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Abstract

This paper investigates the nonlinear dynamic behaviour and failure probability of multi-span
Reinforced Concrete (RC) bridges supported on piers of unequal heights. To this end, a three-
dimensional nonlinear finite element model of RC bridges with substructure irregularity is
developed. The model is verified against an available experimental data of a large-scale shake
table test results of a benchmark irregular two-span RC bridge. Six hypothetical two-span irregular
RC bridges with piers varied in height, and various superstructure mass-distribution conditions
(equal and unequal) and a regular bridge layout (as a reference) are considered. Through
Incremental Dynamic Analyses (IDAs), the seismic performance of selected bridge layouts is
investigated at both local and global scales. Finally, the influence of bridge layout on seismic
vulnerability of piers of varying heights is analysed. Results show that the unbalanced seismic
displacement demand and failure probability of different bents of a multi-span irregular RC bridge

significantly depend on the height of piers and their arrangement. Therefore, the typical



presumption of shorter piers having a higher failure probability due to their higher seismic force

absorption is not always the most possible failure mechanism.
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1. Introduction

Bridges serve as critical links in any transportation network and have several socio-economic
impacts. The closure or disruption of even a single bridge within a transportation network can
notably affect economic activities, isolate different communities and cause severe impacts on
transportation distances. Therefore, the integrity and adequate safety of bridges should be ensured,
particularly after extreme seismic events. Consequently, maintaining the functionality and reliable

seismic performance of bridges are of prime importance to stakeholders and bridge owners [1].

Bridges located in mountainous areas or steep-sided river crossings are commonly constructed
with piers of unequal heights [2-3]. Due to the aesthetic and practical considerations, piers of such
bridges are typically built with identical cross-section dimensions. The resulting substructure
stiffness irregularity leads to unbalanced seismic ductility demand of piers, where the shorter piers
attract higher seismic demands due to their relatively higher stiffness. This uneven distribution of
seismic forces results in a complex seismic response of such bridges, where the accumulation of
damage in stiffer members increases the likelihood of brittle failure [4-8]. Concerning such
problematic complexities, design codes provide balanced stiffness recommendations to ensure the
regular response of multi-span RC bridges [9-10]. It has been notified that not meeting the
recommendations above will result in an increased irregular seismic response of the multiple frame
bridges. In addition to the code recommendations, several approaches have been proposed in the

literature to mitigate the irregular seismic behaviour of multiple frame bridges built on rugged



topography. Reducing the cross-section size, strengthening short piers, using yielding dampers,
regulating the reinforcement ratio in piers of varying height, damping and isolation devices at the
pier to superstructure connections, and adjusting the pier to deck connection are just examples of

such approaches [3,11-14].

The nonlinear seismic performance analysis of RC bridges with irregular configurations has been
widely investigated in the literature [15-24]. The outcome of previous studies shows that multi-
span RC bridges with substructure irregularity are more vulnerable than regular bridges. Moreover,
the vulnerability of irregular RC bridges increases significantly as their altitudinal irregularly
increases [25-26]. Gomez-Soberon et al. [24] analysed the seismic performance of several highway
bridges with various irregularity conditions. The analyses outputs of [24] showed that the height
difference of adjacent piers significantly affects the vulnerability of bridges with substructure
irregularity. Soleimani et al. [15] conducted sensitivity analyses on concrete bridges with various
irregularities to identify the most influential parameters in the seismic response of irregular RC
bridges. The findings of Soleimani et al. [15] indicate that pier diameter, longitudinal
reinforcement ratio, earthquake intensity level, pier height, compressive strength of concrete and
span length are the most influencing parameters determining the seismic behaviour of irregular
RC bridges. Soltanieh et al. [16] investigated the influence of soil-foundation-structure interaction
on the seismic vulnerability of irregular RC bridges. They concluded that including the soil-
structure interaction in the finite element model of irregular RC bridges considerably affects the
distribution of demands in different piers. Hu and Guo [17] studied the seismic response of high-
speed railway bridge-track systems with unequal height pier layouts. The results indicated that
increasing the height difference of adjacent bridge piers intensifies the seismic displacement

responses of sliding layer, shear alveolar and moveable bearings. Jara et al. [19] studied the



influence of soil type on the expected damage of piers in irregular RC bridges. They concluded
that while the hard soil ground motion records trigger moderate damage in bridge piers, the soft
soil records impose severe damage in piers and cause their failure. Rezaei et al. [27] investigated
the effects of ground motion incidence angle on the seismic vulnerability of irregular box-girder
concrete bridges. This research showed that the vulnerability of irregular RC bridges is
significantly sensitive to the incidence angle of the earthquake. Mosleh et al. [28] employed a
probabilistic approach to developing seismic fragility curves for pre-1990 highway RC bridges in
Iran. The obtained results showed that the structural characteristics significantly impacted the
seismic vulnerability of the studied bridges [28]. Rasouli et al. [29] proposed a performance-based
design method for continuous span bridges with unequal height isolated hollow RC piers. The
outcome of this study showed that the characterisitcs of pier cross section and Lead Rubber
Bearings (LRBs) are important factors to achieve a uniform ductility demand and performance
level in all piers. State-of-the-art studies on the seismic behaviour of irregular RC bridges have

been reviewed comprehensively in [30].

