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Abstract

Colombia is experiencing a rapid economic growth leading to construction of several bridges to interconnect major
economic regions mainly located in high or intermediate seismic zones. The percentage of national population living in
seismic areas is approximately 87% highlighting the importance of appropriate implementation of seismic design
considerations in order to guarantee adequate infrastructure investment. Although the Colombian Bridge Construction
Code [1] allows multiple level design using multiple return periods depending on owners, bridges in Colombia are
mainly designed using a single level design defined by the 1000-year return period adopted from the LRFD
Specifications [2] and the LRFD Guide Specifications for Seismic Bridge Design [3]. The number of bridges
constructed in Colombia have increased in recent years and the main feature related to current Colombian bridge
construction is that the most widely used structural configuration corresponds to segmental box girder bridge, whose
design is mainly based on elastic models and therefore relies on the correct determination of the seismic response
modification factor. The Yati-Bodega bridge was constructed to connect the Magangué with Mompox cities becoming
in 2020 the largest bridge in South America with a total length of 2.3 Km, the bridge located over the Magdalena’s river
was constructed using segmental bridge construction. The 1995 Kobe and 2011 Tohoku earthquakes resulted in huge
economic losses and highlighted the necessity to address serviceability of bridges after major earthquake events leading
to new versions of bridge codes such as the Japanese Code [4] and the Canadian Highway Bridge Design Code [5] by
incorporating the use of quantitative criteria to evaluate the seismic bridge performance. The segmental bridge selected
in this study corresponds to the main bridge structure of the La Union viaduct located in Bucaramanga, Colombia and
having a central length of 111 m. and lateral lengths of 52.45 m and 55.5 m. The superstructure of the central bridge is
supported by two pairs of columns. The geometry selected for the columns corresponds to a rectangular hollow
prismatic with an external cross section of 6 m x 5 m, and an internal cross section of 5 m x 4 m, provided with a
constant wall thickness of 0.5 m. The pair of columns are separated to each other at a center-to-center distance of 11.2
m, with a height of 22 m. The cross section of the bridge corresponds to a tricellular concrete box girder of varying
height (2.5 m to 6 m) and constant width of 22.5 m. This seismic performance assessment of La Union viaduct is
carried out using prescriptions provided by the [5] and the British Columbia (Canada) Ministry of Transportation and
Infrastructure [6]. The numerical results obtained from a fiber-based finite element model using adaptive pushover and
time history nonlinear analysis are compared in terms of the design criteria and damage limit states provided by the
bridge codes [5] and [6]. The adaptive pushover analysis results show ductility reserve after reaching the serviceability
limit in the longitudinal direction. However, the ductility level is very limited in the transverse direction reaching the
ultimate limit state soon after the serviceability limit is achieved. This result is in accordance with the value of the
seismic modification factor (R=1.0) used in the design. The nonlinear time history time results show adequate seismic
performance of the bridge columns. It was possible to verify the seismic performance of the bridge at the serviceability
level using the design level defined by the 1000-year return period. No damage is induced in the columns due to the
effect of the scaling ground motions acting on the bridge.

Keywords: Segmental bridge, tri-cellular box girde; static-nonlinear analysis; nonlinear time history analysis; seismic
response modification factor.
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1. Introduction

Colombia economic growth depends in part on improving the connectivity to international markets
through the construction of modern transportation networks. Road infrastructure plays a major role in
connecting major national centers of commerce and industry due to the national mountainous
topography and lack of rail infrastructure development. On the other hand, construction of river port
infrastructure is still too slow to meet national economic demands. The percentage of national
population living in seismic areas is approximately 87% highlighting the importance of appropriate
implementation of seismic design considerations in order to guarantee adequate infrastructure
investment. In addition, modern road design standards are undergoing a continuous evolution
demanding long-lasting infrastructure and environmentally friendly construction practices. Bridge
engineering has been strongly linked to relevant advances in areas such as materials, construction
processes, and modeling. Thus, segmental bridge construction has been widely used and therefore
becoming a safe and economical construction process that can be implemented in a variety of difficult
site conditions providing very economical solutions for long spans (over 100 meters), especially when
access to the construction site is limited. The use of nonlinear procedures in seismic assessment of
bridges has been gradually adopted due to the limitation of elastic models to predict the failure
mechanisms of bridges. Force-based methods are traditionally used in common practice by employing
a simple analysis which takes into consideration inelastic response based on the seismic response
modification factor provided by bridge codes. Modeling solutions provided by current software tools
include a variety of nonlinear procedures, making them available to structural engineers, but a survey
of seismic safety assessment of existing steel buildings conducted by [7] showed that only 42% of
practitioners in Portugal are familiarized with nonlinear static and dynamic procedures, and practical
applications of such procedures are only carried out by 20% of those who are familiarized, it is not
expected a situation better in Colombia than the situation at the present time in Portugal in this respect.

