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Abstract

Curved bridges subjected to strong ground motions have shown high seismic vulnerability
in many countries. Several published studies analyze curved-bridge failures, focusing on
collapses observed after severe earthquakes, which are frequently linked to loss of seating
length. Other studies assess seismic fragility based on expected pier damage, and most
published work uses numerical models derived from existing bridge portfolios that do not
include specific real bridges. Many studies also aim to correlate the dynamic properties of
existing bridges, estimated from ambient vibration measurements, with those of numerical
models. The approaches mentioned above estimate the expected seismic response for
specific bridge types that may not accurately represent real structures, and examine the
most common failure mechanisms. Unlike these studies, the current research provides
valuable and novel insights into the expected behavior of curved viaducts designed in
accordance with modern standards and regulations. It shows that, in these cases, the most
frequently reported failure in the literature, loss of seating length, is less likely than other
failure mechanisms. The results apply to a real curved bridge whose numerical model was
previously calibrated using ambient vibration measurements. Another distinctive feature
is the assessment of reliability indices for a real structure, evaluating the values that current
regulations would expect to observe during infrequent seismic events. Uncertainties in
site amplification are reduced because a nearby seismic station is available. Nonlinear
analyses were performed using two sets of seismic records from interplate and intraplate
earthquake sources, scaled to match the expected seismic intensity at the bridge site, to
assess damage progression in the bridge under both design and infrequent earthquake
intensities. The study also emphasizes the significant effects of the selected ground-motion
population and the frequency content of interplate and intraplate earthquakes on bridge
seismic performance. Unlike the failure mechanism most commonly observed in curved
bridges during high-intensity seismic events, which involves loss of superstructure seating
length, this case study of a curved bridge designed under modern seismic regulations
shows failure when shear demands exceed the bridge piers’ shear capacity.

Keywords: RC curved bridge; seismic vulnerability; ambient vibration measurements;
nonlinear analysis; collapse limit state; reliability index

1. Introduction
Curved and skewed bridges are more vulnerable to earthquakes than straight bridges.

The Loma Prieta earthquake on 17 October 1989 (Mw = 6.9) caused significant damage
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to San Francisco Bay’s bridge infrastructure [1]. The authors noted that skewness was
a crucial factor in the observed damage to bridges. Two of the three collapsed bridges
were skewed.

Similarly, the Northridge earthquake on 17 January 1994 (Mw = 6.7) caused significant
bridge damage and several collapses [1]. The damage assessment identified 233 damaged
bridges across four counties. The collapsed Gavin Canyon Undercrossing Bridge 53-1797R
had a 67-degree skew. Substantial displacement and rotational demands led to failure
and loss of support [2]. The southbound separation and overhead viaduct at Route 14/I-5
(53 1960F) is a curved, 10-span, continuous concrete box girder bridge. It collapsed from
abutment 1 to the hinge of span 3, possibly due to a loss of seating length. The North
Connector (53 1964F) also collapsed. It is a curved structure with collapsed spans 1 and 2
and pier 2. The damage showed that at abutment 1, the most significant movement was in
the bridge’s longitudinal direction. Although the loss of seating was also a possible cause
of the failure, Buckle [2] suggested that pier 2 failed first because of the high shear demands
on this short pier.

Wang and Lee [3] compared bridge damage and collapse modes from the Wenchuan
earthquake with those observed in similar bridges during the Northridge, Loma Prieta,
and San Fernando Earthquakes. Among the damage and failure modes, skewed or curved
bridges, especially those with tall piers, should be avoided in high-seismic areas. The
Wenchuan earthquake underscored the need to develop seismic design guidelines and
strategies for bridges near faults, or even those crossing faults, to withstand enormous
displacement demands.

Anderson et al. [4] showed that two skew bridges on the Meishin Expressway were
damaged during the 17 January 1995, Kobe earthquake in Japan (Mw = 7.0), despite having
been retrofitted. The non-skew spans did not fail during the earthquake. During the 12
May 2008, Sichuan earthquake (Mw = 7.9) in China, many bridges were damage [5–7]. The
curved Baihua Bridge collapsed. According to Han et al. [5], several factors contributed to
the collapse, including a lack of longitudinal and vertical displacement restraints, excessive
seismic demands, and insufficient seat length, among others. The ramp bridge at the
Huilan interchange sustained severe damage to the piers. The bridge consisted of curved,
continuous box girders. Han et al. [5] identified insufficient transverse reinforcement as a
potential cause of the observed damage at the pier tops.

Beyond post-earthquake case studies, several analytical studies have examined the
seismic response of curved and skewed bridges. Wilson et al. [8] analyzed the combined
effects of skew and curvature on bridges’ expected seismic performance. They observed
significant superstructure deformations that further damaged the substructures. They also
emphasized that skewed and curved bridges require detailed analytical modeling. Serdar
et al. [9] and Serdar and Folic [10] highlighted the importance of deck radius in determining
expected damages for curved bridges. Their findings indicated that curved bridges are
prone to collapse under lower ductility demands compared to straight bridges.

Recent studies have employed loss models to assess the performance of curved
bridges [11,12]. Specifically, Feng et al. examine how the spatial variability of earth-
quake ground motions influences the seismic response of these structures. They conclude
that the impact of the angle of seismic incidence diminishes as seismic intensity increases,
resulting in expected losses that are independent of this angle at high seismic intensities.
Furthermore, the effects of seismic directionality on the seismic vulnerability of curved
bridges have been studied, and it has been concluded that displacement demands may
increase [13–15]. These studies also suggested using the SRSS rule and the spectral intensity
at the dominant period to scale seismic records.
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Some studies have examined how geometric parameters affect the seismic performance
of curved bridges. Seo and Linzell [16] analyzed the seismic behavior of curved steel bridges
to evaluate how different factors influence their response. The parameters studied included
the number of spans (1–3), the radius of curvature, the maximum span length, the girder
spacing, and the diaphragm spacing. Nonlinear dynamic analyses were conducted using
El Centro ground motion records. The results revealed ductility demands in columns,
significant deformations at the supports, and axial forces in the diaphragms, all indicating
extensive damage. Based on the parametric analysis, the most critical parameters affecting
the bridges’ seismic response were the number of spans and the radius of curvature.

Siami and Tehrani [17] used both linear and nonlinear analyses to assess the seismic
performance of curved reinforced concrete bridges featuring various geometric irregulari-
ties. They compared these with equivalent straight bridges as recommended by AASHTO.
The study analyzed 84 bridges in total, 12 straight and 72 curved, each with four spans and
a total length of 160 m. The configurations included varying pier heights, span lengths,
abutment support conditions (fixed or simply supported), and bridge subtended angles
from 0◦ to 180◦ in 30◦ increments.

The findings showed small variation in displacement demands between linear and
nonlinear analyses (up to 10%) for bridges with fixed abutments. However, the differences
were much larger for bridges with simply supported abutments. Consequently, the authors
recommended revising AASHTO guidelines to incorporate criteria addressing support
conditions and the interaction of different irregularities in choosing the most suitable
analysis method.

Heydarpour and Tehrani [18] studied 21 bridge models, each 160 m long, with a
prestressed concrete box-girder superstructure and four equal spans. The authors found
that curved geometry had minimal impact on the seismic response of bridges with free
abutments. In contrast, when abutments interacted with the superstructure, curvature
significantly affected displacements at both the piers and the abutments, particularly in the
radial direction. Regarding the use of equivalent straight bridges, the authors recommended
their use only for curved bridges with subtended angles less than 30◦, as larger angles led
to underestimating deck displacement demands in both directions.

Deshpande et al. [19] examined the influence of curvature radius and pier skewness on
the seismic response of curved reinforced concrete bridges with two superstructure types:
box girders and I-girders. The study modeled two-span bridges, each 50 m long, with
pier skew angles of 0◦, 15◦, and 30◦, radii of curvature of 150 m and 250 m, and a straight
configuration. Modal analysis showed that as the radius of curvature increased, the bridge’s
transverse vibration period decreased. In contrast, increasing the skew angle led to a longer
transverse vibration period and a shorter longitudinal period. Additionally, pushover
analyses showed that a larger radius of curvature led to lower base shear demands. The
I-girder bridge was more flexible in both directions than the box girder bridge. At the same
time, the latter demonstrated better expected seismic performance.