1.1 Shortcomings in Previous Studies

In most previous studies, the higher demand absorption of the stiffer bridge piers and their higher
likelihood of failure is pronounced. Moreover, the design/strengthening approaches mentioned
above are all concerned with mitigating the concentration of damage in shorter piers. However,
different height arrangements of piers might alter the seismic response of bridge piers and amplify
the unbalanced damage accumulation in piers of varying heights. As a result, depending on varied
circumstances of adjacent piers, the failure sequence of piers might be different, and critical piers
(i.e., shorter piers) might become less or more vulnerable than other piers. Moreover, the unequal

distribution of imposed masses along the length of the superstructure can induce unbalanced inertia
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forces on piers of unequal heights. This can add to the complexity associated with the seismic
response analysis of irregular concrete bridges. Nevertheless, only a few studies have been
dedicated to studying the nonlinear dynamic response of various irregular multi-span bridge
typologies, particularly those with different height arrangements of piers. This shows that the
existing literature in this area is still inadequate, and therefore, there is a necessity for further
investigation on seismic performance of multi-span irregular bridges with varied layouts. One of
the main reasons for such shortcomings in previous studies was the limitations in the available

numerical models, which have been addressed in this paper and discussed in the next section.
1.2 Research Contribution and Novelty

One of the crucial steps toward evaluating the nonlinear dynamic response and seismic
vulnerability of irregular RC bridges is the development of advanced numerical models, which are
reliable and realistic. To address the shortcomings (mentioned above) in the literature, an advanced
3D nonlinear finite element modelling technique is developed in OpenSees [31] to simulate the
nonlinear dynamic response of irregular multi-span RC bridges. This numerical model is capable
of accounting for the inelastic buckling and low-cycle high amplitude fatigue of longitudinal bars,
which is able to capture multiple failure modes in bridge components. Using this model and by
altering the arrangement of short, medium and tall bents, the influence of the height pattern of
piers on nonlinear dynamic response, sequential failure, and vulnerability of multi-span RC
bridges is investigated. Moreover, assuming a target axial force ratio of piers, the influence of
equal and unequal distribution of super-imposed masses on seismic performance and failure
sequence of irregular multi-span RC bridges is investigated and compared with the influence of

stiffness irregularity.



The following section (Section 2) of the paper presents the details of the benchmark bridge
specimen, proposed three-dimensional fibre-based finite element modelling technique and
verification results. The remainder of the paper is arranged as follows: in Section 3, details of the
selected irregular bridge layouts are described. Following that, Section 4 presents the nonlinear
pushover analysis results of different bents, and Section 5 provides elastic modal analysis results
in terms of modal periods and modal mass participation. Subsequently, in Section 6, incremental
dynamic analyses (IDAs) results are presented and discussed. Finally, in Section 7, the failure
probability of the selected bridge layouts is analysed and compared. The paper concludes by

highlighting the main findings and remarks.

2. Bridge Prototype and Finite Element Modelling

2.1 Details of the Prototype RC Bridge Specimen

Fig. 1 shows the geometry and details of the prototype RC bridge system considered in this study
as a benchmark for investigating the nonlinear dynamic behaviour and failure mechanisms of
multi-span irregular RC bridges. This bridge system was tested on shake table facility at the
University of Nevada, Reno [32]. To conduct the shake table tests, each bridge bent was placed on
a separate shake table, and the seismic response of the whole bridge system was tested in the
transverse direction. Further details about the experimental setup of this experiment are available

in [32].

As Fig. 1 (a) shows, the two-span prototype bridge is supported on three double-column bents of
varying heights. This prototype bridge system represents a two-span middle frame of a multi-span
RC bridge [32]. The span length is 914.0 cm; the total bridge length is 2050.0 cm; the clear height

of the piers from the top of the foundation is 182.9 cm, 243.8 cm and 152.4 cm for bent 1, bent 2



and bent 3, respectively. These heights translate to the aspect ratio of 2.5 to 4 from the shortest
columns to the tallest. The depth and length of cap beams were 38 cm and 249 cm, respectively.
In each span, the superstructure is composed of three deck beams with a width of 76.2 cm and a
depth of 35.6 cm. Six 9.1 tons, two 2.3 tons, and two 10.8 tons concrete blocks are placed on the
superstructure as super-imposed weights. These superimposed weights and the self-weight of the
structure were used in the experiment to induce an approximately 8.2% axial force ratio on each

bridge column.

Fig. 2 shows the details of each bent and reinforcement layout of piers. The cross-sectional details
of all columns are the same, where the diameter is 30.5 cm; longitudinal reinforcements are sixteen
0.95 cm rebars; the spiral reinforcements are 0.95 cm (W 2.9) bars with a spiral pitch of 3.2 cm,
and a clear cover thickness of 1.9 cm. This reinforcement layout provides approximately 1.56%
longitudinal reinforcement ratio and 0.9% spiral reinforcement ratio in each column. All
reinforcements used in the bridge were Grade 60 steel rebars. The average compressive strength
of cylindrical concrete samples at the end of shake table tests was 40.8, 49.8 and 33 MPa for

columns, beams, and footings, respectively. Further details are shown in Fig. 2.
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Fig. 1. Geometry and configuration of two-span RC bridge tested in Univgrsity of Nevada:
(a) longitudinal view, and (b) plan view (dimensions in cm)
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Fig. 2. Structural details of bents and columns (dimensions in cm)

2.2 Finite Element Modelling and Verification

To model seismic performance and failure mechanism of unequal pier height multi-span RC
bridges, a 3D nonlinear finite element model of the benchmark RC bridge is developed using the
OpenSees. Fig. 3 shows the nodal configuration of the developed Finite Element (FE) model of
the bridge system. As Fig. 3 shows, each element is modelled using a series of nonlinear beam-
column elements in its centreline. The deck and cap beams are modelled by elastic beam-column
elements as they remained in the elastic range during the shake table tests [32]. To apply the
superimposed masses in their corresponding mass centres, extra nodes are defined (nodes 441,
461, 471, 481, 491, 591, 601, 611, 621, and 641) and connected to their corresponding nodes in
deck elements through rigid links. This way, the superimposed masses will be applied at a distance
from the deck, which consequently increases the accuracy of simulations by inducing realistic
dynamic forces on the bridge superstructure. The self-weight mass of each member is lumped at
the structural nodes. All the connections, including the deck beam to cap beam connections, cap
beam to column connections, and column to footing connections, are considered to be fully fixed.

It should be noted that the soil-structure interaction is not considered in this study.

The force-based nonlinear beam-column element developed by Kashani et al. [33] is implemented
in the model to simulate the nonlinear structural behaviour of piers. This model can accurately
simulate the inelastic buckling behaviour and low-cycle fatigue degradation of vertical
reinforcements. The accuracy of this model in simulating the cyclic response of bridge piers is
verified by an extensive set of experimental results. Moreover, this model has been used
successfully to investigate the vulnerability of rectangular and circular bridge piers subject to

sequential seismic events [34-35]. Further details are available in [33].



