Bhandari et al., 2019). For incremental dynamic analysis, the PEER Center seismic records for forward directivity
datasets with Rjb less than 10 km, magnitude (Mw) between 6 and 7.5 are utilized depicted in Table 2. The structures were
subjected to the accelerogram of the relevant earthquake, with no scaling coefficients for the standard design spectrum Fig.
3.

Table 2 - Records of forward directivity earthquakes

PGA Rib PGV PGD

Record Year Earthquake  Mag Station (Km
() ) (m/s) m
1 1979 Imperial 6.48 Brawley 0.16 8.54 0.36 0.256
2 1991 Cape 7.02 Bunker Hill 018 849 068 038
Mendocino
3 1980 Irpinia 6.88 Bagnoli 0.13 8.14 0.23 0.13
4 1980 Irpinia 6.9 Surnow 0.23 6.78 0.36 0.14
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5 1979 Imperial 6.48 EC County 021 7.31 0.38 0.169

6 1989 Loma Prieta 6.89 Gilroy 029 1027 044 0.98

7 1994 Northridge 6.69 Jensen 041 0.00 1.12 0.45

8 1992 Landers 7.28 Lucerne 0.73 219 1.34 1.13

9 1995 Kobe Japan 6.86 Port Island 035 331 0.91 0.40

10 1995 Kobe Japan 6.86 Taka tori 0.62 1.46 1.22 0.41

Table 3 - Records of fling step earthquakes
i PGA Rjb PGV PGD
Record. Year Earthquake Mag Station

(&) (Km) (m/s) m

1 1999 Chi-Chi EW 7.6 TCU 072 046 790 0.83 2.1
2 1999 Chi-Chi 7.6 TCU 067 0.48 110 0.95 1.81
3 1999 Chi-Chi NS 7.6 TCU 072 036 7.90 0.67 2.45
4 1999 Chi-Chi 7.6 TCU 075 032 3.0 1.12 1.64
5 1999 Chi-Chi 7.6 TCU 074 0.59 13.80 0.69 1.93
8 1999 Chi-Chi 7.6 TCU 089 0.34 830 045 14
6 1999 Chi-Chi 7.6 TCU 076 0.33 320 0.66 1.02
7 1999 Chi-Chi 7.6 TCU 049 0.27 330 055 1.21
9 1999 Chi-Chi 7.6 TCU 082 022 760 051 1.43
10 1999 Kocaeli 7.4 Sarkaya 041 3.20 0.83 2.06

Forward- Directivity Fling Step

N
in

2.5

Individual Spectra
Mean Spectrum

Individual Spectra

—Mean Spectrum

Spectral Acceleration (g)
Spectral Acceleration (g)

Time (sec) Time (sec)

Fig. 3 - Pseudo acceleration response spectra (5% damping) for forward directivity and fling step records

7. Results and Discussions

CSI Bridge is used to conduct nonlinear dynamic assessments of the bridge and calculate the seismic behavior of the
selected bridge model. A lognormal distribution of structural reactions is described based on displacement pier ductility,
rotational pier ductility and maximum girder displacement. Each set of earthquake records is made up of ten measurements
of ground motion that range from 0.1g to 1.2g. The fragility curves of the steel box girder bridge for various damage levels
were created by calculating the likelihood that a specific damage limit condition will be reached.

Fig. 4 (a-b) shows the typical IDA curve for displacement pier ductility for both forward directivity and fling step seismic
records for PGA of 0.1 gto 1.2 g.

As the Fig. 4 shows, the response displacement pier ductility for the forward directivity records is much higher than fling
step. The bridge begins in the collapse damage limit at 0.42g for the forward directivity records and 0.58¢ for the fling step
records. Also, Fig. 4 shows that at the design level earthquake which is 0.2 g (Pga), the difference in displacement pier
ductility requirements between forward directivity and fling step records are not significant. At extreme level earthquake
which is 0.4g (Pga), this difference is significant. Fig. 4 shows that the difference between the pier ductility requirements for
forward directivity and the fling-step effect is more noticeable when PGA = 0.4 g and more. The maximum force and reaction
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are developed by the Kobe ground motion under forward directivity and TCU082 under the fling step record. Due of the
significant energy pulses reported in earthquake records at each PGA levels, ductility requirements exist more in the forward
directivity records. Also, when fling step records are compared to forward directivity, the amplification factor is 2.64. Due
to the "fling-step" effect, sudden displacement occurred due to tectonic permanent ground offset happens all at once and the
response is still in collapse condition after 0.6g.