Amjadian and Agrawal [20] investigated the pounding between the abutments and the
superstructure of curved bridges. The study focused on short-span bridges and assumed
rigid-body behavior of the deck. The model integrated nonlinear contact behavior with the
abutments and accounted for frictional effects. The authors examined parameters including
span length, the subtended curvature angle, the gap between the deck and abutments,
friction, and column stiffness. The results showed that seismic pounding causes significant
displacements and rotations in the deck, even in symmetric structures. Additionally, friction
played a dual role, either increasing or reducing the torsional response depending on the
impact direction. Overall, the study found that the deck’s maximum displacements and
rotations are highly sensitive to gap size and bridge curvature.
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Regarding experimental studies, Banerjee and Shinozuka [21] conducted a full-scale
experimental study that combined analytical and empirical methods to verify the dam-
age limit states proposed in code provisions. They found good consistency among the
empirical, analytical, and experimental results with the limit states defined by HAZUS.
Sakai and Unjoh [22] conducted an experimental study of bridge column behavior under
multidirectional seismic actions. They reported that the maximum demands were lower
than the columns’ capacity because seismic demands, axial loads, and flexure never reached
their maximum values simultaneously. Sun et al. [23] conducted an experimental study
of three techniques for repairing circular bridge piers severely damaged by earthquakes.
They concluded that the concrete jacket confined by CFRP sheets is the most effective
under a flexural failure mechanism. Jiao et al. [24] conducted shake-table experiments on a
1:25-scale curved bridge model to study pounding between adjacent decks. The reference
model consisted of two curved segments: a single-span bridge of 25 m supported at both
ends, and a two-span continuous bridge with two end supports and one intermediate
support, forming a three-span configuration with a radius of curvature of 75 m. The model
was subjected to various ground motions, including pulse-like and far-field records, with
joint openings ranging from 1 to 4 mm in the scaled model.

The results showed that the most unfavorable seismic excitation direction was aligned
with the secant line connecting the two piers of the single-span deck and with the cor-
responding orthogonal direction. Pounding at the joint indicated that contact between
the decks is not uniform, amplifying the rigid-body rotation of the curved bridge and
consequently increasing its displacements. They concluded that joint size can help mitigate
pounding effects, thereby reducing the rotational response of curved bridges.

The design philosophy within building codes has evolved over time. Currently, seis-
mic design aims not only for minimum structural safety but also for structural resilience.
According to Cimellaro, Reinhorn, and Bruneau [25], resilience is a normalized function
that indicates the capacity of a building, bridge, lifeline, network, or community to maintain
a level of functionality or performance over a specific timeframe (such as a life cycle or
service life), including the recovery period following damage caused by an extreme event.
A pioneering work on this topic is Bruneau et al. [26], who define community earthquake
resilience as “the ability of social units (e.g., organizations, communities) to mitigate haz-
ards, contain the effects of disasters when they occur, and carry out recovery activities in
ways to minimize social disruption and mitigate the effects of further earthquakes”. This
study proposes dividing resilience into four components: robustness, redundancy, resource-
fulness, and rapidity. Various authors have proposed methodologies to evaluate one or
more of these components, with particular emphasis on quantifying recovery times [27–30].
Research has also evaluated resilience in scenarios requiring structural repairs to build-
ings [31]. Studies that incorporate resilience as a fundamental parameter have found broad
application beyond buildings or bridges alone [32–34]. Recent studies [35] have aimed to
optimize intensity measures for seismic resilience, using an expression that depends on the
recovery function and repair time.

The studies above show that various researchers have performed nonlinear parametric
analyses of curved bridges using numerical models that incorporate different parameters,
without using the geometric characteristics of any specific existing bridge [36–38]. Very few
studies have focused on existing curved bridges, and even fewer have examined structures
subjected to seismic records from two different types of seismic sources, each with an
independent generation process, that can cause significant damage. Most of the studied
bridges represent common typologies, and none of the research integrates analysis of
recently built curved bridges with on-site seismic data to evaluate site effects. Additionally,
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quantifying the failure probability and reliability index of a real curved bridge designed to
current seismic codes is fundamental to properly assess its safety.

Estimating bridges’ seismic vulnerability often involves sets of accelerograms that
include only interplate earthquakes or, at times, a combination of seismic records from
interplate and intraplate sources. Both seismic sources have damaged buildings and
bridges in Mexico. They exhibit independent occurrence processes, and both can produce
strong earthquakes. Because the occurrence processes and source locations are independent
(one on the Pacific coast and the other inland), evaluating bridge seismic vulnerability
requires separate seismic records for each source. Although seismic regions worldwide
with interplate seismic sources also experience intraplate earthquakes, no previous studies
have examined how independent seismic sources influence the seismic response of bridges.
Furthermore, some studies have indicated that combining accelerograms from independent
seismic sources can underestimate the seismic vulnerability of RC bridges [39–41].

The newly constructed highway interchange in Morelia, Michoacán, Mexico, offers
an excellent opportunity to assess the reliability indices of a curved bridge designed with
modern seismic regulations and to quantify the impact of two seismic sources, both relevant
to the site’s seismic hazard, on the bridge’s performance. Assessing the expected seismic
performance of existing curved bridges provides insight into the damage process, which is
essential for minimizing seismic risks in this type of structure and for selecting effective
preventive measures. The results showed that two seismic sources with independent
occurrence processes produced distinct seismic responses in the bridge. Furthermore, the
expected damage is localized to specific areas of the curved bridge, beginning with damage
to the shear keys and progressing to shear failures in the piers.

2. Viaduct Description
2.1. Superstructure

To the north of Morelia, a highway interchange has been built to connect the city with
Salamanca via the Morelia–Salamanca highway (MEX 43). The interchange is located at
latitude 19.721802◦ and longitude 101.188397◦. Figure 1 shows the curved bridge that is the
focus of this study.

Figure 1. Highway interchange in Morelia. Morelia–Salamanca highway (MEX 43).
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The bridge consists of nine simply supported spans of varying lengths, totaling 367 m.
Figure 2 shows a drawing of the viaduct’s geometry (in yellow) with a radius of curvature
(R) of 241 m. The reinforced-concrete deck slab, constructed with a steel orthotropic deck,
has a total thickness of 0.22 m. Figure 3 shows an elevation in pier 2 and the cross-section
of the AASHTO Type VI beams. The viaduct accommodates two traffic lanes, with a
total width of 9.30 m. Each span features six steel diaphragms that connect the AASHTO
girders transversely.

Figure 2. Drawing of the curved viaduct and deck slab (in centimeters).

 

Shear
keyShear

key
Neoprene
bearing

Cap
beam

Support for
diaphragms

Figure 3. Pier 2 elevation and AASHTO type VI beam (in centimeters).

The AASHTO beams rest on neoprene supports with plan dimensions of 0.60 × 0.40 m and
thicknesses of 0.057 m at one end and 0.073 m at the other. The design compressive strength of
the reinforced concrete in the deck slab was f’c = 29.42 MPa, while f’c = 49.03 MPa in AASHTO
girders. The reinforcing steel had a tensile strength of fy = 414 MPa.

2.2. Substructure

Pier bent abutments 1 and 10 are located at the entrance and exit of the curved viaduct.
Each abutment includes a rectangular bent cap measuring 1.8 m wide by 1.5 m deep,
supported by two circular reinforced-concrete columns with a 1.5 m diameter. Abutment 1
has a height of 4.71 m, while abutment 10 has a height of 2.82 m.

The piers consist of reinforced-concrete single columns with a 2.0 m diameter and
heights ranging from 6.20 to 18.40 m (see Table 1). The table also lists the longitudinal
steel reinforcement (As) for the columns. The piers’ hammerhead has a width of 2.70 m
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and a variable depth ranging from 0.80 to 1.80 m. The design compressive strength of the
reinforced concrete used in the piers, caps, and shear keys is 29.42 MPa.

Table 1. Heights of abutments and piers, longitudinal reinforcement in columns, and span lengths.

Element Height (m) As (cm2) Span Length Span Length (m)

Abutment 1 4.71 243.21 Abutment 1–Pier 2 42.85

Pier 2 8.46 608.05 Pier 2–Pier 3 42.98

Pier 3 8.12 608.05 Pier 3–Pier 4 41.94

Pier 4 7.84 608.05 Pier 4–Pier 5 38.98

Pier 5 14.76 950.08 Pier 5–Pier 6 36.17

Pier 6 14.06 950.08 Pier 6–Pier 7 32.47

Pier 7 12.44 950.08 Pier 7–Pier 8 42.95

Pier 8 18.40 770.20 Pier 8–Pier 9 42.98

Pier 9 6.20 770.20 Pier 9–Abutment 10 42.88

Abutment 10 2.82 243.21

3. Ambient Vibration Measurements
The viaduct’s dynamic properties were determined experimentally through a cam-

paign of ambient vibration measurements conducted before its inauguration. Three Kine-
metrics EpiSensor FBA ES-T triaxial sensors were used, each with a full-scale recording
range of ±0.25 to ±4g. These sensors, which integrate three force-balance accelerometers
in a single unit, were connected to a Granite-12 acquisition console capable of supporting
up to 36 channels.

