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ABSTRACT

Seismic hazard assessment in several sites worldwide depends on two or more seismic sources. Many countries affected by subduction zones have strong motions
earthquakes originated in at least two important seismic sources. In Mexico, interplate earthquakes (subduction process) have epicenters located in the Pacific coast
with hypocenter depths less than 45 km and intraplate earthquakes (intermediate-depth earthquakes) normally have epicenters inside the continent with depth
hypocenters greater than 45 km. Both seismic sources can potentially produce events with magnitudes M, greater than 8.0 and, therefore, generate severe damage to
the country’s infrastructure. The design process of the bridges in Mexico is based on the chapter of Seismic Design of the Manual of Civil Structures of the Federal
Electricity Commission. The standard allows to reduce the spectral ordinates of the design spectra by ductility and overstrength. It establishes an overstrength factor
of 1.5 to reduce the design spectra, value not well supported by the Manual. This study evaluates the effect of the seismic source and methodology used to compute
overstrength factors of common typologies of reinforced concrete bridges. The seismic capacity of the bridges was calculated with nonlinear static analysis and
nonlinear time history analysis. The results showed that the importance of the seismic source on the overstrength factors depends on the seismic location of the
bridges and, in general terms, nonlinear static analysis overestimates the bridges overstrength.

1. Introduction

Most of the largest earthquakes and seismic energy dissipated in the
world occurs in the Circum-Pacific Belt along the rim of the Pacific
Ocean (interplate earthquakes). In Mexico, two seismic sources with
independent occurrence processes control the seismic hazard. The sub-
duction seismic source produces earthquakes with epicenters on the
Pacific Coast in the West Country region. The second seismic source
(normal-faulting inslab earthquakes) produces events of intermediate
depth and the epicenters are normally inside the continent. Intraplate
earthquakes have higher stress drop than interplate earthquakes and the
seismic wave propagation produced in each seismic fault is different [1].
These authors found that deep-inslab earthquakes have large stress
drops and they also exhibit fast attenuation. Both seismic sources, also
found in many countries along the Pacific Belt, produce earthquakes that
have historically caused damage to the Mexico’s infrastructure. The
difference of occurrence processes, the epicenter locations and their
potentiality to generate strong motions encourage to evaluate the
overstrength of bridges by independently considering two sets of
accelerograms recorded in interplate and intraplate seismic movements.

Highway bridges are very important structures with a significant
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economic impact in case of an earthquake disaster. Currently, Mexico
has more than 17,000 bridges in the National Highway Network and
most of them are in seismic zones [2]. The chapter of Seismic Design of
the Manual of Civil Structures of the Federal Electricity Commission [3],
stipulates design spectra to design the bridges in Mexico. This document
recommends an overstrength factor of 1.5 to reduce the design spectra
for the seismic design of medium-span bridges. The following studies
conducted in different countries show that overstrength factors depend
on the seismic zone, bridge typology, piers height, among other factors
that are not currently considered in the Manual. None of them analyzes
the effect of the seismic source on the overstrength factors.

Bertero et al. [4]; suggested that one of the reasons of limited seismic
damages observed after an earthquake occurrence is the structural
overstrength. The overstrength comes from the real resistance of the
structures, which is usually greater than the nominal resistance.
Different studies suggest that the structural overstrength is related to the
steel strength after the yield point, the increasing compressive strength
of the concrete with time, the contribution of the slab to the beam
strength, the yield of structural elements at different times, the mini-
mum strength requirements indicated in regulations, the speed of load
application, among others [5-9].
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Concerning buildings, several authors have reported structural
overstrength factors. Miranda and Bertero [10] found overstrength
factors in the range of 2-5, based on the analysis of buildings in Mexico
City. Particularly, the authors found relevant the infill masonry walls
and the slab contribution in the structural overstrength. Shahrooz and
Moehle [11] reported an overstrength factor of 7.7, in the experimental
study of a 1:4 scale model of a six-story reinforced concrete (RC)
building structure. Cassis and Bonelli [12] obtained overstrength values
in the range of 3-5 from the study of RC structures with frames, walls
and frame-wall systems, where frame structures presented the highest
overstrength factor.

The building height is also important in the overstrength. Jain and
Navin [13] found overstrength factors in the range of 2.8-12, in the
study of RC buildings ranging from three to nine stories, located in India.
Also, Massumi et al. [14] reported overstrength factors in the range of
2.1-5.5 for buildings with one to ten stories.

Mehanny and El Howary [15] analyzed 4- and 8-story moment
frames in a moderate seismic zone. Using two different design ap-
proaches, one fulfilling the building code requirements and other by
ignoring pre-specified constant acceleration lower bound when veri-
fying drift demands. Based on pushover analysis the authors found
overstrength factors in the range of 1.51-3.77. In tall buildings, Khy and
Chintanapakdee [16]; studied a 39-story RC building to analyze the
effect of floor slabs; the authors also found overstrength factors of 3.36
and 3.71 in both horizontal directions of analysis.

Kappos et al. [17] studied simply supported and continuous bridges
located in an area of high seismicity in Europe. Based on pushover
analysis, the authors found that the analysis direction is a relevant
parameter. The authors reported overstrength factors in the range of
1.3-3.4 in the longitudinal direction and in the range of 1.2-5.8 in the
transverse direction of the bridges.

Other studies proposed the seismic design of bridges by limiting
overstrength factors. Awasthi et al. [18] designed a bridge curved in
plan using different response reduction factors R and satisfying
FEMA-356 performance-based criteria by keeping the overstrength
factor below 2.0. The influence of pier overstrength on the Lead Rubber
Bearings behavior was determined by Nobuyuki et al. [19]. The authors
found negligible contribution, with the parameters used in the study, in
a five-span isolated bridge.

Recently, Sanchez et al. [20] studied a set of reinforced concrete
bridges with typical Mexican typology that are very common in other
countries as well. The study determined overstrength factors of the
bridges based on time-history analysis. The bridges were subjected to a
set of 80 accelerograms. The selection of the seismic records was based
on maximum spectral accelerations, regardless of the seismic source. In
places affected by subduction seismic sources (interplate), there is also a
seismic source that produces earthquakes within the interior of a tec-
tonic plate with epicenters inside the continent (intraplate earthquake).
The latter usually has epicenters closer to inhabited sites and to the
infrastructure (bridges and buildings) of a country. These two seismic
sources have independent occurrence processes, and, in Mexico, both
have the potential to generate earthquakes with a magnitude greater
than 8.0. Depending on the geographical distribution of the bridges, the
seismic hazard can be governed by the two seismic sources or clearly by
only one of them. Before recommending overstrength factors for the
seismic design of RC bridges in an earthquake code in Mexico, it is
required to analyze the influence of the seismic source of the selected
accelerograms on the overstrength factors, particularly because there
are groups of bridges controlled by one or another seismic source.