As an example, the details of the beam-column element used for the columns of the intermediate
bent (bent 2) are shown in Fig .4. As shown in Fig. 4, each pier consists of six elements: two zero-
length section elements, two force-based elements at top and bottom, a force-based element in the
middle, and a rigid link at the top. The zero-length section elements are employed to simulate the
strain penetration effects and bar slippage at the bottom and top anchorage zones [36]. The bottom
and top force-based elements with three Integration Points (IPs) are used to address the localisation
problem due to the softening behaviour of reinforcing bars in compression [33]. The length of each
top and bottom force-based element is considered six times the effective buckling length (Lesy) of
longitudinal reinforcing bars, where Ley is calculated based on the procedure presented in [37].
The detailed information about this method is available in [33]. The middle element is a force-
based element with five IPs [38]. The topmost element of each column is a rigid link to consider

the rigid connection zone between the column and cap beam.

The nonlinear behaviour of bridge piers is defined through the fibre sections in each IPs, where
the cross-section of the column is decomposed into several fibres (patches), including unconfined
concrete fibres, confined concrete fibres and reinforcing bar fibres. The uniaxial material Concrete
04, available in the OpenSees is used for the unconfined and confined concrete. The confinement
effects on strength and ductility of concrete are considered employing Mander et al. model [39].
The nonlinear stress-strain behaviour of reinforcing bars is modelled using the buckling model
proposed by Kashani et al. [40]. This model can simulate the inelastic buckling and low-cycle

fatigue degradation of reinforcing bars. Further details are available in [40].
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Fig. 4. Details of the nonlinear beam-column model of piers and deck
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Johnson et al. [32] conducted two different sets of shake table tests, including low amplitude tests
and high amplitude tests. The first set was a series of 11 (test No. 1 to test No. 11) sequential shake
table tests. The intensity of test motions for the low amplitude tests was adjusted such that the
maximum achieved moment in the columns remained below half of the effective yield moment of
the columns to ensure that the system would experience no damage before the high amplitude tests.
The bridge was then subjected to high-amplitude tests to observe the system response up to its
failure. These later tests were composed of nine records of increasing amplitude (tests 12 to 20),
where each record duration and time steps were 25 seconds and 0.01 seconds, respectively. Further

details are available in [32].

The high-amplitude tests chose to verify the developed three-dimensional nonlinear finite element
model. Following the recommendation given in [32], the displacement history achieved on three
shake tables is used to validate the numerical model in this study. This is because the interaction
between the bridge system and shake tables leads to incoherent recorded acceleration response on
these three shake tables. Therefore, to conduct multiple support excitation and satisfy the equations
of motions, the achieved displacement history from the measured acceleration history of tables is
used as input in OpenSees to simulate the superstructure response. The input displacement history

of the three shake tables for nine high-amplitude tests is shown in Fig .5.
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Fig. 5. Input displacement history for validation of the proposed 3D finite element model

Fig. 6 compares the simulated top (superstructure) acceleration response of each bent with the
corresponding response measured in the experiment during test 17. As shown in Fig .6, the
simulated response of each bent compares well with the corresponding measured response. This
confirms that the developed 3D finite element model can accurately track the nonlinear response
of the case-study bridge system. In the next section, this model is used to carry out nonlinear

pushover and dynamic analyses on irregular bridges with different layouts of piers.
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Fig. 6. Validation results for acceleration response of superstructure during test 17

3. Selected Irregular Bridge Layouts

Depending on the topographical conditions, various pier height, and their arrangements in adjacent
bents of a frame might be implemented to adapt to the terrain variation. However, varied
arrangements of pier height in adjacent bents within a bridge frame might change the pattern of
absorbed unbalanced ductility demands in different bents. This might change the sequence of
failure of bridge piers with varying heights in a multi-span RC bridge, leading to distinctive bridge

failure mechanisms.

In order to investigate the influence of the layout of multi-span RC bridges with height irregularity,

three different bridge configurations labelled as A1, B1 and C1 are selected, as shown in Fig. 7.
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The numerical model of these bridges is established using the validated three-dimensional finite
element model. The dimensions of these bridges are assumed to be similar to the benchmark
bridge, and only the arrangement of piers is altered. Bridge A1 is the same bridge as the benchmark
bridge where the tallest piers are in the middle (at bent 2), and the medium-height and the shorter
piers are located on the left and right side of the bridge, respectively (i.e., at bent 1 and bent 3). In
bridge B1, which has the same details and dimensions as bridge Al, the taller piers are located in
bent 1; the medium-height piers are located in bent 2, and the shorter piers are at bent 3. Finally,
in bridge C1, the shortest piers are placed at the middle of the bridge, the tallest piers are placed at

bent 1, and the others are at bent 3.

A regular bridge (labelled as A0) is also considered as a reference layout for bridges Al, B1 and
C1. The height of all the piers of this bridge is assumed to be equal to that of columns in the middle
bent of the benchmark bridge. The other conditions, such as the distribution of super-imposed
masses and geometrical details, are kept the same as the benchmark bridge. The nonlinear dynamic
and seismic fragility analysis results of this regular bridge are compared with those of bridges Al

, Bl and C1 in Sections 6 and 7, respectively.

Other than A1, B1 and C1 layouts, three additional layouts (A2, B2 and C2) are also considered
to investigate the influence of unbalanced inertial forces acting on different bents due to the varied
tributary mass on each bent. The details and configuration of these bridge layouts are similar to
Al, B1 and C1 layouts, but the super-imposed masses are assumed to be equally distributed among
the bents. To this end, the summation of all the super-imposed weights shown in Fig. 1(a) was
divided by six to have all the piers with equal tributary mass values. It is noteworthy that the main

goal behind considering these three cases is to compare their analysis outputs with those of their
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corresponding layouts with unequal mass distribution status (i.e., bridges al, B1 and C1).

Therefore, no reference regular bridge for these cases is considered in this study.

The summary of the case-study bridge layouts is listed in Table 1.

Fig. 7. Case-study RC bridges with varied substructure stiffness configurations
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Table 1. Summarised characteristics of selected bridge layouts

. Mass Stiffness Pier Height Status

Bridge e e .