The inelastic behavior of the bridge pier is investigated by predicting the formation of plastic hinges in the bottom of the
bridge pier under forward directivity and fling step earthquake. Thus, according Caltrans, there are various levels of
performance for plastic hinges (B, 10, LS, CP). The bridge's reaction is calculated by dividing the amount of plastic rotation
at the hinge by the amount of yield rotation at the pier. Fig. 5 shows that there is no hinge formation, and the rotational
ductility is within the allowable range for the fling step earthquakes at 0.2g. However, for forward directivity there is plastic
rotation and the formation of a plastic hinge develops at 0.2 g. When the Peak ground acceleration is 0.4g or more the pier
suffered more plastic rotations due to forward directivity and fling-step earthquakes which pronounced more collapse to the
bridge.

As a result, for the near fault earthquakes, the seismic design of bridges necessitates appropriate requirements on ductility
limits and rotation of plastic hinges. Some records, such as the Northridge and TCUQ75, produce a significant rise in
rotational ductility demands as the PGA value rises. The plastic rotation increases abruptly when a PGA value is greater than
0.6 g. In most situations, substantial plastic hinge rotation occurs after PGA = 0.5 g for different ensembles of earthquakes.
Fig. 5 shows that the fluctuation of plastic rotation is linear, and the bridge is in the linear stage up to PGA = 0.3 g and then
becomes nonlinear after PGA = 0.4 g.

Fig. 6 shows the maximum girder displacement responses and their corresponding median values for different groups of
earthquakes. The peak girder displacement for the forward directivity are roughly 2.42 times larger than those for the fling
step records. The amplifying response for the forward directivity impulsive ground motion is shown to be 2.42 as compared
to the fling-step effect. This indicates that the forward directivity impact is more significant than the fling-step effect when
it comes to the reaction of the bridge girder displacement. It can be shown in (Error! Reference source not found.) that the
bridge enters a condition of collapse with a horizontal acceleration of 0.52 g in the forward directivity and 0.78 g in the fling
step ground motions.

This data was utilized in regression analysis to develop probabilistic damage models (PSDM) in the event of earthquakes
[38]. They demonstrate the dispersion of bridge response data with ten values (particularly for a damage metrics) in a stripe-
based format. Logarithmic median and standard deviation required to define the lognormal distribution (Eqg. (1), were
obtained using a linear regression analysis of In (peak ground acceleration) on In (damage metrics).

Equation (3) and (4) were used to calculate the median of each threshold damage level value. Displacement pier ductility,
rotational pier ductility and maximum girder displacement data are shown for varied ground motions in the PSDMs shown
in Fig. 7. Different demand metrics and intensities of earthquakes are represented in probabilistic seismic demand models
Table 4.
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Fig. 4 - Displacement pier ductility IDA curves for: (a) forward directivity; (b) fling step
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Fig. 9 - Probabilistic seismic demand model for girder displacement for: (a) forward directivity; (b) fling step

Table 4 - Probabilistic seismic demand model for various demand metrics

Damage Measure Type of earthquake  Response Demand Model Bo R?

Displacement pier ductility Forward Directivity In (DPD) In13.32 + 1.68 In (Pga) 1.36 0.795
Girder displacement In (MGD) In 379.98 + 1.94 In (Pga) 1.28 0.786
Rotational pier ductility In (RPD) In 44.25 + 1.92 In (Pga) 1.49 0.76
Displacement pier ductility Fling Step In (DPD) In5.36 + 1.5 In (Pga) 1.27 0.81
Girder displacement In (MGD) In 208.6 + 1.4 In (Pga) 1.23 0.82
Rotational pier ductility In (RPD) In31.2 + 1.37 In (Pga) 1.25 0.84

7.1 Fragility Curve Comparison

Fig. 10-12 presents the fragility curves for two ensembles of near fault earthquakes: (a) forward directivity and (b) fling
Step effect. These curves represent the various threshold damage limits associated with various damage metrics (minor,
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moderate, severe and collapse) and are presented for various threshold damage limit states (
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Fig. 10 - Displacement pier ductility fragility curves for various damage limit for: (a) forward directivity; (b) fling
step

-14). Due to the higher probability of exceedance, the bridge is more susceptible to damage from forward directivity
records than the fling step seismic events. The probability of exceedance varies much less across different ensembles of
ground movements for low-level damage states that are associated with a variety of damage metrics. The difference in the
probability of exceedance becomes significant as the condition of damage increases from severe to complete collapse.