This study aims at studying the influence of the seismic source and
the methodology used to assess overstrength factors of medium-span
simply supported bridges formed by a deck of RC slab supported on
prestressed beams. The substructure consists of RC single-column and
multi-column piers. The bridges were subjected to a set of accelerograms
from a subduction zone (interplate earthquakes) and to collected seismic
records from intraplate earthquakes (normal-faulting inslab
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mechanism). Most of the studies to evaluate overstrength factors are
based in pushover analysis. Besides evaluating the impact of the seismic
source on the overstrength factors, this study analyzes the influence of
the methodology used to compute the overstrength factors as well. To
accomplish this objective, nonlinear static analysis and nonlinear dy-
namic analysis of the bridges were carried out.

2. Seismic sources

The Mexican Republic is geographically located in a zone of high
seismicity and is part of the Pacific ring of fire. The subduction of the
Pacific plate under the North American plate causes interplate and
intraplate earthquakes. Both seismic sources have produced large
tremors with devastating consequences in the country. Fig. 1 shows
earthquake epicenters recorded in the period 1900-2020 originated in
the interplate seismic source with M,, > 7 and epicenters in the intra-
plate seismic source with M,y > 6.

Both seismic sources have the potential to generate earthquakes with
magnitude M,, > 8 and in last centuries several destructive earthquakes
have struck the country. Interplate seismic sources, whose epicenters are
in the Mexican Pacific coast, originate at depths less than 45 km and
occur more frequently than intraplate tremors. The intraplate seismic
source (normal-faulting mechanism) generates earthquakes with depth
hypocenters greater than 45 km and are normally located inside the
continent. A set of 45 accelerograms from each seismic source were
selected and all seismic stations locate in hard soil sites, classified as soils
with shear wave velocities Vs > 700 m/s.

Fig. 2 shows the response spectra of each seismic source for 5% of
critical damping. Fig. 2a displays the response spectra of the seismic
records of subduction earthquakes and Fig. 2b the response spectra of
accelerograms generated in intraplate seismic sources. In both cases, the
spectral mean (bold line) and the mean + one standard deviation
(dashed lines) of each group of spectra are also shown. Even though all
the seismic stations are in hard soil sites, the spectral shapes of each
group of response spectra are different. Earthquakes with origin in
interplate seismic sources produced a mean spectrum that, after reach-
ing the maximum amplitude, falls faster than the mean spectrum of
events produced by intraplate movements.

The location of the earthquake epicenters of the two seismic sources
makes more important the interplate earthquakes for the seismic
behavior assessment of bridges located close to the Pacific coast, and the
intraplate seismic source for bridges located inside the continent.

Currently, bridges in Mexico are designed with a force-based phi-
losophy that uses overstrength factors to reduce the elastic design
spectrum. In some countries, codes are migrating towards a
performance-based design philosophy, which uses displacement-based
design procedures. The design begins by selecting a target displace-
ment with a more realistic estimate of the material strength in the in-
elastic range of behavior of structural elements [21], which reduces the
impact of overstrength factors. Displacement-based design uses
displacement response spectra. Fig. 3 shows the normalized
pseudo-acceleration (Sa) and displacement (Sd) mean spectra of the
suite of accelerograms collected from the two seismic sources. In the first
case they were normalized with respect to the peak ground acceleration
(PGA) and in the second case with respect to the maximum ground
displacement (PGD). Interplate Sa spectra decay faster than intraplate
seismic source and an appreciable difference in Sd spectra are also
observed, particularly in the zone of fundamental periods of most of the
bridges (between 1 and 3 s). These spectral shapes suggest a different
effect of each group of accelerograms on the nonlinear seismic response
of the bridges.

3. Numerical models

Most of the small and medium-span bridges in Mexico are RC su-
perstructures supported on RC frame-type piers formed by one or more
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Fig. 1. Earthquake epicenters in Mexico during the period of 1900-2020. (a) Interplate earthquakes with M, > 7.0 and (b) intraplate earthquakes with M > 6.0
(Www.ssn.unam.mx).
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Fig. 2. Response spectra of accelerograms recorded in two independent seismic sources. (a) Interplate seismic source (subduction process) and (b) Intraplate seismic
source (normal-faulting mechanism).
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Fig. 3. Normalized response spectra for interplate and intraplate seismic sources. (a) Sa/PGA. (b) Sd/PGD.
columns. This study focuses on the group of bridges previously designed The deck is composed of a 0.20 m thick RC slab and prestressed concrete
in the study of Sanchez et al. [20]; consisting of five-span simply sup- girders, resting on elastomeric bearings. The superstructure includes

ported RC bridges on multi-column (M) and single-column (C) RC piers. AASHTO type IV girders and Nebraska NU-2400 for the 30 m and 50 m

(b)

Fig. 4. RC bridges. (a) Single-column piers and (b) multi-column piers.
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span bridges, respectively. Two types of substructures were included:
single-column circular piers and four-column circular piers (Fig. 4). The
bridges have piers’ heights of 5m, 10 m, 15 m and 20 m (P05-P20), and
three possible location zones were considered concerning the seismic
activity, namely: low seismicity (LS), medium seismicity (MS) and high
seismicity (HS). The spectral accelerations in the plateau region of the
design spectra were 0.60 g, 0.90 g and 1.56 g for LS, MS and HS seis-
micity zones, respectively.

The roadway is 9.60 m wide and the overall width of the bridge was
10.60 m. In the transverse direction, the bridges have RC 0.30 m width
cross beams (diaphragms). The space between intermediate diaphragms
is 1/6 L for the 30 m span bridges and 1/10 L for the 50 m span bridges. L
is the span length.

Shell-type finite elements (quadrilateral elements with six degrees of
freedom at each joint) were adopted to model the slab. Beams and col-
umns are simulated by frame-type elements with six degrees of freedom
per node. Two-nodes link type linear element, with six degrees of
freedom per node were used to model the bearings, whereas nonlinear
link elements (gap type) were adopted to model the expansion joints.
The contribution of the abutment backfill was modeled using the rec-
ommendations of section 7.8.7 of Caltrans [22].