Lavout Distribution  Regularity
y Status Status Bent 1 Bent 2 Bent 3
A0 unequal regular medium medium medium
Al unequal irregular medium tall short
A2 equal irregular medium tall short
B1 unequal irregular tall medium short
B2 equal irregular tall medium short
C1 unequal irregular tall short medium
C2 equal irregular Tall short medium

4. Nonlinear Pushover Analysis, Results and Discussion

The damage limit states of piers in each bent are determined using the nonlinear pushover analysis.
This study considers five damage limit states such as, rebar yielding, concrete spalling, core
concrete crushing, rebar fracture, and 20% strength loss. These damage limit states have been
successfully correlated with drift ratio thresholds corresponding to slight, moderate, extensive and
complete collapse damage states, and used in seismic vulnerability analysis of uncorroded and

corroded RC structures [41-42].

The rebar yielding limit state reaches when the outmost tensile reinforcement at the critical section
of the bridge pier yields. The concrete spalling occurs when the outmost compression fibre of
cover concrete reaches the spalling strain. Here, this strain limit is assumed as 0.004 [43]. Rebar

fracture takes place when the tensile strain of longitudinal reinforcement reaches 0.16, according
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to [32]. Finally, the core concrete crushing corresponds to the fracture of the first confining steel

where the compressive strain of extreme core concrete fibres reaches ec. according to Eq. (1) [43]:

(1).

£ =o.004+1.4{—p s ‘9}

In Eq. (1), ps, fy.s and eus are volumetric ratio, yield strength, and tensile strain at peak stress of

spiral reinforcements, respectively, and f... is the compressive strength of confined concrete.

To perform pushover analysis, the finite element model of each bent of the benchmark bridge is
extracted from the 3D model of the bridge and subjected to displacement-control loading at the
level of column tip. The P-Delt effect is considered in the analyses. Moreover, column to
foundation connections and the column to caping beam connections are considered to be fully
fixed. Fig. 8 shows the capacity curves of each bent in bridges A1 and A2, bridges B1 and B2, and
bridges C1 and C2 from the pushover analysis results. The statistics shown in Fig. 8 are
summarised in Table 2. It should be highlighted that, as the structural details and axial force ratio
of columns in A1, BI and C1 bridges are the same as their corresponding cases (A2, B2 and C2),
their capacity curves are equivalent. In addition to the four considered damage limit states, the
onset of a 20% drop in peak lateral force is also shown on the capacity curve of each bent. As the
results show, the fracture of rebars does not occur in any of the bents, and core concrete crushing

governs the failure of all the bents.

Fig. 8(a) indicates that the associated drift with the crushing of core concrete in piers of bent 3 is
lower than those of bent 1 and bent 2. This is because the piers of bent 3 are the shortest of columns,
with the minor aspect ratio among the other bents. The lesser ductility of shorter columns exposes
them to higher ductility demands and a possibly earlier collapse than other bents. However, as

discussed in Section 6, the layout of irregular bridges determines the critical columns of an
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irregular multi-span RC bridge. Nevertheless, the associate drift with the onset of core concrete

crushing shown in Fig. 8 for each bent will be used in Section 6 to evaluate the failure sequence

of bents in the studied bridges.
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Fig. 8. Comparing the capacity curves of individual bents: (a) bridge A1 and A2; (b) bridge
B1 and B2, and (c¢) bridge C1 and C2
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Table 2. Associated drift ratios with considered damage limit states

Drift Drift Drift Drift
Bridge ratio at  ratio at ratio at ratio at
Bent rebar concrete core 20%
Layout .. . ]
yielding spalling concrete capacity
crushing loss
Bent 1 0.005 0.010 0.022 0.033
Al Bent 2 0.006 0.011 0.024 0.034
Bent 3 0.004 0.009 0.021 0.033
Bl Bent 1 0.006 0.011 0.024 0.034
Bent 2 0.005 0.010 0.022 0.033
Bent 3 0.004 0.009 0.021 0.033
Bent 1 0.006 0.011 0.024 0.034
C1 Bent 2 0.004 0.009 0.021 0.033
Bent 3 0.005 0.010 0.022 0.033

5. Elastic Modal Analysis

In order to investigate the transverse seismic response of the selected RC bridge layouts, elastic
modal analyses are performed to obtain their modal characteristics (including modal periods and
mass participation). The elastic modal analyses are conducted using the uncracked state of the
concrete. It is noteworthy that, because the focus of the current study is on the transverse seismic
behaviour of the studied irregular RC bridges, only the modal characteristics in transverse

vibration are discussed.

The elastic modal analysis results show that in bridge A1, mode 2 and mode 4 are two predominant
transverse modes with a period of 7,=0.262 sec and 74=0.193 sec, respectively. Moreover, the

obtained results show that the two fundamental modes of vibration of bridge B1 in the transverse
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direction are modes 1 and 4, with 77=0.313 sec and 7+=0.185 sec. In this bridge, the second and
third vibration modes are in the longitudinal direction and are not evaluated here. Same as bridge
B1, the fundamental period of bridge C1 belongs to the transverse vibration. However, the second

predominant transverse mode of this bridge is mode 3.

The modal mass participation of predominant transverse vibration modes is calculated and shown
in Fig. 9. Moreover, the modal periods and quantified percentages of modal masses are tabulated
in Table 3. Fig. 9 indicates that different short and tall bridge piers combinations result in
significantly varied mass participation in different transverse modes. For instance, the medium-
tall-short height arrangement of bridge piers (bridge Al) causes the significantly higher mass
participation of the predominant transverse mode (i.e., mode 2) by approximately 78.8% (Table
3). Conversely, the tall-short-medium height arrangement of piers (bridge C1) leads to the greater
mass participation of the second prevailing transverse mode (i.e., mode 4) by about 65.7%.
However, the modal mass participation of the first and second predominant transverse modes of

bridge B1 are near equal by approximately 55.5% and 44.4%, respectively.