Measurements were conducted before the asphalt layer was placed on the bridge
(Figure 4). Initially, a measurement campaign was conducted on the deck between piers 5
and 6, with five measurements, each lasting 10 min. In the first measurement (M1), a fixed
triaxial sensor was positioned at the center of the span and remained there throughout all
five measurements. Additionally, three triaxial sensors were placed at the end of the slab
near pier 6. The second measurement (M2) was taken after relocating the three sensors to a
position one-quarter of the way across the span near pier 6. For the following measurement
(M3), the sensors were moved to the center of the span. The fourth and fifth measurements
(M4 and M5) were conducted with the sensors positioned three-quarters of the way across
the span (measured from pier 6) and at the deck end near pier 5, respectively.

Figure 4. Campaign of ambient vibration measurements in the viaduct.
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In the second measurement campaign, measurement 6 involved keeping the fixed
sensor at the center of the span between piers 5 and 6. The three triaxial sensors were then
relocated to the centers of the spans between piers 2–3, 3–4, and 4–5 for measurement M6.

For measurement M7, the three triaxial sensors were placed at the centers of the spans
between piers 6 and 7, 7 and 8, and 8 and 9. In the subsequent measurement (M8), one
triaxial sensor was positioned halfway across the bridge’s width between piers 6 and 7,
near pier 6; the second sensor was placed between piers 7 and 8, near pier 7; and the third
sensor was located between piers 8 and 9, near pier 8.

Finally, in the last measurement (M9), a triaxial sensor was positioned midway across
the bridge’s width between piers 2 and 3, near pier 3. The second sensor was placed
between piers 3 and 4, near pier 4, and the third sensor was located between piers 4 and 5,
near pier 5.

The recorded signals were analyzed using the ARTeMIS V4.0 software [42] with the
Operational Modal Analysis and Enhanced Frequency Domain Decomposition Technique
(EFDD). The first frequencies were estimated from the singular values of the spectral
densities. Figure 5 illustrates three vibration modes identified in the analyses. The first
three experimentally identified modes correspond to two transverse modes (f1 = 0.781 Hz,
f2 = 0.879 Hz) and the deck’s fundamental vertical bending mode (f3 = 1.961 Hz). The
damping ratios identified via the Enhanced Frequency Domain Decomposition (EFDD)
technique for these operational modes ranged between 1.1% and 1.8%. These low damping
values reflect the linear elastic state of the uncracked bridge components subjected exclu-
sively to micro-strain excitation levels during ambient testing. The experimental campaign
reliably identified the three dominant global modes but did not provide sufficient signal-
to-noise resolution to independently calibrate all higher-order transverse and torsional
modes. These modes are nevertheless retained in the three-dimensional numerical model.
Since all the spans are simply supported at both ends, several modal shapes correspond to
the bridge’s transverse motion. The primary modes exhibiting lateral movement in two
sections of the viaduct are illustrated. In the first case, the slabs mainly displace laterally
between piers 3–7; in the second, the modal shape reflects transverse movement between
piers 5–7. In these three modes, the off-diagonal terms of the MAC matrix are less than 0.20.
The estimate was also validated using modal complexity percentages of 10%, 2%, and 18%
for the three modes, respectively.

Figure 5. Modes identified with ambient vibration measurements. (a) First mode in the transverse
direction; (b) second mode in the transverse direction; (c) first bending mode of the slab. Cool colors
(blue, green) indicate smaller modal displacements than warm colors (orange, red).

4. Material and Methods
4.1. Elastic Model

A numerical model of the viaduct was created using SAP2000 V24.0 [43] and calibrated
with ambient vibration measurements. Bar elements with six degrees of freedom at each
node represented the beams, columns, headers, and diaphragms. The slab was modeled
using Shell-Thin elements, which provide six degrees of freedom at each node. The
elastomeric bearings were represented with link elements. Additionally, the piers’ columns
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were divided into several segments (1.6–2.0 m long) to distribute each column’s mass along
its length. The bridge model assumed a critical damping ratio of 5%. The studies mentioned
in the introduction, along with many others, employed structural elements with the same
characteristics and degrees of freedom used in this study. The compressive strength of the
concrete used for the columns and bent caps was 29.42 MPa, whereas that of the AASHTO
Type VI girders was 49.03 MPa. The elastic modulus was calculated using the expression

E = 14, 000
√

f ′c , resulting in an elastic modulus of E = 23.78 GPa for columns and bent
caps, and E = 30.70 GPa for AASHTO girders.

The elastomeric bearings have dimensions of 0.60 m × 0.40 m, Shore hardness of 60, shear
modulus G = 1 MPa, bulk modulus k = 2000 MPa, shape factor S = 9.2, tensile strength of
17.2 MPa, and an ultimate elongation of 350%. The 0.057 m thick bearing consisted of three
interior rubber layers, each 0.013 m thick; two rubber covers, each 0.003 m thick, and four steel
shims, each 0.003 m thick. The 0.073 m-thick bearing consists of four interior rubber layers, each
0.013 m thick, two rubber covers, each 0.003 m thick, and five steel shims, each 0.003 m thick.
The horizontal stiffness of the supports is 5230 kN/m at t = 0.057 m and 4058 kN/m at
t = 0.073 m. The vertical stiffness is 87,303 kN/m at t = 0.057 m and 67,735 kN/m at
t = 0.073 m. The expansion joints were modeled using gap-type link elements that exhibit
nonlinear behavior. Figure 6 shows the numerical model developed in SAP2000 V24.0.

Figure 6. Numerical model created in SAP2000 V24.0 [43].

Initially, the viaduct’s vibration modes were determined without accounting for the
asphalt layer’s mass, reflecting the bridge’s condition during environmental vibration
measurements. In this scenario, the bridge’s mass comprised the self-weight of all structural
components, including piers, abutments, heads, girders, and slabs, as well as non-structural
elements such as parapets, kerbs, and rails. Figure 7 displays the mode shapes and periods
for the first two transverse vibration modes, as well as the first bending mode of the deck
slab. The calibration involved an 8% increase in the initial concrete modulus of elasticity to
represent the dynamic uncracked stiffness under ambient excitation, along with removal
of the asphalt-overlay mass because the overlay was absent during the ambient-vibration
campaign.

Table 2 compares experimentally identified and computed dynamic properties. The
correlation between experimental and numerical mode shapes was satisfactory, with the
maximum frequency error below 2.3% and Modal Assurance Criterion (MAC) values
above 0.88.
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Figure 7. Modal shapes. (a) First mode in the transverse direction, T = 1.31 s; (b) second mode in the
transverse direction, T = 1.16 s; (c) first bending mode on the slab, T = 0.51 s.

Table 2. Experimental and numerical frequencies of the bridge.

Mode No. Mode
Description

Experimental
fexp (Hz)

Numerical
fnum (Hz)

Relative
Error (%) MAC Value

1 1st Transverse mode
(Piers 3–7) 0.781 0.763 2.30% 0.92

2
2nd Transverse

mode
(Piers 5–7)

0.879 0.862 1.93% 0.89

3 1st Slab vertical
Bending 1.961 1.961 0.01% 0.88

Adding the asphalt layer increases the periods in the transverse and vertical directions
to 1.40 s, 1.24 s, and 0.55 s, respectively. For the bridge design, the live load was based on
the most unfavorable traffic combination: one lane with an HS-20 vehicle and the other
with a T3-S3 vehicle or an HS-20 combined with a T3-S2-R4 truck. Figure 8 shows the
design trucks, detailing the load on each axle and the vehicles’ total weight (WT).

Figure 8. Truck axis loadings used to design highway bridges in Mexico. (a) HS-20 truck; (b) T3S3
truck; (c) T3S2R4 truck. The vertical arrow indicates the truck’s total weight.