In all pier and abutments axes, there are 40 mm wide JCMY-55
expansion joints that separate slabs and beams from adjacent spans as
evidenced in the numerical model detail included in Fig. 5. This nu-
merical model does not include shear keys in the transverse direction
and the elastomeric supports are composed of layers of Shore A-60
Neoprene (shear modulus of G = 1.0 MPa) and steel plates. The bearing
dimensions (in millimeters) were in the range of 300 x 300 x 41-400 x
400 x 185 (length x width x thickness) as a function of the span length.
The bearing lateral stiffness was in the range of 1.07-2.0 kN/mm and the
vertical stiffness in the range of 324 kN/mm-510 kN/mm.

All RC elements of the superstructure and substructure were
designed using a concrete compressive strength f'c = 24.5 MPa and
elastic modulus Ec = 4400(f *c)V/2. Reinforcing steel has a modulus of
elasticity Es = 205940 MPa and the yield strength fy = 412 MPa.

The trucks used to design the bridges were: HS20 (32.8 t), T3S3
(46.25 t) and T3S2R4 (72.5 t). More details of the load combinations,
circulation lanes and design assumptions are described in Sanchez et al.
[20]. The columns diameters of the multi-column piers of bridges with
span length of 30 m were in the range of 0.9-1.8 m and in the range of
1.60-3.10 m for single-column piers. 5-m high bridges on low seismicity
zones have the smallest column diameter and 20-m high bridges on high
seismicity zones have the largest dimension. Steel ratios were in the
range of 2.85-3.22% and 2.83-3.13% for multi-column and
single-column piers, respectively. 50-m span bridges supported on
multi-column piers had column diameters in the range of 0.95-1.85 m
and diameters in the range of 1.70-3.20 m for single-column piers. In
these cases, the steel ratios were in the range of 2.83-3.24% and
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Fig. 5. Detail of the numerical model of expansion joint and elasto-
meric bearings.
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2.82-3.05%, respectively.

The bridges were assumed to be on hard ground sites; therefore, the
soil structure interaction (SSI) was neglected and fixed supports at base
of columns were considered. Bridges on other type of soils should be
designed incorporating the effects of SSI and subjected to accelerograms
recorded in flexible ground sites. The overstrength of bridges on hard
soils cannot be extrapolated to flexible soils because the effects of SSI in
the seismic response of bridges can be beneficial or detrimental, as a
function of the dynamic properties of the bridges, the frequency content
of seismic records and the dynamic properties of the soils, among other
variables [23,24].

Dynamic properties of the bridges and response spectra are impor-
tant information to evaluate the results of nonlinear analyses. Fig. 6
provides a graphical representation of the bridges’ fundamental periods
in both directions of analysis. In the longitudinal direction the periods
are in the range of 0.94-3.29 s for the bridges located in the LS zone; in
the range of 0.89-2.94 s for the MS zone and in the range of 0.85-2.42 s
for the HS zone. In the transverse direction, these intervals are
0.87-3.81 s, 0.85-2.82 s and 0.83-2.42 s for the three seismic zones,
respectively.

The notation used to identify the bridges is as follows: M and C stands
for multi-column or single-column piers, followed by the span length,
the pier height and a number that identifies the bridge location as LS = 1
(low seismicity), MS = 2 (medium seismicity) and HS = 3 (high seis-
micity). Table 1 shows the results of the bridge design [20] using
SAP2000 software [25]. It includes span length, pier height, bridge
seismic location, column diameter, longitudinal steel ratio and the no-
tation used to identify each numerical model.

4. Nonlinear analysis
4.1. Pushover analysis

The overstrength factors were computed with static and dynamic
nonlinear analyses. Pushover analyses allowed determining the ultimate
base shear and the ratio of this value to the design base shear defines the
overstrength factor. Nonlinear models were created with the SAP2000
program [25] assigning plastic joints at both ends of each column and
discretizing their cross sections with fibers. The cross section was
divided into many integration points and each fiber was described with a
uniaxial constitutive law (stress-strain). Confined concrete constitutive
model was used for the fibers inside the concrete core, while the un-
confined concrete constitutive model was adopted for the fibers out of
the concrete core [26]. The constitutive model of Park and Paulay [27]
defined the uniaxial behavior of the reinforcing steel. Thus,
moment-rotation relationships describing the nonlinear behavior of
plastic hinges, could be obtained using the constitutive models of the
reinforcing steel and the confined and unconfined concrete. The length
of plastic hinges was determined according to the proposal of Paulay and
Priestley [28].

The fundamental mode defined the load shape pattern applied in
pushover analysis (displacement control). The control node was on the
bridge deck at the span center between piers 2 and 3. As an example of
these results, Fig. 7 shows the pushover curves in both directions of the
M30P10-3 bridge (Fig. 7b) and the rotation demands in each column of
the four piers (Fig. 7c—j).

The bridge capacity in the transverse direction was greater than the
capacity in the longitudinal direction. The rotation demands of the four
columns in each pier of the longitudinal direction were similar, although
rotation demands were higher in the intermediate piers. Conversely, in
the transverse direction, in addition to present larger rotation demands
in the intermediate piers, the four columns in each pier presented
different rotation demands. This noticeable effect in the transverse di-
rection of the piers is due to the frame-type behavior and to the variation
of column axial loads during the seismic movement, particularly be-
tween extreme and central columns.
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Fig. 8 shows pushover analysis in both directions of the C30P10-3
bridge. This bridge with a substructure formed by single-column piers
presented a very similar behavior in the longitudinal and the transverse
direction; however, longitudinally the bridge capacity was slightly
greater than transversely. In both directions, central piers had higher
seismic rotation demands than the extreme piers. These results were
consistent with the behavior observed in M30P10-3 bridge, where
central piers had higher demands as well.

4.2. Dynamic analysis

To evaluate the effect of the seismic source and methodology used to
assess the overstrength factors of the bridges, nonlinear dynamic anal-
ysis was performed assuming a damping ratio of 1%. The bridges were
subjected to a set of 45 accelerograms of interplate earthquakes and 45
seismic records of intraplate source. As an example of these analyses,
Fig. 9 shows base shear demands (V) vs. drift ratios (A/H) of pier 3
(M30P10-3 bridge), subjected to the CALE8509.191 seismic record.