Overall, the above discussion implies that different arrangements of piers of varying heights can
significantly affect the dynamic behaviour of irregular multiple-frame RC bridges. Consequently,
in a seismic event, the unbalanced lateral displacement demand of different bents of a multi-span
irregular RC bridge will depend on the height arrangement of piers. Therefore, the typical
presumption of a higher failure probability of shorter piers due to their higher seismic force

absorption might be incorrect.

In the next section, the seismic performance of selected bridge layouts is investigated through
nonlinear dynamic analyses, which will help effectively analyse the complex seismic response of
irregular RC bridges.
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Table 3. Modal periods and mass participation

Bridge A1 Bridge B1 Bridge C1
Mode
T (Sec) M (%) T (Sec) M (%) T (Sec) M (%)
1 0.304 - 0.313 55.5 0.296 34.15
2 0.262 78.8 0.275 - 0.264 -
3 0.202 - 0.205 - 0.219 65.7
4 0.193 20.9 0.185 44.4 0.209 -
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6. Incremental Dynamic Analysis (IDA), Results, and Discussion

IDA is recognised as an efficient tool to evaluate the seismic performance of structures, as it
enables monitoring the seismic response of a structure from the elastic range to the failure [44].
To perform the IDA, a sufficient number of ground motion records are scaled-up in terms of an
intensity measure (IM); then, the maximum structural response associated with each input IM of
an earthquake record is generally described as an engineering demand parameter (EDP). In the
current study, the nonlinear dynamic behaviour of studied bridge specimens is investigated using
the IDA, where the peak ground acceleration (PGA) is considered the IM and the maximum drift
ratio of bridge bents is adopted as the EDP. The maximum drift ratio of each bent is calculated as
the maximum tip displacement of the bent piers divided by the height of the same piers. For the
dynamic analyses, the mass and stiffness proportional damping method (the Rayleigh damping
method) is used with the critical damping of 4.3% [41] for the first and third transverse vibration

modes.

In the following sub-sections, the characteristics of the selected ground motions and the outcome

of IDAs are discussed.
6.1 Ground Motion Selection

The first step in conducting IDA 1is to select a sufficient number of ground motion records to
consider the uncertainties associated with earthquakes of varied frequency contents. In this study,
16 record pairs (32 records in total) are selected from the far-field ground motion records provided
in FEMA P695 [45]. Table 4 provides the characteristics of the selected ground motions records.

Moreover, in Fig. 10, the spectral acceleration response of the selected ground motions is shown.
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To conduct IDAs, the selected records with increasing IM levels (from 0 to 1g) are applied to the

case-study bridges. In the next section, the results of IDAs are presented and discussed.
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Fig. 10. Spectral acceleration response of the selected ground motion suite

6.2 Analysis Results of Bridges A1, B1, and C1
6.2.1 IDA Results at the System Level

Figs. (11-13) present the IDA results of A1, B1 and C1 bridge layouts. In each figure, the IDA
response of each bent and the comparative summarised responses of three bents of the same bridge
are provided. Moreover, the median IDA response of bridge A0 (regular bridge) is presented in

Figs. 11(d), 12(d) and 13(d) and compared with that of considered irregular bridges.

Figs. 11(a-c) show the IDA curves of bent 1, bent 2, and bent 3 of bridge A1, respectively. In each

figure, individual IDA curves, as well as the summarised IDA responses, are plotted. Furthermore,
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the collapse threshold drift ratio is shown by a vertical solid line. As discussed in section 4, this
threshold is defined here as the associated drift with the failure of core concrete. Fig. 11(a) shows
that the range of individual PGAs associated with the collapse threshold of bent 1 varies from
approximately 0.2g to 0.7g. This range is from about 0.35g to 0.75g for bent 2 (Fig. 11(b)) and
from approximately 0.3g to 0.68g for bent 3 (Fig. 11(c)). In Fig. 11(d), the median IDA responses
of all bents (extracted from Figs. 11(a-c)) of bridge Al are compared. Furthermore, the median
failure point of each bent is also shown in the corresponding median IDA curves. The median
failure point is obtained from the intersection of collapse threshold and the median IDA response

of each bent, shown in Figs. 11(a-c).

Table 4. Details of the selected ground motion records
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No NGA Event name/Event ID Station ID Magnitude PGAmax(g) PGVmax (cm/s)
1 Northridge B‘*_V;ZL-‘{IEHS 6.7 0.52 63
Canyon
2 Northridge Country- 6.7 0.48 45
WLC
3 Duzce, Turkey Bolu 7.1 0.82 62
4 Hector Mine Hector 7.1 0.34 42
5 Imperial Valley Delta 6.5 0.35 33
6 Kobe, Japan Nishi-Akashi 6.9 0.51 37
7 Kobe, Japan Shin-Osaka 6.9 0.24 38
8 Kocaeli, Turkey Duzce 7.5 0.36 59
9 Kocaeli, Turkey Arcelik 7.5 0.22 40
10 Landers Yermo Fire 73 0.24 52
Station
11 Landers Coolwater 7.3 0.42 42
12 Loma Pricta GﬂrozsA”ay 6.9 0.56 45
13 Superstition Hills illgerét;o 6.5 0.36 46
14 Superstition Hills P‘(’tzri;?d 6.5 0.45 36
15 Chi-Chi, Taiwan CHY101 7.6 0.44 115
16 Chi-Chi, Taiwan TCU045 7.6 0.51 39
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Fig. 11(d) shows that up to around PGA=0.55g, for a given IM level of input ground motions, bent
1 experiences higher drift ratios than other bents. This leads to the earlier failure of columns of
bent 1, which corresponds approximately to PGA=0.37g. Moreover, Fig. 11(d) shows that the
subsequent failure occurs in columns of bent 3, corresponding to about 0.46g in terms of the
median input IMs. Finally, the following failure sequence will occur in columns of bent 2 at around
PGA=0.52g. Therefore, it can be inferred from the results given in Fig. 11 that the failure sequence
of columns of bridge A1 under the selected ground motions will be as: (i) medium height columns
(bent 1); (i7) shortest of columns (bent 3), and (ii7) tallest of columns (bent 2). This conclusion is

consistent with the results of the elastic modal analysis presented in Section 5.