4.2. Nonlinear Model

The bridge’s nonlinear analysis was performed using a numerical model created
in PERFORM 3D software V8.0 [44]. A concentrated plasticity model was used for the
columns, with plastic hinges assigned at both ends of the elements (abutments and piers).
The columns were discretized into one-meter-long elements to account for the distributed
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mass of the piers. Mander et al. [45] developed a constitutive model to characterize the
uniaxial stress–strain behavior of confined and unconfined concrete. The stress–strain
relationship for reinforcing steel followed the model proposed by Park and Paulay [46].
The analysis assumed elastic behavior for reinforced concrete slabs, AASHTO beams, pier
caps, and diaphragms. The deck was modeled using a 4-node quadrilateral shell element
with 6 DOFs per node. AASHTO girders, pier caps, and diaphragms were modeled
with elastic beam elements with 6 DOFs per node. Although the ambient vibration test
yielded low operational damping ratios (1.1–1.8%), a viscous damping ratio of ζ = 5% was
selected for linear dynamic response spectrum and baseline non-linear dynamic analyses.
This assumption aligns with standard seismic bridge provisions [47,48] to represent high-
amplitude energy dissipation mechanisms, such as micro-cracking and friction at expansion
joints/bearings, that are activated during earthquake shaking.

Figure 9 displays the backbone curves derived from the moment–curvature diagrams,
which describe the nonlinear behavior of column plastic hinges. PERFORM 3D V8.0 defines
the hysteretic behavior of the elements based on these curves using straight lines that mark
(from left to right) the yield strength (Y), ultimate strength (U), ductile limit(L), residual
strength(R), and failure point(X). Table 3 presents the bending moment and curvature for
each point, calculated from the moment–curvature analysis of the substructure elements.

Additionally, the software employs Clough’s rule [49] to describe the stiffness degra-
dation. The parameters adopted in this study were Y = 0.90, U = 0.70, L = 0.50, R = 0.35, and
X = 0.35, based on Jara et al. [50], which selected these values from experimental results of
concrete columns subjected to cyclic loading.

The bridge has 0.05 m-wide expansion joints between each simply supported span.
These joints were modeled using gap elements that add stiffness only after the joint closes.
The modeling approach proposed by [51] was used to represent the elastomeric supports.
The model is elastoplastic and begins with a shear stiffness defined as K = GA/hr, where G
is the shear modulus, A is the bearing area, and hr is the total thickness of the neoprene.
The linear elastic behavior ends when the sliding force, denoted by Fd = Nµ, is reached.
Here, N is the normal force acting on the bearing, and µ = 0.4 [15,48] is the coefficient of
friction between the girder’s concrete and the elastomeric bearing.

Table 3. Moment–curvature parameters that define plastic hinges.

Element

Y U L R X

øY MY øU MU øL ML øR MR øX MX

(rad/m) (kN-m) (rad/m) (kN-m) (rad/m) (kN-m) (rad/m) (kN-m) (rad/m) (kN-m)

Abutment 1 0.00229 5444 0.02430 7326 0.12200 6050 0.13490 711 0.14839 711

Pier 2 0.00179 18,218 0.01330 24,133 0.07890 19,802 0.08780 542 0.09710 542

Pier 3 0.00179 18,164 0.01330 24,088 0.07890 19,833 0.08780 170 0.09710 170

Pier 4 0.00178 18,072 0.01340 23,863 0.07890 19,909 0.08780 384 0.09710 384

Pier 5 0.00186 24,971 0.01290 33,577 0.08810 33,121 0.09740 5912 0.10714 5912

Pier 6 0.00185 24,717 0.01300 33,411 0.08810 33,204 0.09740 7271 0.10714 7271

Pier 7 0.00185 24,782 0.01300 33,459 0.08810 33,182 0.09740 6179 0.10714 6179

Pier 8 0.00183 21,546 0.01250 28,563 0.07890 25,298 0.08780 1135 0.09710 1135

Pier 9 0.00182 21,089 0.01270 28,266 0.08340 25,703 0.09710 2409 0.10681 2409

Abutment 10 0.00225 5309 0.02470 7244 0.12200 6072 0.13490 1312 0.14839 1312

Shear keys on the pier caps provide lateral support to the exterior girders. The
numerical model for the shear keys was adapted from Megally et al. [52]. Figure 10 shows
the shear–displacement (V-∆) relationships for shear keys on piers 2, 5, and 8. The capacity
of the shear keys varies with their geometry, which differs from pier to pier.
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Figure 9. Backbone curves of the moment–curvature relationship of bridge columns. (a) Pier 2;
(b) Pier 5; (c) Pier 8.

Figure 10. Shear key capacity. (a) Pier cap 2, span 1–2; (b) Pier cap 5, span 4–5; (c) Pier cap 8, span 7–8.

The embankment approach was modeled using nonlinear translational spring ele-
ments with a four-linear behavior that accounts for the soil’s passive action [53]. Figure 11
shows the passive action behavior of abutments 1 and 10.

Figure 11. Passive action of abutments. (a) Abutment 1; (b) abutment 10.

5. Seismic Demand
Interplate, intraplate, and crustal seismic sources contribute to Morelia’s seismic

hazard. The interplate source along Mexico’s Pacific coast causes most seismic activity and
can produce earthquakes up to magnitude 8.4. Intraplate earthquakes occur at intermediate
depths within the oceanic plate, which is already subducted beneath the continental plate,
and can reach magnitudes as high as 8.1. These earthquakes have epicenters near inland
cities. Additionally, a crustal seismic source [54,55] generates shallow earthquakes along
the Trans-Mexican Volcanic Belt, capable of producing maximum magnitudes of up to
M = 7.6.

A recent seismic hazard assessment for Morelia determined uniform seismic hazard
spectra for firm soils [56]. To evaluate site effects, we analyzed data from geotechnical
studies and accelerograms recorded in Morelia by the Nicolaita Seismic Network, which

https://doi.org/10.3390/infrastructures11090332

https://doi.org/10.3390/infrastructures11090332


Infrastructures 2026, 11, 332 13 of 31

comprises eleven accelerographs. Figure 12 shows the disaggregation of seismic hazard
for Peak Ground Acceleration (PGA) and for the spectral period of 1.40 s, corresponding
to the bridge’s first transverse mode. The interplate seismic source, situated more than
200 km from Morelia, is the most active fault. Intraplate earthquakes can occur more than
65 km from the city, and two local seismic sources (crustal earthquakes) could produce
events with magnitudes up to 6.4 (M = 6.4). According to the site-specific hazard disag-
gregation (Figure 12), crustal and intraplate seismic sources contribute significantly to
Peak Ground Acceleration (PGA) in Morelia. However, at the fundamental transverse
period of the viaduct (T1 = 1.40 s), the seismic hazard is governed almost exclusively by
interplate and intermediate-depth intraplate sources, while the participation of local crustal
events becomes negligible. Because shallow crustal earthquakes generate ground motions
dominated by high frequencies (short periods), they produce low dynamic amplification in
intermediate-to-long-period flexible structures. Consequently, we excluded crustal records
from the non-linear dynamic analyses, allowing the study to focus on the two independent
seismic sources that impose critical demand on the bridge.

Figure 12. Disaggregation of the seismic hazard in Morelia. (a) PGA; (b) T = 1.40 s.

The seismic station of the Nicolaita Seismic Network at the Faculty of Psychology
is 250 m from the bridge. Based on the seismic hazard assessment for firm soil, analysis
of accelerograms recorded at this station, and a geotechnical study of the site, uniform
seismic hazard spectra were derived for different return periods (Tr). Figure 13 displays the
uniform hazard spectra and the design spectrum used for the viaduct’s structural design.
Notably, the design spectrum plateau is close to the maximum amplitude of the uniform
hazard spectrum (UHS) for a return period of 475 years.

A set of accelerograms was collected from the UNAM accelerographic records database
to evaluate the viaduct’s seismic vulnerability [57]. To ensure that the selected ground
motions adequately represent the seismic hazard at the bridge site, the accelerograms were
selected based on specific criteria derived from local hazard disaggregation, geotechnical
characteristics, and accelerograms recorded near the Viaduct. According to the seismic
hazard assessment for Morelia, interplate and intraplate sources contribute the most.
46 interplate seismic records were selected based on earthquakes that occurred along the
Mexican Pacific subduction zone with magnitudes M ≥ 6.0 and recorded at epicentral
distances of 220 to 275 km (the distance from Morelia to the interplate earthquakes). For
the intraplate fault, 32 intermediate-depth earthquakes within the subducting plate were
selected with magnitudes M ≥ 6.0 and epicentral distances ranging from 84 to 243 km.
The minimum magnitude was set to reduce the scale factors applied to seismic records for
different return periods. The selected populations also preserve the characteristic duration
and frequency content associated with interplate and intraplate earthquakes.
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Figure 13. (a) Uniform Hazard Spectra at the bridge’s location; (b) spectrum used for the seismic
design of the viaduct.