Fig. 9a and b shows the bridge response in the longitudinal and
transverse directions, respectively. Fig. 9 also displays the bridge ca-
pacity curves obtained with the pushover analysis. These results showed
a good correlation with the hysteretic behavior obtained with the dy-
namic analysis. The longitudinal direction, with less stiffness than the
transverse direction, presented larger displacement demands. The
greater stiffness of the bridge in the transverse direction was evident in
the slope of the load-deformation curve.

Similarly, Fig. 10 shows base shear demands vs drift ratios of a
central pier (pier 3) of the C30P10-3 model subjected to the seismic
record SJLL204.01213. Figs. 10a and b shows the seismic response in the
longitudinal and transverse directions, respectively.

Unlike the previous case of multi-column piers, the seismic response
of the bridges with a substructure formed by single-column piers showed
similar behavior in both directions of analysis, whereas shear demands
from dynamic analysis were still higher in the longitudinal direction of
the bridge. An important difference between multi-column and single-
column pier bridges was the base shear capacity in both directions of
analysis. Single-column pier bridges presented similar base shear

capacities in the longitudinal and transverse directions, whereas multi-
column pier bridges showed notably higher base shear capacity in the
transverse direction than that of the longitudinal direction.

The overstrength of the bridges was determined by subjecting the
bridges to the set of seismic records scaled to reach the failure in the
concrete or the reinforcing steel. Fig. 11 shows the stress-strain curve of
one longitudinal reinforcement fiber (constitutive model of [27],
located at the column plastic hinge of the M30P10-3 bridge model (10a)
and C30P10-3 model (10b). Both diagrams also show the dynamic
behavior of the selected fiber. The steel stress-strain backbone curve,
from the elastic zone to the failure, satisfactorily encloses the
stress-strain behavior obtained with the dynamic analysis.

5. Overstrength factors

The overstrength factors for the longitudinal and transverse di-
rections of the bridges, subjected to the set of accelerograms from each
seismic source were obtained. The ratio of the ultimate base shear to
design base shear was determined with pushover analysis and nonlinear
dynamic analysis. The ultimate base shear was the base shear demand
when the bridge reached one of following failure mechanism: a collapse
mechanism achieved in any of the piers or a local collapse in a plastic
hinge attained when a tension strain demand in the longitudinal steel
equal its maximum capacity or a compression strain in a concrete fiber
reached its maximum capacity. The latter was determined with the
moment-curvature relationships of each plastic hinge. As mentioned
before, a significant number of published studies reports overstrength
factors based exclusively on nonlinear static analysis. The following
sections discuss the influence of the seismic source on the overstrength
factors computed with nonlinear static analysis and nonlinear dynamic
analysis.

5.1. Interplate earthquakes

5.1.1. Bridges with span length of 30 m
Fig. 12 shows the overstrength factors, in both directions of the 30 m
span bridges with frame-type substructure (M30), obtained with
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Table 1
Numerical model characteristics of the bridges (adapted from [20].
Model ID Span Pier height  Bridge Column Steel Model ID Span Pier height  Bridge Column Steel
length (m) (m) location diameter (m) ratio (%) length (m) (m) location diameter (m) ratio (%)

M30P05- 30 5 LS 0.90 2.9 M50P05- 50 5 LS 0.95 3.2
1 1

M30P05- MS 1.05 2.9 MS50P05- MS 1.10 29
2 2

M30P05- HS 1.25 3.0 M50P05- HS 1.30 2.8
3 3

M30P10- 10 LS 0.95 3.2 MS50P10- 10 LS 1.05 29
1 1

M30P10- MS 1.15 3.0 M50P10- MS 1.25 3.2
2 2

M30P10- HS 1.50 3.0 M50P10- HS 1.55 3.0
3 3

M30P15- 15 LS 1.12 2.9 M50P15- 15 LS 1.18 3.0
1 1

M30P15- MS 1.25 3.1 M50P15- MS 1.30 3.2
2 2

M30P15- HS 1.65 3.1 M50P15- HS 1.75 3.0
3 3

M30P20- 20 LS 1.30 2.9 M50P20- 20 LS 1.35 2.9
1 1

M30P20- MS 1.45 2.9 M50P20- MS 1.50 2.9
2 2

M30P20- HS 1.80 2.9 M50P20- HS 1.85 3.0
3 3

C30P05- 30 5 LS 1.60 2.8 C50P05- 50 5 LS 1.70 2.9
1 1

C30P05- MS 1.80 2.8 C50P05- MS 1.90 2.8
2 2

C30P05- HS 2.05 3.1 C50P05- HS 2.20 29
3 3

C30P10- 10 LS 1.75 3.1 C50P10- 10 LS 1.90 3.0
1 1

C30P10- MS 2.10 2.8 C50P10- MS 2.20 2.8
2 2

C30P10- HS 2.50 3.0 C50P10- HS 2.55 3.0
3 3

C30P15- 15 LS 1.90 29 C50P15- 15 LS 2.00 29
1 1

C30P15- MS 2.25 3.0 C50P15- MS 2.35 3.0
2 2

C30P15- HS 2.80 3.1 C50P15- HS 2.90 2.9
3 3

C30P20- 20 LS 1.75 3.0 C50P20- 20 LS 1.90 2.8
1 1

C30P20- MS 2.40 3.1 C50P20- MS 2.40 3.1
2 2

C30P20- HS 3.10 3.0 C50P20- HS 3.20 2.8
3 3

pushover (PO) and dynamic (DYN) analyses of the bridges located in the
zones of low (LS), medium (MS) and high seismicity (HS). The bridges
were subjected to the set of accelerograms recorded in interplate
earthquakes. Fig. 12a presents the overstrength factors in the longitu-
dinal direction and Fig. 12b in the transverse direction. The horizontal
axis displays three rows for the low, medium and high seismicity, and
each row has the results of the pushover analysis (PO) and nonlinear
dynamic analysis (DYN) for pier heights in the range of 5-20 m. The
vertical axis shows the overstrength factor.