The POE for various groups of earthquakes was examined at three distinct PGA levels: 0.2g (design), 0.4g (extreme)
and 0.8g (rare extreme). From the various ensembles of earthquakes that were examined as part of this study, the fragility
curves for displacement pier ductility, rotational pier ductility, and maximum girder displacement are shown in Fig. 10. The
POE for forward directivity ground motion is large at higher damage stages, such as moderate to severe, even at smaller PGA
values, such as 0.2g (design).The earthquake with forward directivity has the greatest POE in terms of displacement pier
ductility, with 23.8 % at design level, 57.2 % at extreme level and 84.2 % at rare extreme in the severe damage limit (DL3)
as depicted in Fig. 10 (a), while the POE will be 8.7 % at design level, 29.8 % at extreme level, and 62.4 % at rare extreme
level in the stage of collapse damage limit (DL4). The fling step records has the highest POE for displacement pier ductility,
which is 16.6 % at design level, 44.3 % at extreme, and 76.2 % at rare extreme in the severe damage limit (DL3) while 3 %
at design, 17 % at extreme, and 46.2 % at rare extreme in the collapse damage limit as shown in Fig. 10 (b). Even at the
phases of significant catastrophic collapse damage, the probability of fling step records remains rather high even as PGA
levels rise.

The (POE) for maximum girder displacement under forward directivity is 24 % at 0.4g and 54 % at 0.89 in the severe
damage limit and it is 18 % at 0.4g and 48 % at 0.8g in the severe damage limit depicted in Fig. 12. In the collapse limit the
POE for forward directivity lies between 3% at design level to 44% at rare extreme level. The maximum girder displacement
for fling step earthquakes in the levels of damage that are minor, moderate, severe, and collapse it is above 70 % in the degree
of damage that in forward directivity.

Because the rotational pier ductility and displacement pier ductility curves for various types of earthquakes are equivalent
and display similar patterns, they are not discussed further here.
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8. Conclusions

The present work investigates the fragility analysis and probabilistic seismic risk assessment of steel box girder bridges
under near fault earthquakes. The ensemble of earthquakes used to investigate seismic sensitivity is made up of two separate
sets: (1) forward directivity and (2) fling-step ground motion. The incremental dynamic analysis approach is used to generate
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a set of seismic responses that includes a variety of demand metrics such as displacement pier ductility, rotational pier
ductility and maximum girder displacement. The incremental dynamic analysis is based on a set of 10 ground motion data
points for each type of earthquake. By using regression analysis, a probabilistic seismic demand model was developed, as
well as fragility curves with four damage phases: minor, moderate, severe, and collapse. The following are the primary
findings of the study:

e The numerical findings reveal that pier in the forward directivity earthquakes damage the steel box girder bridges
more than fling step ground motion ensembles.

e When the bridge is exposed to forward directivity ground motion, the ductility requirement in the pier becomes
significantly larger while fling step also damages the bridge after 0.4g.

e Forward directivity ground motions increase bridge pier and girder forces. Pulse-like feature in forward directivity
earthquake increase bridge girder displacement after 0.5g pga level. This combination causes a high exceedance
probability in all damage states and damage indices.

e It has been observed that there is a significant difference in the exceedance probability between forward directivity
and fling step, and this difference is especially noticeable at high PGA levels (> 0.4g), as well as at the severe and
collapse damage stages.

e The fragility median indicates that at lower PGA levels, there is only a minor deviation in the fragility curve due to
variability in the first two damage stages, but as PGA levels increase this variability becomes more noticeable at
high damage limits.

e According to the findings, the three sensitive damage assessments that have a high exceedance probability in all
damage states are displacement pier ductility, rotational pier ductility and girder displacement. As a consequence of
this, it is possible to propose that the design of the bridge takes into account all three demand measures, in particular
during earthquakes characterized by forward directivity and fling-step.

e According to the findings of the study, the parameters of earthquake sources have a significant influence on the
structural integrity of bridges. As a direct consequence of this, careful consideration must be given to ground motions
whenever a bridge's seismic risk is being evaluated.
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