To further characterize the time–frequency content of the ground motions, a Stockwell
Transform (S-transform) analysis was performed for eight interplate and intraplate records.
The analysis focused on the frequency range from 0.1 to 5 Hz and considered the viaduct’s
fundamental frequency, f1 = 0.714 Hz (T1 = 1.40 s). Representative results (Figure 14) show
distinct time–frequency characteristics between the two ground-motion populations. The
S-transform was evaluated over the frequency range from 0.1 to 5.0 Hz using the original
sampling intervals of the records. We linearly detrended the signals before analysis and
excluded the first and last 2 s of each record when calculating the quantitative frequency
and energy measures to reduce edge effects.

The analysis revealed clear differences in the time–frequency characteristics of the
two ground-motion populations. The average frequency corresponding to the maximum
time-averaged S-transform power was approximately 1.79 Hz for the interplate records
and 3.81 Hz for the intraplate records. More importantly, the interplate records exhib-
ited a substantially higher proportion of energy in the frequency range relevant to the
fundamental mode. Using the same 0.1–5.0 Hz frequency range for all records, the mean
fraction of S-transform energy in the 0.50–1.00 Hz band was approximately 9.8% for
the interplate records, compared with 2.9% for the intraplate records. In the narrower
0.60–0.85 Hz band around f1 = 0.714 Hz, the corresponding values were approximately
5.4% and 1.5%, respectively.

Regarding site conditions, the response spectra of the selected seismic records followed
the shape of response spectra from existing accelerograms recorded near the Viaduct
(approximately 250 m). In addition, the medium response spectrum of the selected seismic
records (Figure 15) matches the shape of the uniform response spectrum for the bridge’s
specific location (Figure 13a). The selected sets inherently capture the physical duration
and frequency content characteristic of subduction (interplate) and in-slab (intraplate)
events in Mexico. Interplate records exhibit longer durations and rich spectral content
in the medium-to-long period range, whereas intraplate records show higher energy at
shorter periods.

The seismic records were scaled to different return periods of the uniform hazard
spectra based on Peak Ground Acceleration (PGA). PGA was adopted as the common
scaling parameter because the site-specific seismic hazard characterization used in the study
was expressed in terms of PGA, and because a common PGA-based intensity measure
allowed the two ground-motion populations to be compared consistently at the inves-
tigated return periods while preserving their source-dependent spectral characteristics.
Scaling by PGA does not imply that PGA alone governs the bridge response. At the
475-year intensity level, both record populations were scaled to the same PGA of ap-
proximately 0.27 g, but the mean spectral acceleration at (T1 = 1.40) s was approximately
0.33 g for the interplate records and 0.19 g for the intraplate records (Figure 15). Thus,
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the two ground-motion populations preserved different spectral characteristics. Previous
studies have also used PGA as an intensity measure for probabilistic seismic demand
analyses of structures [58–62].

Figure 14. Stockwell Transform of representative ground motions: (a) 2 April 2012 interplate earth-
quake (M = 6.0); (b) 20 March 2012 interplate earthquake (M = 7.4); (c) 22 May 1997 intraplate
earthquake (M = 6.0); (d) 11 December 2011 intraplate earthquake (M = 6.5). The dashed horizontal
line denotes the fundamental frequency of the viaduct, f1 = 0.714 Hz (T1 = 1.40 s). Arrows indicate
the average frequency of the maximum time-averaged S-transform power.

Figure 15. Scaled response spectra for Tr = 475 years. (a) Interplate earthquakes; (b) intraplate
earthquakes. Grey lines are the response spectra for each seismic record; the solid black line is the
median response spectrum; and the dashed and dotted lines are the median plus and minus one
standard deviation, respectively.

The scaling factor was calculated by dividing the expected peak ground acceleration
from the uniform hazard spectrum (0.27 g for Tr = 475 years) by the maximum peak ground
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acceleration across the horizontal components. This factor was then used to scale the seismic
records for both horizontal components. The initial amplitude scaling corresponded to a
475-year return period, which is commonly used in seismic design regulations. Figure 15
shows the response spectra of the geometric mean of the two horizontal components of
the seismic records, scaled to a 475-year return period. It also shows the mean (µ) and the
mean ± one standard deviation (µ ± σ) of the response spectra for the two seismic sources.

The viaduct is expected to experience high seismic intensities from interplate events.
This seismic source, characterized by larger epicentral distances, produces high amplitudes
in the medium- to long-period spectral zone.

6. Nonlinear Analysis
6.1. Return Period Tr = 475 Years

The numerical model for the nonlinear analysis of the viaduct, created with Perform3D
program V8.0 [44], was subjected to two horizontal components of the set of accelerograms
scaled to PGA of 0.27 g, corresponding to a return period of Tr = 475 years. The average
maximum drift ratios (averaged across the seismic demands in the viaduct for each group
of accelerograms) indicated that all piers remained within the elastic range for this 475-year
return period. Figure 16 shows the bridge’s average drift ratios under seismic records from
interplate (Figure 16a) and intraplate (Figure 16b) sources.

Figure 16. Average of the maximum drift ratios for piers and abutments. (a) Interplate earthquakes;
(b) intraplate earthquakes.

The differences in the dominant periods of seismic motion between the two sources
led to higher drift-ratio demands on the viaduct during interplate events than during
intraplate earthquakes. For interplate earthquakes, the highest drift ratios were observed at
piers 5 and 7, with values of 0.0042 and 0.0044, respectively. For intraplate seismic records,
the highest drift ratios were observed at piers 7 and 8, with values of 0.0037 and 0.0028,
respectively. These results can be attributed to the length of piers 5–8, which are the tallest
columns in the viaduct.

Figure 17 shows the shear force demand/capacity ratio (Vdem/Vcap) and the dis-
placement demand/capacity ratio (Ddem/Dcap) for each shear key. The demands shown
represent the ensemble mean across the ground-motion suite for each shear key, preserving
spatial differences across the bridge width. The figure shows two bars for the abutments
(one shear key at each bent cap end) and four bars for each pier (two outer-curve and two
inner-curve shear keys). The results clearly highlight the torsional asymmetry of the curved
deck: shear keys on the outer curve experience significantly greater displacement demands
than those on the inner curve. Figure 17a presents the ratios of shear force demand to
capacity, while Figure 17b displays the displacement ratios.
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Figure 17. Demand/capacity ratios for shear keys of the bridge subjected to intraplate earthquakes.
(a) Shear force ratios; (b) displacement ratios.

The shear keys on piers 2, 3, 5, and 8 are nearly at their maximum strength. However,
none of them have reached their displacement capacity. This indicates that while this
seismic intensity level could damage the shear keys, they would not fail or collapse.

Figure 18 displays the seismic response of the shear keys when the bridge was sub-
jected to the set of seismic records from the interplate source. Once again, the number of
bars in the figure for each substructure element corresponds to the number of shear keys in
each abutment and pier. Figure 18a presents the ratios of shear force demand to capacity,
while Figure 18b displays the displacement ratios.

Figure 18. Demand/capacity ratios for shear keys of the bridge subjected to interplate earthquakes.
(a) Shear force ratios; (b) displacement ratios.

The shear force demands of interplate earthquakes were slightly higher than those
from seismic records of the intraplate source, reflecting the higher spectral intensities of
interplate seismic records at the bridge’s fundamental period. The displacement demands
increased significantly, especially at the shear keys of piers 5, 6, and 8, the bridge’s tallest
piers. However, none of the shear keys reached their ultimate displacement capacity.

Figure 19 shows the ratio of displacement demands to the sliding-capacity displace-
ment for the 57 mm thick neoprene bearings. The figure includes two graphs showing the
bridge’s average longitudinal response: one for intraplate sources (Figure 19a) and another
for interplate sources (Figure 19b). Additionally, two graphs present the same ratios for the
average transverse response (Figure 19c,d).
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Figure 19. Ratio of average displacement demands to sliding displacement of the 57 mm thick
bearings. (a) Intraplate earthquakes in the longitudinal direction; (b) interplate earthquakes in the
longitudinal direction; (c) intraplate earthquakes in the transverse direction; (d) interplate earthquakes
in the transverse direction.

A ratio below one indicates that the displacement demand did not exceed the dis-
placement required to cause the support to slide on the concrete beam cap. When the
bridge was subjected to the set of accelerograms from the interplate seismic source, the
bearings on piers 2, 3, and 4 reached the longitudinal sliding displacement; however, the
demands remained moderate. The displacement demands on the 73 mm-thick bearings
were lower than those on the 57 mm thick bearings and did not exceed the sliding displace-
ment. Slightly shorter periods in the longitudinal direction than in the transverse direction
increase seismic demands (See Figure 15).