In the longitudinal direction, the pier height was found to have small
influence on the overstrength factors of the bridges located in the
highest seismic zone (HS). In this case, the overstrength factors varied in
the ranges of 1.9-2.0 and 2.1-2.5 for the pushover and dynamic ana-
lyses, respectively. On the contrary, the overstrength factors showed a
clear dependence on the pier height in the medium and low seismic
zones; the higher the pier, the greater the overstrength factor. In the
zone of medium seismicity, the factors were in the ranges of 2.3-5.2 and
2.4-5.2 for the pushover and dynamic analyses. In the low seismic zone,
these intervals were in the range of 2.8-8.6 and 2.7-7.7. Higher bridges
showed important differences in overstrength factors when going from

zones of low to high seismicity, and the low seismic zone presented the
greatest differences in the overstrength factors computed with nonlinear
static and dynamic analyses.

In most cases, pushover analyses overestimate the overstrength fac-
tors, particularly in the bridges located in low seismicity areas. Pushover
analyses overestimate the bridges overstrength because this methodol-
ogy applies a monotonic load in each horizontal direction of the bridges
independently. In the nonlinear dynamic analyses, the three orthogonal
components of the seismic records (two horizontal and one vertical)
were applied simultaneously. When ground accelerations act simulta-
neously in two horizontal and one vertical directions, the fiber strains in
columns reach the failure limit state faster and, therefore, lower over-
strength factors were obtained.

In the transverse direction (Fig. 12b), the increase of pier height
reduced the overstrength factor and the maximum values were lower
than those obtained in the longitudinal direction. The overstrength
factors of the bridges located in the high seismic zone were in the range
of 2.7-6.0 and 2.4-4.6, for the pushover analysis and the dynamic
analysis, respectively. These ranges were 2.5-6.0 and 2.0-4.4 for the
medium seismic zone and 2.9-5.9 and 2.5-5.0 for low seismic zone. The
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differences among the overstrength factors obtained with the two
methodologies were more notable in this direction, particularly in the
lower height bridges.

In the longitudinal direction, an increase in pier height led to a rise in
the overstrength factor in the low and medium seismic zones. As the
bridge height grows, there is an increase of displacement demands
generating an important contribution of the soil-abutment in the over-
strength factors. When moving from low to high seismicity zones, the
trend of overstrength factors is different mainly because the design ac-
tions in low and medium seismicity zones have moderate participation
of seismic loads and high contribution of gravity loads that increase
overstrength factors. The seismic loads of the bridges on the high seis-
micity zone had the most important contribution in the design actions
for all bridge heights, producing in this case similar overstrength factors.

In the transverse direction, frame-type piers formed by four columns
and a cap beam support the bridge. The increase of the pier height
reduced the overstrength factor; Jain and Navin [13]; and Mehanny and
ElHoeary [15] in multi-story framed structures, reported similar results.
In the high seismic zone, the increase of the pier height always reduced
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the overstrength factor. However, in the two remaining seismic zones,
initially the overstrength factor decreased with the increase of pier
height and subsequently grew slightly.

Fig. 13 shows the results for bridges with span of 30 m supported by
single-column piers. Fig. 13a shows the overstrength factors for the
longitudinal direction and Fig. 13b for the transverse direction.

Analogous to bridges formed by frame-type piers, in the longitudinal
direction the overstrength factor increased with the increase in the pier
height, although the increase rate was lower. This behavior showed that
overstrength grows with structural redundancy. In the high seismic
zone, both substructure types produced overstrength factors practically
independent of the pier height, and both methodologies of analysis led
to similar results. In this direction of analysis, the overstrength factors
obtained with the pushover analysis were in the range of 2.7-3.1,
3.4-4.2 and 4.1-6.4, for the high, medium and low seismic zones,
respectively, whereas dynamic analysis led to overstrength factors in the
range of 2.7-3.1, 2.9-4.5 and 3.9-4.7, for the three seismic zones.

The transverse direction of the bridges with single-column piers
displayed similar trends of overstrength factors observed in bridges
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Fig. 13. Overstrength factors of single-column 30 m span bridges. (a) Longitudinal direction and (b) transverse direction.

supported by multi-column piers, although the overstrength factors
were lower. In this case, the overstrength factors obtained with pushover
analysis were in the range of 1.7-2.1, 2.0-2.4 and 2.4-3.1 for the high,
medium and low seismic zones, respectively, and dynamic analysis
produced overstrength factors in the range of 1.6-2.2, 1.9-2.4 and
2.4-3.4. Clearly, both types of analysis led to similar overstrength
factors.

5.1.2. Bridges with span length of 50 m

Fig. 14 shows the overstrength factors in both directions of the 50 m
span bridges supported by multi-column piers, subjected to the set of
accelerograms recorded in interplate earthquakes. In general, over-
strength factors presented similar trend in both directions of the 30 m
span bridges. In the longitudinal direction, the increase of pier height led
to a rise in overstrength factors, whereas in the transverse direction,
overstrength factors decreased with the pier height increase. Both
methodologies of analysis yielded to differences in overstrength factors
like those differences obtained in the analysis of 30 m span bridges.

In the longitudinal direction, pushover and dynamic analyses led to
overstrength factors in the range of 1.7-7.4 and 1.8-8.4, respectively.
These intervals were similar to those obtained in the analysis of 30 m
span bridges (1.9-8.6 and 2.1-7.7). In the transverse direction, pushover
analysis led to overstrength factors in the range of 1.8-6.2 and 1.6-4.6
for the 50 m and 30 m span bridges, respectively, whereas dynamic
analysis produced overstrength factors in the range of 1.6-4.6 and
2.0-5.0 for both span lengths.

Fig. 15 shows the overstrength factors of the 50 m span bridges
supported by single-column piers. Although the overstrength factors
were slightly lower than those obtained for the 30 m span bridges, the
trends observed in both directions of the bridges were similar. In the
longitudinal direction, the overstrength factors were in the range of
2.5-5.4 with pushover analysis (2.7-6.4 for the 30 m span bridges).
Dynamic analysis led to overstrength factors in the range of 1.4-3.1 and
1.6-3.4 for 50 m and 30 m span bridges, respectively. Again, pushover
analysis overestimates the overstrength factors.

M50P20

Overstrength Factor

O N A O ®

PO DYN PO DYN

(a)

PO DYN PO DYN

5.2. Intraplate earthquakes

5.2.1. Bridges with span length of 30 m

Fig. 16 shows the overstrength factors for the 30 m span bridges
supported by multi-column piers (M30) and single-column piers (C30).
The dynamic analysis of the bridges subjected to the set of accelero-
grams recorded in intraplate earthquakes reduced, in general, the
overstrength factors obtained with the seismic records of subduction
earthquakes. This behavior shows the influence of the frequency con-
tents of the seismic movements, parameters not included in pushover
analysis. The accelerograms recorded from intraplate earthquakes pre-
sented larger spectral amplitudes for the bridges’ fundamental periods
than those of the subduction records.