In Fig. 11(d), the median IDA results of bridge A0 (regular bridge) are also presented as a baseline.
As all the bents are of equal height in this bridge, their IDA response is the same. Therefore, here
a single median IDA curve representing the median IDA response of the intermediate bent of this
bridge is presented and discussed. A simple comparison between the median IDA curve of bridge
A0 and that of different bents of bridge A1 shown in Fig. 11(d) indicates that the associate PGA
with the onset of plateau response of regular bridge is higher than that of the corresponding
irregular bridge. Specifically, bent 1 in bridge A1, which has columns of the same height as bridge
A0, experiences significantly higher drift rations for a given PGA. For instance, while the regular
bridge reaches approximately 2.8% lateral drift under PGA= 0.5g, bent 1 of bridge A1 tolerates
4% drift for the same PGA level. This confirms the higher vulnerability of irregular bridges

compared to the corresponding regular bridge.
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Fig. 11. IDA results of bridge Al: (a) response of medium-height bent (bent 1); (b) response
of tall bent (bent 2); (¢) response of short bent (bent 3), and (d) median response of all bents

Fig. 12 shows an exemplary hysteretic response of bents of bridge Al. A representative record of

the median response of the critical bent (bent 1), the Northridge record, with PGA=0.35g, which
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approximately corresponds to the median failure IM of this bent, is selected. As Fig. 12 shows,
bent 1 tolerates the most significant ductility demand compared to the other bents, where under
the selected record and IM level, bent 1 experiences more than 0.03 drift ratio while others sustain
less than 0.015 drift ratio. This indicates the higher seismic vulnerability of bent 1, and confirms

the results provided in Fig. 11(d).
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Fig. 12. An exemplary hysteretic response of individual bents of bridge A1 under
Northridge ground motion

In Fig. 13, the IDA results of B1 bridge specimen are shown. A comparison between the median
IDA curves of bent 1, bent 2 and bent 3 shows that in this bridge layout, taller columns placed in
bent 1 reach their collapse threshold at approximately PGA=0.4g, which is lower than those of
bent 2 and bent 3. However, the median failure PGAs of bent 2 and bent 3 are roughly the same,
with a slightly lesser value for bent 2. This implies that, in bridge B2, the tallest columns will fail
earlier than others, and subsequently, the medium height columns will be collapsed just before the

short columns.
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As shown in Fig. 13(d), prior to the beginning of plateau response, the median IDA response of
bridge A0 approximately coincides with that of the medium-height bent of bridge B1, i.e., bent 2.
However, as discussed above, as the collapse of bridge B2 is governed by the failure of the taller

bent (bent 1), the plateau response of bent 2 starts at less drift ratio compared to that of its

corresponding bents in bridge AO.
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Fig. 13. IDA results of bridge B1: (a) response of tall bent (bent 1); (b) response of medium-
height bent (bent 2); (c) response of short bent (bent 3), and (d) median response of all
bents

Fig. 14 shows the hysteretic response of individual bents of bridge B1 subject to Hector Mine
ground motion under the median IM corresponding to the failure of bent 1, i.e. PGA=0.39g. This
record was selected because the median IDA response of bent lunder this record is approximately
the same as its median response shown in Fig. 13(d). As Fig. 14 shows, the taller columns placed
in bent 1 of bridge B1 attract higher displacement demand and are prone to seismic failure prior to
bent 2 and bent 3.Moreover, medium-height columns placed in bent 3 absorb greater inertia forces
than shorter piers in this bridge. However, the distribution of seismic inertia demand between
varied height bents depends significantly on the frequency content of input earthquake, and the

results presented in this figure can not be generalised to other considered ground motions.
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Fig. 14. An exemplary hysteretic response of individual bents of bridge B1 under Hector
Mine ground motion
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Fig. 15 presents the IDA results of bridge C1. Figs. 15(a-c) show the PGA-maximum drift ratio
response of bent 1, bent 2, and bent 3 separately. Similar to those seen in Figs. 11 and 13, these
figures show a wide range of PGAs associated with the collapse of each bent. This is due to the
randomness associated with the frequency content of the selected ground motions. Despite the
results obtained for A1 and B1 bridges (shown in Fig. 11(d) and Fig. 13(d)), Fig. 15(d) shows that

for this case, the shorter columns (placed in bent 2) are critical and govern the failure of the bridge.

Moreover, based on the results, the tallest columns (placed in bent 1) will fail subsequently at
approximately PGA=0.45g, and finally, the columns in bent 3 will fail at around PGA=0.49g.
Therefore, the predicted failure sequence in columns of bridge C1 will be as (i) shortest of

columns; (ii) tallest of columns; and (ii7) medium-height columns.

Furthermore, Fig. 15(d) shows that the median IDA drift ratio of the regular bridge (bridge A0) is
slightly lesser than the shortest bent of bridge C1 for a given PGA. Additionally, the onset of the
plateaued response of medium-height bent 2 takes place in a less drift ratio than bridge A0. These

results imply the higher vulnerability of irregular bridge C1 with the corresponding regular bridge.

The three above discussed cases demonstrate that the general assumption that the shortest piers in
an irregular bridge fail in advance to other taller piers cannot always be the case, and depending
on the complex geometry and ground motion characteristics, the sequence of failure in bridge piers

can be different.
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Fig. 15. IDA results of bridge C1: (a) response of tall bent (bent 1); (b) response of short
bent (bent 2); (c) response of medium-height bent (bent 3), and (d) median response of all
bents

Fig. 16 shows an exemplary base shear-drift ratio response of all bents of bridge C1 subject to

Hector Mine ground motion at PGA=0.4g. Same to Figs. 12 and 14, this record and IM were
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selected to represent the median dynamic cyclic behaviour of the critical bent (here bent 2) at the
median IM. Fig.16 clearly shows the higher drift ratio and lateral seismic force of bent 2 than other
bents. This shows the higher vulnerability of shorter columns in bridge C1 and confirms the results

provided in Fig.15 (d).