According to Magsoudi-Barmi et al. [63], bearing failure occurs at a distortion level
of 250%. Figure 20 illustrates the ratio of average longitudinal displacement demands for
the 57 mm thick bearings, normalized by their ultimate-capacity displacement. When the
bridge was subjected to a set of seismic records from the interplate source, the maximum
demand reached 60% of the ultimate bearing capacity at pier 4. In contrast, the displacement
demands on the bearings of the other piers were significantly lower. Intraplate seismic
records showed a maximum demand of about 35% of the bearing capacity at pier 7, with
lower demands on the remaining bearings.

To assess the expected damage to bridge bearings from the 475-year earthquake,
Figure 21 presents the D/H ratios for the 57 mm thick bearings in the bridge’s longitudinal
direction. D is the horizontal average displacement demand, while H denotes the total
thickness. The figure also includes the damage limit states proposed by Maghsoudi–Barmi
et al. [63]. The D/H ratios of 1.0, 1.5, 2.0, and 2.5 correspond to slight, moderate, extensive,
and collapse damage, respectively.
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Figure 20. Ratio of average displacement demands to the ultimate displacement of the 57 mm thick
bearings. (a) Intraplate earthquakes in the longitudinal direction; (b) interplate earthquakes in the
longitudinal direction.

Figure 21. D/H ratios of the 57 mm thick bearings. (a) Intraplate earthquakes in the longitudinal
direction; (b) interplate earthquakes in the longitudinal direction.

When the bridge was subjected to interplate seismic records, the longitudinal dis-
placement demands in the bearings on piers 3, 4, and 5 were estimated to fall between the
slight and moderate damage limit states. No damage is expected in the other bearings. In
summary, for the design earthquake (Tr = 475 years), the viaduct is expected to experience
minor damage.

6.2. Return Period Tr = 2500 Years

Both sets of accelerograms from the two seismic sources were later scaled for an
extraordinary earthquake, assuming a 2500-year return period. Figure 22 shows that the
displacement demands in the piers have increased significantly compared to those for the
475-year earthquake. The figure also displays the expected damage limit states according
to Hazus 5.1 [64].

The maximum drift-ratio demands occur when the bridge is subjected to seismic
records from the interplate seismic source (Figure 22a). According to Hazus 5.1 [64], piers
5–7 would be in the moderate-to-extensive damage range (0.008–0.020); piers 3, 4, and 8
would experience slight-to-moderate damage; and the other piers and abutments would
remain below the slight-damage limit. The maximum seismic demands on the piers from
intraplate earthquakes (Figure 22b) placed piers 6–8 in the slight-to-moderate damage state.
In contrast, all other piers and abutments have drift-ratio demands below the slight-damage
limit state.
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Figure 22. Average of the maximum drift ratios of piers and abutments. (a) Interplate earthquakes;
(b) intraplate earthquakes.

Figure 23 shows the shear force demands in the shear keys normalized by the capacity
of these elements (Vdem/Vcap) and the displacement ratio demands (Ddem/Dcap) when
the bridge was subjected to the set of accelerograms from the intraplate seismic source. The
shear keys on piers 3, 5, and 8 reached their maximum strength, while those on piers 4, 6,
and 9 exceeded 90% of their capacity.

Figure 23. Demand/capacity ratios for shear keys of the bridge subjected to intraplate 2500-year
earthquake shaking. (a) Shear force ratios; (b) displacement ratios.

The displacement demands on the shear keys do not exceed their maximum capacity
at any pier. The highest demand occurs at pier 8 (the tallest column), where the shear keys
on the bridge’s outer curve reach 62% and 75% of their capacity. Piers 3 and 5 follow, with
displacements of 42% and 60% of their maximum capacity, respectively.

Figure 24 shows, as an example of hysteretic loops in columns and shear keys, the
seismic response of Pier 5 and one shear key on the cap beam of this pier under a seismic
record from an interplate source, scaled for a 2500-year return period.

Figure 24. Seismic response of the viaduct during an interplate seismic record. (a) Pier 5 hysteretic
loops; (b) shear key on the cap beam of Pier 5.
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To evaluate the expected damage to the elastomeric bearings, Figure 25 shows the
D/H ratios along the bridge’s longitudinal direction. The displacement demands derived
from the accelerograms of the intraplate source (Figure 25a) indicated that the maximum
D/H values placed the bearings on pier 7 between the thresholds for slight and moderate
damage. In contrast, all other bearings fell below the threshold for slight damage.

Figure 25. D/H ratios in the longitudinal direction of the 57 mm thick bearings for a 2500-year return
period. (a) Intraplate earthquakes; (b) interplate earthquakes.

When analyzing the bridge using the set of accelerograms from the interplate seismic
source (Figure 25b), the bearings on piers 5 to 8 showed no damage. However, the bearings
at abutment 1 and pier 9 experienced slight to moderate damage. The bearings on piers 2
and 3 showed damage ranging from moderate to extensive, while those on pier 4 exceeded
the threshold for extensive damage.

6.3. Reliability Index

The previous results provided insights into the bridge’s expected behavior for two
return periods. However, seismic regulations set seismic design parameters by limiting
the probability of failure, which is measured indirectly through a reliability index. To
assess the reliability index, the accelerograms from the interplate seismic source were
scaled up to the point of bridge failure. The bridge collapse was presented using seismic
records of the 2500-year earthquake, scaled by a factor of 1.80. The reliability index
reported in this study applies specifically to this pier-failure-based collapse limit state
and should not be interpreted as a comprehensive system reliability index that accounts for
all possible interactions among components and failure modes. The incremental scaling
procedure adopted herein follows the basic concept of Incremental Dynamic Analysis
(IDA), where each record is independently subjected to progressively increasing intensity
levels. However, this analysis focused on identifying the onset of the defined collapse
limit state, rather than developing probabilistic fragility functions for multiple damage
states [65]. The scaling began at the PGA level corresponding to a 2500-year return period.
At each stage, we increased the ground-motion amplitudes incrementally by 20% and
assessed the bridge demands. This process continued until pier failure was observed; the
resulting collapse distribution followed a lognormal probability density function, with a
median equal to the scaled PGA required to reach failure.

The incremental scaling to collapse was performed solely with the interplate ground-
motion suite, as these records determine the dominant structural demands across all
intensity levels. The spectral content of these ground motions is rich near the fundamen-
tal period (T1 = 1.40 s). Conversely, intraplate records are dominated by short-period
energy (T ≈ 0.26 s) and would require larger PGA scaling factors to reach collapse. How-
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ever, the reliability index subsequently obtained must be interpreted specifically as the
reliability estimate associated with the defined collapse limit state and the adopted in-
traplate ground-motion population, rather than as a universal reliability index for both
seismic-source classes.

The record-specific scale factors required to reach the collapse intensity were large
because the interplate records were recorded at epicentral distances of approximately
220–275 km, representing the actual distance from the study site to the subduction interplate
source. The scale factors used in the incremental procedure ranged from approximately
7 to 34. This high-amplitude scaling serves as a numerical mechanism to force structural
failure and does not represent a physical hazard scenario for a specific return period.

Across all evaluated ground motion records, damage consistently initiated at the
exterior shear keys because of the deck’s transverse–torsional coupling. Subsequent damage
progression, marked by shear concentration in shorter piers and abutments, followed a
stable, geometrically driven pattern. Consequently, the reported mean values accurately
capture the bridge system’s critical failure mechanism and governing limit states.

Figure 26a shows the drift-ratio demands for the bridge piers, which fell within the
moderate-to-severe damage limit states. In contrast, the abutments exhibited drift-ratio
demands below the threshold for slight damage. Piers 5, 6, and 7 experienced the highest
seismic demands.

Figure 26. Seismic demands on the bridge subjected to interplate seismic records scaled to a peak
ground acceleration of 1.8 times the PGA of Tr = 2500 years. (a) Pier drift ratios; (b) displacement
demand/capacity ratios for shear keys. Vertical lines show the median ± one standard deviation.

Figure 26b shows the displacement-ratio demands for the shear keys at this seismic
intensity level. Six shear keys (on piers 6 to 9) have now exceeded their displacement
capacity (Ddem/Dcap > 1), and one more (pier 5) is very close to reaching this value. In
nearly all cases, failure would occur at the shear keys on the bridge’s outer curve.