Although the overstrength factors of the bridges subjected to intra-
plate earthquakes were smaller, the trend, as a function of the pier
height and seismicity level, is similar for both seismic sources. Pushover
analysis overestimates overstrength factors, particularly in bridges
supported by multi-column piers. The effect is more noticeable because
the seismic component in the transverse direction of multi-column
bridges had greater participation in the seismic response of the
bridges than its participation in single-column bridges. The above is
explained by observing the fundamental periods in the longitudinal and
transverse directions of the bridges with both substructure types and the
response spectra of Fig. 2; whereas the fundamental period in the
transverse direction of the multi-column bridges is reduced with respect
to their fundamental period in the longitudinal direction, leading the
bridge to spectral zones of higher amplitude, the opposite occurs in
single-column bridges. The greater participation of the transverse
seismic component in multi-column bridges makes the difference be-
tween pushover analyses and dynamic analyses more evident.

5.2.2. Bridges with span length of 50 m

Fig. 17 shows the overstrength factors for the bridges with span
length of 50 m subjected to accelerograms recorded in intraplate
earthquakes. Again, this set of ground motions reduced the overstrength
factors obtained with the analysis of the bridges subjected to seismic
records produced in interplate faults. The influence of pier heights and
seismic zones on overstrength factors was similar for both groups of
seismic records.

M50P05

Overstrength Factor
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(b)
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Fig. 14. Overstrength factors of multi-column 50 m span bridges. (a) Longitudinal direction and (b) transverse direction.
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Fig. 15. Overstrength factors of single-column 50 m span bridges. (a) Longitudinal direction and (b) transverse direction.
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Despite that in general terms the pushover analyses continue to
overestimate the overstrength factors, the differences between the
overstrength obtained with the nonlinear static analysis and the dy-
namic analysis in the 50 m span bridges, were slightly smaller.

5.3. Capacity curves

For a better understanding of the trend observed in overstrength
factors obtained in the previous section for each seismic zone, the
following figures show the design base shear and the shear seismic ca-
pacity of the M30P05 and M30P20 bridges, calculated with pushover
analysis in the longitudinal and the transverse directions. Fig. 18 shows
base shear force (vertical axis) vs lateral displacement of the bridge
(horizontal axis) in the longitudinal direction. Moving the bridge loca-
tion from the high to low seismicity zone accentuated the difference
between the overstrength factors of the 5 m and 20 m high bridges.
While the ratio of ultimate base shear (V) to design base shear (Vq1) in
the three seismic zones, was similar for the 5 m high bridges, this ratio

Soil Dynamics and Earthquake Engineering 157 (2022) 107273

was strongly dependent on the seismic zone for the 20 m high bridges.
The design base shear in 20 m high bridges grows in greater proportion
than the ultimate base shear, when moving from low to high seismicity
zones, which justifies the observed behavior in overstrength factors.
Fig. 16 also shows the overstrength factors for the 5 m high bridge, qq,
(H = 5 m), and for the 20 m high bridge, qg, (H = 20 m).

Fig. 19 shows the design and ultimate base shear in the transverse
direction of the M30P05 and M30P20 bridges. In this direction, the
overstrength factors had a different trend than that observed in the
longitudinal direction. When moving the bridge location from the low
seismic zone to the high seismic zone, the overstrength increases. The
frame-type behavior in this direction produced a significant increase of
the ultimate base shear of the bridges located in the zone of low seis-
micity to the bridges located in the zone of high seismicity [13]. and
Mehanny and El Howary [15] had previously reported this trend of
behavior.
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Fig. 18. Capacity curves in the longitudinal direction of the M30P05 and M30P20 bridges. (a) Low seismic zone; (b) medium seismic zone and (c) high seismic zone.
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Fig. 19. Capacity curves in the transverse direction of the M30P05 and M30P20 bridges. (a) Low seismicity zone; (b) medium seismicity zone and (c) high seis-

micity zone.
5.4. Influence of the bridge location and seismic source

Fig. 20 shows the overstrength factors of the 30 m span bridges
supported by multi-column and single-column piers. Figs. 20a and b
displays the overstrength factors of the M30 bridges in the longitudinal
and the transverse directions, respectively. Similarly, Figs. 20c and
d presents the results of the C30 bridges in both directions of analysis.
Each diagram shows six curves for the three bridge locations and the
three seismic zones. S stands for subduction earthquakes (interplate), N
stands for normal fault earthquakes (intraplate), while HS, MS and LS
display the results for bridges located in high, medium and low seismic
zones, respectively.

The overstrength factors in the longitudinal direction of the bridges
located in zones of medium and high seismicity, presented very similar
values for the two groups of seismic records. However, in the low seis-
micity zone, the differences between the two seismic sources were more
significant, particularly in bridges supported on multi-column piers.

Again, in the transverse direction, the low seismicity zone showed
that overstrength factors were clearly dependent on the seismic source.
E.g., the 20 m high bridge supported by frame-type piers, located in the
low seismic zone, displayed overstrength factors in the range of 2.3-3.8,

12

as a function of the seismic source of the ground motions.

Fig. 21 shows the overstrength factors of the 50 m long bridges. Apart
from the bridges in the medium seismic zone, the overstrength factors in
the longitudinal direction were entirely similar for the two groups of
seismic sources. The most important impacts of the seismic source on
overstrength factors of the bridges located in the medium seismicity
zone were for 15-m and 20-m high bridges. The 15 m high bridges
supported by multi-column piers had overstrength factors of 4.0 and 5.1
for interplate and intraplate faults, respectively, and the 20 m high
bridge supported by single-column piers presented overstrength factors
of 4.7 and 3.8 when subjected to the set of interplate and intraplate
accelerograms.

Unlike the 30 m span bridges, in the transverse direction of the 50 m
span bridges, the overstrength factors obtained with the accelerograms
of the two seismic sources are closer to each other when the sub-
structures are composed by multi-column piers. The 50 m span bridges
formed with single-column piers in low seismicity zone presented the
greatest difference in the overstrength factors: 2.2 for interplate events
and 2.8 for intraplate events.