200 ' ' T = B
Bent 1 /

150 |- = -Bent 2 ' ]
Bent 3

100 | ]

9]
s

Base Shear (kN)
o

250 1 :
-100 | :
-150 ]
7| My
-200 — . '
-0.03 -0.02 -001 0 001 002 0.03

Drift Ratio

Fig. 16. An exemplary hysteretic response of individual bents of bridge C1 under Hector
Mine ground motion

6.2.2 IDA Results at the Material Level

The results presented in the previous section, which were in terms of the global structural response,
indicated that irregular bridges with varied layouts show different seismic behaviour and failure
sequences of bents. However, the global response of structural components cannot provide
sufficient information on the material scale to explain such differences. Hence, the response of
core concrete at the critical regions of all bridge columns is recorded during the IDAs. Then, the

peak compressive strain of core concrete at each IM level is normalised by its corresponding
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ultimate value e (Eq. (1)). This way, the normalised core concrete strain will be between zero and

unity, where the latter corresponds to the onset of concrete failure.

Fig. 17 shows the variation of normalised core concrete response versus the input levels of IM in
each bent of bridge A1l. As shown in Figs. 17(a-c), the corresponding IMs to the onset of concrete
failure are highly scattered. This shows that the failure of bents at the material scale is highly
dependent on the characteristics of the input ground motions. For instance, as shown in Fig. 17(b),
the associated IMs with the onset of concrete failure in the critical section of bent 2 varies from
approximately 0.4g to 1g. Fig. 17(d) compares the median response of concrete in the columns of
bent 1, bent 2, and bent 3. This figure shows that the onset of concrete failure of bent 1 occurs
earlier at approximately PGA=0.4g. Then, it took place in sequence in bent 2 and bent 3. This

conclusion is in line with those discussed in the previous section.
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Fig. 17. The normalised response of core concrete at the base of columns in bridge Al: (a)
bent 1; (b) bent 2; (c) bent 3, and (d) median responses

Similarly, in Figs. (18-19) the variation of normalised concrete strains is plotted against the input
IMs for different bents of bridge B1 and bridge C1. The median response of core concrete given
in these figures (Fig. 18(d) and Fig. 19(d)) confirm the predicted failure sequence of columns in
bridges B1 and C1. For instance, Fig. 18(d) shows that the onset of concrete failure reaches earlier
in taller columns of bridge Bl (located in bent 1), approximately at PGA= 0.42g. This is in

agreement with the results discussed in Fig. 13(d) for the same bridge.

36



1 1
g I g
o8¢ Zost /
2 Q I
= ! 2
Q ] Q
§06¢ 15067
o o
o 04F 1o 0.4+
2 2
s S
é 02+ Individual record é 02+ Individual record
S o)
Z. == Median Z. == Median
— =16-84% Percentile — =16-84% Percentile
0 ' ' ' ‘ 0 : ' ' ‘
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
PGA (g) PGA (g)
(@) (b)
1 1
£ =
= =
508} £ 087
2 2
]
§ 0.6 E’ 0.6
3 S
(o] 0]
5 3
= 047 o 0.4}
2 2
E &
é 02+ Individual record g 0.2 Bent 1-Median |
S o) .
Z = Median Z. Bent 2-Median
— =16-84% Percentile Bent 3-Median
0 : : : : 0 ' ' : '
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
PGA (g) PGA (g)
(©) (d)

Fig. 18. The normalised response of core concrete at the base of columns in bridge B1: (a)
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Fig. 19. The normalised response of core concrete at the base of columns in bridge C1: (a)
bent 1; (b) bent 2; (c¢) bent 3, and (d) median responses
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6.3 Analysis Results of Bridges A2, B2, and C2

The previous section showed the influence of triggered unbalanced demands due to the unequal
stiffness of the piers on nonlinear dynamic performance and failure sequence of bridges Al, Bl
and C1. However, as shown in Fig. 1, the configuration of super-imposed masses placed on the
deck also induces unbalanced inertia forces on each bent. This is because, the amount of allocated
masses on bent 1 and bent 3 is significantly greater than that of bent 2. This raises a question:
Which source causes much unbalanced seismic behaviour in an irregular multi-span RC bridge:
stiffness irregularity, or unequal distribution of gravity masses along the length of the bridge

superstructure?

As listed in Table 1, three additional bridge types, including A2, B2 and C2 are considered to
answer the above question. The only difference between these three cases with their corresponding
original layouts (i.e. Al, Bl and C1 bridge types) is the equal distribution of super-imposed
masses between all bridge piers, which translates to 13.5 tons on each column. Therefore, changing
the distribution pattern of super-imposed masses, the IDAs are repeated for the A2, B2 and C2

bridge layouts.

Figs. 20(a), 20(b) and 20(c) present the median IDA results of bridges A2, B2 and C2, respectively.
A simple comparison between these results with those given in Figs. 11(d), 13(d) and 15(d), show
that the summarised IDA curves of bridges A2, B2 and C2 are approximately the same as those of
bridges Al, Bl and Cl, respectively. Moreover, the failure sequence of different bents is not
affected by the equal distribution of masses (Figs. 20 (a-c)). The only noteworthy change is the
slightly higher median IM associated with the onset of failure of bent 1 and bent 3 in all the equally

distributed mass bridge cases compared to their corresponding IM in bridges A1, B1 and C1. For
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instance, while in bridge B1 the associated median IM with the collapse of bent 3 is approximately

PGA=0.45g (Fig. 13(d)); the corresponding value of IM is increased in bridge B2 (Fig. 20(b)).

It can be concluded from the above discussion that, for the bridge layouts and ground motion set
considered in this study, the equal/unequal distribution of super-imposed masses among the
different bents has a negligible impact on the unbalanced seismic ductility demand of unequal
height bridge piers. The reason for such results is that in the considered A2, B2 and C2 bridge
layouts, the total amount of superstructure mass of the system is not changed, and it is just equally
distributed among the columns. Moreover, the deck is rigid, and all the columns move with the
deck together, and hence, the effect of mass distribution in comparison to the stiffness difference
between the adjacent columns is negligible. Furthermore, considering the dynamic equation of
motion, a slight change in the tributary mass on each bent doesn’t significantly affect the overall
system response. In conclusion, the irregular seismic response of considered bridges with non-

uniform column heights stems mainly from the substructure stiffness irregularity.
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7. Seismic Fragility Analysis

In this section, the failure probability of different bents is analysed using the seismic fragility

curves of each bent. The fragility curves are developed using the following fragility function [46]:

Q).