Figure 27 presents the longitudinal seismic demands on the 57 mm thick bearings
subjected to interplate accelerograms. Figure 27a shows the bearings’ displacement-to-
capacity ratios, and Figure 27b displays the D/H ratios, which include the expected damage
limit state. The bearings on abutment 1 and piers 2, 3, and 4 exhibited demands exceeding
the collapse limit state (D/H = 2.5). Conversely, the supports on piers 5 to 8 showed
demands below the moderate-damage limit state.
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Figure 27. Displacement demands of the 57 mm thick bearings. (a) Mean displacement demand
normalized to the capacity of the bearings; (b) D/H ratios. Vertical lines show the median ± one
standard deviation.

The pier drift ratios led to damage ranging from moderate to severe. Additionally,
shear failures are commonly observed in bridges subjected to seismic actions. Therefore,
we evaluated the shear force demand-to-capacity ratios for the bridge piers. The shear
capacity of the viaduct columns was determined in accordance with the most recent
Mexican regulations for concrete structure design [66]. Table 4 presents the analysis used
to determine the shear capacity of the columns. Ag is the gross area; As is the area
of longitudinal reinforcement; Pu is the ultimate axial load for each column; Vc is the
shear strength provided by concrete; vs. is the shear strength provided by transverse
reinforcement (No. 4 hoops @ 0.20 m); Vc is the shear capacity; and Vd is the shear demand.

Table 4. Shear capacity and demand of columns.

Element
Diameter Ag As long Long Rebar Pu Vc Vs VC VD VD/VC

(m) (m2) (m2) % (kN) (kN) (kN) (kN) (kN) -

Abutment 1 1.50 1.77 0.024321 0.0138 3247 2150 471 2621 3070 1.17

Pila 2 2.00 3.14 0.060805 0.0194 9568 3822 628 4449 3384 0.76

Pila 3 2.00 3.14 0.060805 0.0194 9439 3822 628 4449 3961 0.89

Pila 4 2.00 3.14 0.060805 0.0194 9137 3822 628 4449 4267 0.96

Pila 5 2.00 3.14 0.095008 0.0302 9493 3822 628 4449 2603 0.58

Pila 6 2.00 3.14 0.095008 0.0302 8910 3822 628 4449 3538 0.80

Pila 7 2.00 3.14 0.095008 0.0302 9061 3822 628 4449 4334 0.97

Pila 8 2.00 3.14 0.07702 0.0245 10,377 3822 628 4449 2123 0.48

Pila 9 2.00 3.14 0.07702 0.0245 9396 3822 628 4449 5310 1.19

Abutment 10 1.50 1.77 0.024321 0.0138 2956 2150 471 2621 3038 1.16

Figure 28 shows the shear demand-to-capacity ratios (Vdem/Vcap) for the piers and
abutments. Abutments 1 and 10, along with the shortest pier (pier 9), exceeded their
maximum shear capacity, resulting in failure. Additionally, piers 4 and 7 exhibited shear
demands very close to their maximum capacity.

Record-to-record variability was quantified by reporting the mean demand and ± one
standard deviation for each structural component. The revised results indicate that dispersion
is response- and component-dependent, with most coefficients of variation ranging from
0.25 to 0.50. The largest relative dispersion occurs across several component-level force and
displacement demands, whereas substructure drift shows comparatively less variability. This
dispersion indicates that individual ground motions may produce demands substantially
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different from the mean response. Consequently, the sequence of component limit-state
exceedance cannot be inferred solely from the mean demands; the mean response identifies
the general critical components, while the standard deviation characterizes the range of
responses across the different ground motions.

Figure 28. Shear demand/capacity ratios in columns. Vertical lines show the median ± one standard
deviation.

In summary, the expected behavior of the viaduct under the seismic records from the
interplate source indicates that both the abutments and pier 9 would likely experience shear
failure. Additionally, seven shear keys reached their displacement capacity in the bridge’s
outer curve zone. Moreover, 16 elastomeric bearings exceeded their collapse limit. The
damage process begins with shear key failure, particularly on piers 6–9. Subsequently, shear
failure occurs in the abutments and in piers 7 and 9 in the bridge’s transverse direction. It
is assumed that this seismic intensity level caused the bridge’s failure, and it was used to
assess its reliability index.

The reliability index in the useful life of the bridge (T), is defined with Equation (1).

β f = Φ−1
(

Pf ,T

)
(1)

β f is the reliability index, Φ−1 is the inverse cumulative normal function and Pf ,T is
the failure probability in the useful life (T), defined with Equation (2). In this case, the PGA
mean value of the probability distribution Pf ,T , was assumed to be the PGA intensity for
the final scaling in the previous analyses.

Pf ,T = 1 − e−λ f T (2)

Equation (3) assumes that earthquake occurrences follow a Poisson Process, where λ f

is the annual failure rate for the damage limit state under analysis.

λ f =
∫

im
P[ f |im]|dλim| (3)

P[ f |im] is the probability of reaching the failure limit state, given a seismic intensity
(im). λim is the exceedance rate of the seismic intensity at the site and dλim is the negative
derivative of λim with respect to the seismic intensity.
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The conditional probability of failure P( f |im) is formulated by assuming lognormal
distributions for both structural capacity (C) and seismic demand (D). For a given intensity
measure (im), the median seismic demand (D) is obtained from the nonlinear dynamic
analyses, while (C) represents the median capacity associated with the defined collapse
limit state (Equation 4). The conditional probability is therefore calculated as:

P( f |im) = Φ

 lnD − lnC√
β2

D + β2
C

 (4)

where βD and βC are the logarithmic dispersions of demand and capacity, respectively.
The resulting conditional fragility is then combined with the annual exceedance-rate curve
of the seismic intensity through the standard convolution procedure to obtain the annual
failure rate.

Figure 29a shows the annual PGA exceedance rate λim at the bridge site [56]. It was
assumed that both capacity and seismic demand are lognormally distributed, resulting
in a lognormal distribution for the damage limit state. In the last analysis, the PGA was
0.93 g, which was used as the mean value for the lognormal density function P[ f |im].
Additionally, the standard deviation of the natural logarithm of capacity and demand was√

β2
D + β2

C = 0.70. The adopted value represents the combined logarithmic dispersion of
demand and capacity. For the capacity component, previous studies of reinforced-concrete
structures have reported values in the ranges 0.32–0.49 [67], 0.50–0.55 [68], and 0.46 [69].
For the demand component, βD, values between 0.30 and 0.60 have been reported [70],
while the present ground-motion suite produced βD = 0.38 − 0.57. We therefore adopted
βC = 0.525, corresponding to the midpoint of the upper reported range (0.50–0.55) of
capacity dispersion, and βD = 0.475, corresponding to the midpoint of the range obtained
in this study (0.38–0.57). These values give

√
0.5252 + 0.4752 = 0.70.

Figure 29. Annual exceedance rate at the bridge location. (a) PGA; (b) T = 1.4 s.

The convolution of P[ f |im] with the annual exceedance rate of PGA yields the
bridge’s annual failure rate (Equation (3)). This failure rate served as the basis for cal-
culating the reliability index. After applying these equations, the annual damage rate was
λ f = 0.0000246, the damage probability for a service life of T = 50 years was Pf ,T = 0.00123,
and the damage reliability index is β f = 3.03. The 50-year period is used in the reliabil-
ity calculation as the reference exposure period adopted in this formulation, because
it is the standard service life used in all seismic design regulations in Mexico for both
bridges and buildings. The study scaled the seismic records based on PGA. Given the
bridge’s fundamental period (T1 = 1.4 s), the reliability index was also determined us-
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ing the exceedance rate for the bridge’s fundamental period, shown in Figure 29b, and
the mean pseudo-acceleration of the response spectra for the same period. Applying
Equations (1)–(3), the vulnerability index increased to β f = 3.60. This additional result
demonstrates that the reliability estimate is influenced not only by dispersion but also by
the spectral characteristics of the selected ground motions and the intensity measure used
in the hazard integration.

To evaluate the influence of dispersion on the bridge reliability index, the index
was re-evaluated using the lower and upper combinations of the capacity and demand
dispersions considered in the study gives combined dispersions of

√
0.502 + 0.382 = 0.63

and
√

0.552 + 0.572 = 0.79. The corresponding reliability indices change from the reference
value of β f = 3.03 to β f = 3.23 and β f = 2.77, respectively. Thus, although the reliability
index is sensitive to the assumed dispersion, the sensitivity analysis explicitly identifies the
range of reliability values associated with the plausible dispersion range.