Previous results showed that the overstrength factors of medium-
length bridges depended on the seismic source, piers height, seismic
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transverse direction of M30 bridges; (c) longitudinal direction of C30 bridges and (d) transverse direction of C30 bridges.
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Fig. 21. Overstrength factors of the 50 m span bridges subjected to interplate (S) and intraplate (N) seismic records. (a) Longitudinal direction of M50 bridges; (b)
transverse direction of M50 bridges; (c) longitudinal direction of C50 bridges and (d) transverse direction of C50 bridges.

location of the structures and the direction of analysis. Other authors
(Jain and Navin, 1995 [14,15,17]; found similar results. The bridges
located in zones of low seismicity showed more dependency on the
seismic source that could justify the use of two different expressions to
obtain the overstrength factors, as a function of the seismic source with
more contribution in the site seismic hazard.

5.5. Comparison of overstrength equations

Based on the previous results, a polynomial regression was

13

performed to propose equations for the overstrength factors as a func-
tion of the variable T (H/L), for each group of seismic records (interplate
and intraplate sources) and for each substructure type (multi-column
and single-column piers). T is the fundamental period of the bridge in
the direction of analysis, H is the pier height, and L is the span length. To
show the influence of the seismic source on the overstrength factors,
Fig. 22 presents six diagrams corresponding to the equations obtained
for each seismic source and seismic location of the multi-column
bridges. Fig. 22 also shows overstrength factors obtained in the study
of Sanchez et al. [20]; where a set of accelerograms from various seismic
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Fig. 22. Comparison of overstrength functions for multi-column bridges obtained with accelerograms from interplate earthquakes (S), intraplate earthquakes (N)
and seismic records collected from more than one seismic source (all). Longitudinal direction (a-c) and transverse direction (d-f).

sources was used to assess overstrength factors. The curves follow the
notation: X LS, X_ MS and X _HS, where X is the seismic source, namely S
(interplate earthquakes) and N (normal fault, intraplate earthquakes),
and LS, MS and HS stand for low seismicity, medium seismicity and high
seismicity, respectively. The equations proposed in the study of Sanchez
et al. [20]; are identified as Low_all, Med_all and High_all for the three
seismic locations of the bridges. The diagrams (a-c) present the longi-
tudinal direction of the bridges and the diagrams (d-f) display the
transverse direction.

To evaluate the overestimation or underestimation of the over-
strength factors, it was determined the ratio of the overstrength factors
obtained for each seismic source (S = subduction; N = Normal) to
overstrength factors attained when using the equations based on the
suite of accelerograms from various sources (All), for each T (H/L) value.
Table 2 shows the maximum and minimum values of the overstrength
ratios. Values above 1, indicate that combining seismic records from
various sources leads to underestimated overstrength factors, whereas
ratios below 1 imply the opposite (overestimation).

The overstrength underestimation can be up to 15% in the transverse
direction of bridges supported in multi-column piers, located in areas of
low seismicity, and the overestimation can reach up to 17% (inverse of

0.85). If a value of 10% is considered as an acceptable limit of the
overstrength underestimation or overestimation, it is suggested to use an
individual equation to calculate the overstrength factors for each seismic
source in the cases shown in Table 3. These cases are: a) longitudinal
direction of bridges supported on multi-column piers, located in a zone
of medium seismicity and b) transverse direction of bridges supported
on multi-column piers, located in a zone of low seismicity. The use of
one or the other equation would depend on the seismic source that most
contributes to the seismic hazard at the site of the bridge location. In the
other cases, the equations proposed in Sanchez et al. [20]; which do not
make any distinction from the seismic source, could be used. The coef-
ficient of determination R? was in the range of 0.86-0.94.

The equations in Table 3 lead to overstrength factors of the bridges in
the range of 1.6-6.9. Other authors reported in RC buildings over-
strength factors in the range of 2.0-7.7 [10,11,14]. Kappos et al. [17]
report overstrength factors for bridges in the range of 1.2-5.8. The
force-reduction factors R that include ductility and overstrength in the
AASHTO code [29] for single-column piers are in the range of 1.50-3.0
and for multi-column piers are in the range of 1.50-5.0. In AASHTO
approach, the overstrength is the minimum possible value because it is
assumed an elasto-plastic behavior without including the strain

Table 2
Maximum and minimum overstrength ratios. Seismic records from single seismic source (S, N)/combinations of seismic records from more than one seismic source
(AlD.
Type of Pier Direction Seismicity Ratio (S or N/All)
Multi-column (S/AlDmax (S/AlDmin (N/AIDmax (N/AIDmin
Longitudinal Low 1.08 0.99 1.01 0.92
Medium 1.14 0.95 1.05 0.86
High 1.06 0.98 1.00 0.97
Transverse Low 1.15 1.00 1.00 0.85
Medium 1.02 0.96 1.03 0.98
High 1.01 0.94 1.06 0.99
Single-column Longitudinal Low 1.05 0.96 1.04 0.95
Medium 1.06 0.97 1.03 0.94
High 1.01 0.98 1.04 0.99
Transverse Low 0.98 0.94 1.07 1.03
Medium 1.06 0.96 1.03 0.94
High 1.09 1.00 0.99 0.94
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Table 3
Equations to evaluate overstrength factors for 30 m and 50 m span bridges.
Bridge pier Direction Seismic intensity zone Seismic fault Overstrength function R?
i- i TH. TH.
Multi-column L Medium S 4 = 2‘06<T)2 4 0‘64(T) 11.92 0.93
TH. TH,
N g = 07902+ 291(7) + 133 0.91
TH TH
T Low § g = 10.85(—)* ~ 1382() + 6.69 0.94
TH. TH,
N gs = 9.21(=5)% — 13.02(~) + 6.57 086
L L
9 9 9
—e—Low_all s —==-5_Ms —e—High_all
—POLS N_ms —4-PO_High
L .7 —+PO_Med .
o <] 2
E 6 fu 6 86
s s s
6 3 5 3 S 3
2 2 ? rrrrrrrrrrrTIIL L
1 1 1
[ 0.25 0.5 0.75 1 1.25 15 o 0.25 0. 0.75 1 1.25 [ 0.25 0.5 0.75 1
THL) TH/L) T(HA
(a) (b) (c)
9 9
° ——Med_all —e—High_all
8 8
8 —4-PO_Med —4-PO_High
5 7 L7
5 2 g
g6 g6 g
g ) )
g’s gs §s
£4 £a Ea
f E H
3 3 3
2 2 2
1 1 1
] 0.25 0.5 0.75 1 [ 0.25 0.5 0.75 1 [ 0.25 0.5 0.75 1
T THA) T(H/L)

(d)

(e)

(f)

Fig. 23. Comparison of overstrength functions for multi-column bridges obtained with dynamic (S, N, or all) and pushover analyses (PO). Longitudinal direction (a-

¢) and transverse direction (d-f).

hardening region.