PLEDP>DLS,| PG4 :x]zl_cp(ln(DLSi)—ln(@)J

s

The left side of Eq. (2), is a conditional probability function that gives the exceedance probability
of EDP from i Damage Limit State (DLS;) given that PGA equals x. Moreover, @(.) is the
lognormal distribution function with a logarithmic mean (In(#)), and logarithmic standard

deviation (f) can be obtained from Egs. (3-4), respectively:

S In(EDP)
In() == —— 3)
n
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B = 4)

In order to plot seismic fragility curves of each bent, the associated drift ratio with the concrete
crushing strain of each bent is extracted from the nonlinear pushover analysis results (as shown in

Fig. 8) and considered as DLSi in Eq. (2).

Fig. 21 presents the fragility curves of each bent in A1, B1 and C1 bridge layouts as well as the
fragility curve of the reference bridge AO. Fig. 21(a) shows that, in bridge Al, the failure
probability of bent 1 is higher than others. However, Fig. 21(b) shows that in bridge B1, taller piers
are critical due to the higher probability of failure for any hazard levels. Conversely, in this height
arrangement of piers, short piers have the most negligible collapse probability among the other
piers. Finally, Fig. 21(c) indicates that shorter piers are more vulnerable than others in bridge C1.
For example, for PGA=0.5g, the failure probability of bent 1, bent 2 and bent 3 are approximately

60%, 75%, and 50%, respectively.

Furthermore, Fig. 21 shows that the regular bridge is less fragile than the failure governing bents
of selected irregular bridges. For instance, under PGA=0.4g, the failure probability of bent 1 of
bridge Al is approximately 37% higher than bridge A0 (Fig. 21(a)). However, the difference
between the failure probability of studied regular and irregular bridges varies for the alternative
height arrangement of unequal-height piers. For example, under PGA=0.4g, the difference
between the failure probability of bent 1 of bridge B1 and that of bridge A0 is about 16% (Fig.

21(b)).
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Fig. 21. Developed fragility curves: (a) bridge Al; (b) bridge B1, and (c) bridge C1

To investigate the influence of bridge layout on the vulnerability of piers of the same height, in

Fig. 22, the fragility curves of short, medium and tall bents are compared. Fig. 22(a) shows that

the vulnerability of shorter piers is greater in C1 layout, where these piers are placed in the

intermediate of taller and medium height piers.
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Fig. 22(b) compares the vulnerability of medium-height piers in hypothetical A1, B1 and C1 bridge
layouts. The fragility curve of bridge A0 is also presented in this figure as all the piers of this
bridge are the same height as those of medium-height piers in A1, Bl and C1 bridges. As can be
seen in this figure, the probability of collapse of these piers is significantly higher in Al layout.
For instance, the failure probability of medium-height piers is higher than 90% in Al layout,
whereas it is about 60%, and 50% for B1 and C1 layouts, respectively. Moreover, Fig. 22(b) shows
that, while the failure probability of regular bridge (bridge AO) for a given earthquake intensity
level is lesser than bridge Al; it is higher than that of bridges B1 and C1. This is because, as
discussed earlier in Section 6.2, unlike bridge A1, the failure of bridges B1 and C1 is not governed
by the medium-height piers. Finally, Fig 22(c) shows that the taller piers are more vulnerable in

B1 layout. Oppositely, these piers are less vulnerable in Al layout.

The above discussion confirms that the bridge layout significantly influences the vulnerability of

piers of varying heights.
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Fig. 22. Comparing the failure probability of piers of varying height in the studied bridges:
(a) short piers; (b) medium height piers, and (c) tall piers

8. Conclusions

This paper investigated the seismic performance and fragility of multi-span RC bridges with
unequal pier heights located in the mountainous areas, where the practical considerations dictate
constructing such bridges. An advanced three-dimensional finite element model was developed in
OpenSees to simulate the nonlinear seismic behaviour of the multi-span RC bridges with stiffness
irregularity. The model was successfully validated by the large-scale shake table test results of a
benchmark two-span irregular RC bridge specimen available in the literature. Elastic modal
analysis, nonlinear pushover analysis, IDA and fragility analysis were carried out on six different
irregular layouts of the benchmark bridge specimen to investigate the complex seismic behaviour
of irregular RC bridges with varying height arrangements of piers. Moreover, the influence of

equal/unequal distribution of inertia forces due to the equal/unequal tributary super-imposed
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masses between different piers of the studied bridges is investigated and discussed. The following

conclusions can be drawn from the findings of this paper:

The modal periods and mass participation of higher modes of the reference two-span
irregular RC bridge significantly depend on the height arrangement of piers. For instance,
while the predominant vibration mode of bridge Al is in its longitudinal direction, the
primary mode of vibration of bridge Bl and bridge CI1 is in the transverse direction.
Moreover, while the mass participation of predominant transverse mode in bridge Al is
approximately 79%, the highest mass participation in bridge C1 belongs to the second
primary transverse mode by about 66%.

In the studied irregular RC bridges, the failure sequence of piers of varying heights
crucially depends on the height arrangements of bents. For instance, the medium-height
bent is critical and fails earlier than other bents in the medium-tall-short arrangement of
bents (bridge Al). However, in a tall-medium-short arrangement of bents (bridge B1), the
tallest piers become critical and fail before the other piers in lower earthquake intensity
levels. Alternatively, short piers are critical members in the tall-short-medium height
arrangement of piers (bridge C1).

The equal/unequal distribution of super-imposed masses among the bents of varying
heights slightly affects the median IM at their failure. However, it has less influence on the
unbalanced seismic ductility demand and failure sequence of unequal height bridge piers
than the substructure stiffness irregularity.

The bridge layout significantly influences the vulnerability of piers of varying heights.
Therefore, the typical presumption on a higher failure probability of shorter piers due to

their higher seismic force absorption might be misleading. This conclusion could influence
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future studies on balanced design procedures or damage mitigation methodologies

(connection isolation, using damper devices, etc.) for irregular multi-span RC bridges.
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