While β f = 3.03 (using PGA to scale) falls within the wide range reported in the
structural reliability literature [71], it is slightly lower than the target benchmark of
β f = 3.5 typically specified by modern bridge design codes [45] for the collapse limit
state. The results also showed that the seismic response under the design earthquake for a
475-year return period was satisfactory.

The spatial torsion effect on the main beam of a curved bridge during strong earth-
quakes can substantially change the force distribution between supports and piers if the
girders enter an inelastic behavior branch. In a simply supported multi-span system,
elastomeric bearings provide flexible rotational boundary conditions that significantly
reduce torsional buildup in the main girders compared with continuous superstructures.
The primary seismic inertia forces are transmitted directly to the piers through shear and
lateral-force mechanisms, with concentrated plastic hinges capturing the bridge’s true
nonlinear behavior. However, to verify the elastic assumption in these elements, the com-
bined stress state (σx from axial force and bending Mmax, and τxy from shear Vmax and
spatial torsion Tmax acting on the critical AASHTO girder section was evaluated under the

maximum response demand. The Von Mises equivalent stress criterion σvm =
√

σ2
x + 3τ2

xy

was used to evaluate the multiaxial stress interaction; σx is the sum of axial stresses with
bending stresses and σx is the sum of torsion stresses with shear stresses. The maximum
equivalent stresses in the girder, under peak seismic actions, ranged from σvm = 0.3 MPa to
σvm = 8 MPa, which are below the steel yield strength Fy = 412 MPa. The combined stress
demand remains well within the linear-elastic range.

6.4. Unseating Evaluation

To evaluate the likelihood of unseating failure relative to pier shear failure, the avail-
able seat length (Navail) on the hammerhead caps was compared directly with the maxi-
mum longitudinal displacement demands (Dlong) from the nonlinear time-history analyses.
Dlong was conservatively determined by adding the maximum displacement demand at
piers or abutments to the maximum displacement demands at the bearings on them.

The cap beam width is 2.70 m at piers (Figure 3) and 1.80 m at abutments. Considering
girder placement, the available seating length per girder is 1.40 m at abutments and 1.00 m
at piers. Table 5 summarizes the comparison between longitudinal displacement demands
and the available seating length at the collapse seismic intensity.

Table 5 confirms that pier failure is the bridge’s primary collapse mechanism. Maxi-
mum longitudinal displacement demands reach at most 45% of the available seat length in
piers (DTotal/Navail = 0.45 at Pier 5), and 22% in abutment 1 (DTotal/Navail = 0.22).
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Table 5. Comparison of longitudinal displacement demands with available seating length at piers
and abutments at the collapse seismic intensity.

Substructure
Element

Heigth
H(m)

Max Long
Drift

Max
Column Displ

(m)

Max
Drift

Bearing

Max
Bearing

Displ (m)
DTotal (m) Navail (m) Ratio

DTotal/Navail

Abutment 1 4.71 0.003 0.012 5.152 0.290 0.310 1.40 0.218

Pier 2 8.46 0.011 0.093 5.291 0.300 0.390 1.00 0.395

Pier 3 8.12 0.012 0.094 5.036 0.290 0.380 1.00 0.381

Pier 4 7.84 0.011 0.083 4.713 0.270 0.350 1.00 0.351

Pier 5 14.76 0.019 0.281 2.970 0.170 0.450 1.00 0.450

Pier 6 14.06 0.017 0.232 1.331 0.080 0.310 1.00 0.308

Pier 7 12.44 0.018 0.224 1.293 0.070 0.300 1.00 0.298

Pier 8 18.40 0.012 0.227 1.171 0.070 0.290 1.00 0.294

Pier 9 6.20 0.009 0.058 1.326 0.080 0.130 1.00 0.134

Abutment 10 2.82 0.001 0.002 1.811 0.100 0.110 1.40 0.075

7. Conclusions
This study evaluates the expected seismic response of a curved viaduct in Mexico

using seismic records from two independent sources. The primary motivation for this
research was to analyze an irregular curved bridge designed in accordance with modern
seismic regulations. Initially, the numerical model was calibrated using data from an
ambient vibration measurement campaign, and a nonlinear analysis was performed to
assess seismic performance and failure mechanisms. The results obtained lead to the
following conclusions:

The bridge is located in a high-intensity seismic zone. A recent seismic hazard study
conducted by this working group determined the expected seismic intensities at the site
for various return periods. The primary seismic sources governing the bridge’s dynamic
response at its fundamental period (T1 = 1.40 s) are interplate faults and intermediate-depth
intraplate faults. Although local crustal sources contribute to short-period intensities (PGA)
and their spectral energy at T1 = 1.40 s is negligible, future research should include crustal
records to evaluate their possible influence on component-level force demands.

The interplate records imposed higher structural demands than the intraplate records
considered in this study. However, these differences should be interpreted as the combined
effect of the characteristics of the two ground-motion populations, including source type,
magnitude, distance, and spectral content, rather than as an isolated effect of the seismic
source. In particular, the higher spectral intensity of the interplate records near the viaduct’s
fundamental period increased structural demands on the bridge. A controlled comparison
using records conditioned on comparable PGA, Sa(T1), or spectral shape is needed to
quantify the independent contribution of source type and remains an important area for
future research.

Under the design intensity of a 475-year earthquake, the bridge exhibited satisfactory
seismic behavior, with the piers remaining elastic. Although some shear keys reached
their maximum strength, the maximum displacement demands were less than 60% of
their capacity. The bridge girders are supported by elastomeric bearings with thicknesses
of 57 mm and 73 mm. The maximum displacement demand on these elements was in
the longitudinal direction of the bridge. In this direction, the intraplate source generated
demands below 40% of the bearings’ displacement capacity, whereas interplate seismic
records produced demands below 60% of that capacity. Notably, the 57 mm thick bearings
experienced the highest demands.

Many structural components sustained damage during the 2500-year earthquake.
Most piers had displacement demands below the moderate damage limit state, with
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only three elements slightly exceeding it. Two shear keys nearly reached their maximum
displacement capacity, while the others experienced lower demands. Interplate earthquakes
produced longitudinal displacement demands that placed the bearings between the slight
and extensive damage limit states. However, none of them exceeded their maximum
displacement capacity.

To assess the viaduct’s reliability index, the seismic intensity (PGA) was increased, and
the progression of damage was analyzed until shear failure occurred in both the abutments
and the shortest pier. At this point, a failure of a group of shear keys on the outer side of the
viaduct’s curve was also observed, and several elastomeric bearings exceeded the collapse
limit in the longitudinal direction. This behavior confirms that torsional coupling induces
severe demand concentrations on the outer-curve bearings and shear keys. Adding seismic
restrainers to limit the maximum longitudinal and transverse displacement of the viaduct’s
superstructure could reduce the bridge’s seismic vulnerability to extreme events and, where
appropriate, increase the piers’ shear capacity. However, any retrofit must be based on
detailed nonlinear analyses that demonstrate its effect on the expected seismic response of
the viaduct and its foundation. Future studies should incorporate explicit shear-cracking
degradation and flexure–shear interaction into the nonlinear model to further investigate
their influence on the predicted collapse mechanisms of the bridge.

The reliability assessment also highlighted the importance of considering the spectral
intensity at the viaduct’s fundamental period. When the annual exceedance rate and mean
pseudo-acceleration corresponding to T1 = 1.40 s were used in the reliability formulation,
the reliability index increased from 3.03 (using PGA demands) to 3.60 (using T1 demands).
This result reinforces the importance of the spectral characteristics of ground motions near
the fundamental period, while the PGA-based scaling adopted in the nonlinear analyses
provides a consistent intensity measure across the seismic hazard levels considered. The use
of PGA-based scaling is a limitation of the present study, and further research incorporating
Sa(T1)-based or spectrum-compatible scaling could provide additional insight into the
sensitivity of the seismic response to the selected intensity measure, an appropriate topic
for future research. Moreover, developing a multi-component system reliability framework
that includes system-level limit states would significantly extend this work and offer a
valuable direction for future studies.

Finally, a limitation of this study lies in the large-scale factors (ranging from 7 to 34)
required to drive the bridge piers to collapse during the incremental scaling procedure.
The accelerogram amplitude was increased without modifying its strong-motion duration
or other temporal characteristics. Consequently, cumulative energy dissipation, cyclic
degradation, and duration-dependent effects associated with real extreme earthquakes may
not be fully represented at very high amplification levels. Consequently, while the calcu-
lated reliability index provides a robust benchmark for the pier collapse limit state under
the site’s spectral characteristics, future research should incorporate duration-dependent
or spectrally matched record selection to further refine failure predictions at extreme
intensity levels.
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