To evaluate the applicability of pushover analysis to assess over-
strength factors, Fig. 23 shows a comparison of the overstrength factors
obtained with the proposed equations (based on dynamic analyses) and
those calculated with the non-linear static analyses for the bridges
supported in multi-column piers. Whereas the seismic source showed a
marginal influence in most of the cases analyzed, using a more refined
methodology (non-linear dynamic analysis) appreciably modifies the
results obtained with the pushover analysis. Although nonlinear static
analyses may underestimate or overestimate the overstrength, in most
cases the overstrength factors are overestimated, in relation to those

Table 4

calculated with dynamic analyses. Some diagrams show only two curves
(one for dynamic analysis and other for pushover analysis) and the
others have three curves (two for dynamic analysis of each seismic
source and one for pushover analysis), in the cases where different
overstrength functions are proposed for each seismic source.

Table 4 shows the maximum and minimum values of the over-
strength ratios (dynamic analysis/static analysis). Again, values above 1
indicate that using the equation obtained with pushover analysis un-
derestimates the overstrength factors and values below 1 overestimate
the bridge overstrength. In the cases with two equations, as a function of
the seismic source with the greatest contribution to the seismic hazard,

Maximum and minimum overstrength ratios. Overstrength factors from dynamic analysis/overstrength factors from static analysis.

Type of Pier Direction Seismicity Eq. Overstrength ratio (S,N, or All/PO)
Multi-column (S/PO)max (N/PO)max (S/PO)min (N/PO)min
Long Low All 1.07 0.82
Medium S,N 1.17 1.23 0.94 0.88
High All 1.41 1.09
Trans Low S,N 1.11 0.82 0.78 0.74
Medium All 0.94 0.73
High All 1.10 0.78
Single-column Long Low All 0.96 0.85
Medium All 1.10 0.90
High All 1.24 0.93
Trans Low All 1.16 0.97
Medium All 1.11 0.77
High All 1.05 0.84
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two overstrength ratios are presented.

Overstrength factors can be underestimated by up to 41% when
using pushover analysis, (longitudinal direction of multi-column piers,
in a zone of high seismicity) and overestimated by up to 37% (transverse
direction of multi-column piers, in a zone of medium seismicity). In
accordance with the previous results, the selection of the seismic records
to perform the dynamic analyses had less impact than the methodology
used (static or dynamic) to obtain the overstrength factors. Clearly,
pushover analyses overestimate most of the cases the overstrength
factors.

6. Conclusions

This study evaluated the effect of the seismic record selection from
two seismic sources, with independent occurrence processes that are
capable of generating large earthquakes, on the overstrength factors of
medium-length reinforced concrete bridges. It was also analyzed the
impact of the methodology used (nonlinear static analysis vs nonlinear
dynamic analysis) on the bridges overstrength. The analysis included
two span lengths (30 m and 50 m) and two types of substructures: multi-
column piers and single-column piers. The results allowed evaluating
overstrength factors for this type of bridges as a function of the seismic
source, seismic location of the bridge (low, medium and high seis-
micity), substructure type, direction of analysis and the applied meth-
odology. The results led to the conclusions described next.

Although there are important differences on the seismological pro-
cesses of interplate and intraplate earthquakes, the general trend of the
overstrength factors of the bridges as a function of the parameters
included, was similar in most of the cases. However, the overstrength
factors of multi-column bridges located in low and moderate seismic
zones showed more dependence on the seismic source used to collect the
seismic records for the dynamic analysis. This result, not reported in
previous studies, means that in sites where the seismic hazard is gov-
erned by more than one seismic source that can potentially cause
damage to bridges (regions along the Circum-Pacific Belt), overstrength
factors in bridge standards could be dependent on the bridges’
geographical location. Conversely, the seismic source had moderate
relevance on the overstrength factors for bridges located in areas of high
seismicity.

The change of the design base shear among the three seismic zones
studied was one of the most important parameters in the observed trends
of the overstrength factors as a function of the pier height. The appli-
cation of monotonic load in each direction of analysis independently,
commonly used in pushover analyses, overestimated in most cases the
overstrength factors determined with time history analysis based on
applying simultaneously the three orthogonal components of the seismic
movement.

Load combinations for bridges located in high seismicity zones
showed that seismic actions have the major impact in the bridge design,
and, in these cases, the increase of the pier height had less influence on
the overstrength factors. The comparable increase of the design base
shear and the base shear capacity in this seismicity zone justified this
behavior. However, in cases when gravity loads control the design ac-
tions (low seismicity regions for example), the increase of the pier length
increases the base shear capacity whereas the design base shear is
reduced, and the result is an increase of the bridge overstrength.

Soil-abutment contribution to the bridge capacity in the longitudinal
direction led to different trend of the overstrength factors, as compared
with the transverse direction where this contribution is negligible. These
results were observed in nonlinear static and dynamic analyses.

Finally, the applicability of the results and the proposed equations
are limited to the bridge characteristics and seismic parameters
comprised in this study. The bridges were reinforced concrete structures
with span lengths between 30 and 50 m, pier height in the range of 5-20
m and substructures formed by multi-column piers and single-column
piers. However, this group of structures corresponds to the most
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common bridges found in Mexico and other countries. Although the
design of the bridges was carried out for the live loads used in Mexico
and the bridges were located in three seismic zones of the Mexican
Republic, the general trends may be applicable in other sites of similar
seismicity. Due to the importance of overstrength factors in the design of
bridges in Mexico and other countries that use force-based design pro-
cedures, future studies should analyze bridges on flexible ground sites
and include the soil-structure interaction in the linear and nonlinear
analyses.

Additionally, future studies could also evaluate the effect of the type
of seismic source on the expected seismic response of the bridges by
using RotDNN spectra and starting from designing the bridges with the
displacement-based philosophy, which allows creating more realistic
models, particularly for the inelastic behavior, than bridges designed
with the current force-based design philosophy.
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