Modeling solutions provided by current software tools target the use of nonlinear analysis, but new
normative documents prefer nonlinear static analysis over nonlinear time-history analysis. In addition,
existing seismic safety assessment methodologies provided by various codes follow conceptually
different approaches related to Performance-Based Design (PBD) concepts and greatly rely on
nonlinear analysis procedures. [8] using state-of-practice software tools studied structural analysis
software tools commonly used by structural engineers to conduct nonlinear analysis of bridge
structures. Biaxial modeling of bridge components using fiber models are found to be more accurate
when adaptive pushover analysis is used due to the inclusion of higher mode effects and structure
degradation. The P213 PRECS bridge [9] was used to model the nonlinear response of the bridge
using the software tools Sap2000 [10] and the structural analysis software tool SeismoStruct
(http://www.seismosoft.com). Good matching was found in both static and dynamic nonlinear results
when the results provided by the two software tools are compared. [8] additionally highlighted that the
constant load pattern commonly used in conventional pushover analysis led to inaccurate response
predictions and concluded that adaptive pushover analysis using fiber-based finite element modeling is
a valid alternative approach to predict the nonlinear response of bridges. Seismic design must also
address serviceability of bridges after a major earthquake event and not only focus on collapse
avoidance by using performance levels in terms of damage states and design criteria. Several
contributions have been made to define appropriate damage limit states mainly proposed to assess the
performance of frame structures. Strain limit and interstory drift are the main parameters used by
several researchers to define damage limit states. The Japanese Design Specifications for Highway
Bridges [4] recommends multi-level seismic design using two levels of ground motion (Level 1 and
Level 2). Level 1 is defined as the most probable earthquake to occur during the service life of the
bridge targeting seismic performance to avoid structural damage and Level 2 is set to limited damage
ensuring a rapid recovery after earthquake using two types of earthquake motion (Type I and Type II).
Type I is associated to a ground motion from large-scale subduction-type earthquake and Type II is
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associated to near-field shallow earthquakes. Damage limit states in reinforced concrete columns are
defined as SPL2 (repairable limit state) and SPL3 (ultimate limit state) related to residual flexural
cracks or minor spalling of cover concrete and condition just before buckling of longitudinal
reinforcement, respectively. A new equation was incorporated in the revised version of the code in
2012 and was developed to estimate plastic hinge length in reinforced concrete columns. The main
parameters used in the above mentioned equation are the yield strength of the longitudinal
reinforcement, the diameter of the longitudinal reinforcement, the spring stiffness provided by the
transverse reinforcement and the spring stiffness provided by concrete cover. In addition, reinforced
concrete bridge columns with hollow sections must have a solid section in the plastic hinge regions
and haunches must also be used at the four corners inside the hollow section [11]. [5] and [6] also
adopted a multi-level seismic design using two-level design criteria defined by 475-year and 2475-
year return periods. The damage limit states provided by the [5] are concrete compressive strain (&)
limited to 0.004 and steel strain (&) limited to strain at yield for 475-year return period. The 2475-year
return period damage limit states are defined by concrete compressive strain limited to ultimate
compressive strain (g.,) and steel strain limited to 0.05. On the other hand, the damage limit states
provided by the [6] are concrete compressive strain limited to 0.006 and steel strain limited to 0.01 for
475-year return period. The 2475-year return period damage limit states are defined by concrete
compressive strain limited to 80% ultimate compressive strain (€.,) and steel strain limited to 0.05.

[12] conducted a thorough investigation using 10 bridge codes including the above mentioned bridge
codes to review current practice of performance-based seismic design of bridges. It is highlighted by
the authors that the consensus in bridge engineering has not been achieved in terms of design criteria
and therefore a comparative study was conducted in order to analyze the design criteria adopted in 10
bridge design specifications. A static nonlinear procedure is used for comparison of different design
code criteria showing that the Canadian Highway Bridge Design Code [5] is the most stringent bridge
code. It is also important to note that according to the authors the bridge specifications [2] and [3]
adopted a single level design using a 1000-year return period after rejecting a previously proposed
two-level design criteria based on 100-year and 2500-year return periods. The Colombian Bridge
Construction Code [1] adopted from [2] the multiple level design as not mandatory. [12] also
recommend the use of innovative seismic design approaches such as base isolators and Buckling
Restrained Braces (BRB). Finally, [12] noted that PBD opens the door to the development of
structural systems that can perform better than bridge structures designed following existing code
prescriptions. Recent events in Colombia had shown the necessity of implementing new design
verification procedures in accordance with the [1]. Although the [1] allows multiple level design using
multiple return periods depending on owners, bridges in Colombia are mainly designed using a single
level design defined by the 1000-year return period adopted from [2] and [3]. The number of
segmental bridges constructed in Colombia have increased in recent years. The Yati-Bodega bridge
was constructed to connect the Magangué with Mompox becoming in 2020 the largest bridge in South
America with a total length of 2.3 Km, the bridge located over the Magdalena’s river was constructed
using the segmental bridge construction method. Urban bridges such as Moravia bridge and La Union
viaduct are also examples of segmental bridge construction, these bridges are located in Medellin and
Bucaramanga, respectively. La Union viaduct helped to significantly decrease traffic congestion in
Bucaramanga and Floridablanca Municipalities. One special feature related to La Union viaduct is that
the Bucaramanga nest is one of the most seismically active regions in the world and therefore special
attention must be given to infrastructure construction. The objective of this study is to assess the
seismic performance of a recently constructed segmental bridge called La Union viaduct based on a
fiber-based finite element model of the bridge using non-linear analysis to study the ductility capacity
of the bridge and to evaluate the seismic response modification factor employed in the design. The
damage state limits provided by [5] for multi-level seismic design are used to determine the level of
performance of the bridge. Potential earthquake hazards in the bridge site are also considered to study
the seismic performance of the bridge.
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2. Case study

2.1 Bridge characteristics

The segmental bridge selected in this study corresponds to the main bridge structure of the La Union
viaduct located in Bucaramanga, Colombia and having a central length of 111 m. and lateral lengths of
52.45 m and 55.5 m as shown in Fig. 1. The superstructure of the central bridge is supported by two
pairs of columns. The geometry selected for the columns corresponds to a rectangular hollow
prismatic with an external cross section of 6 m x 5 m, and an internal cross section of 5 m x 4 m,
provided with a constant wall thickness of 0.5 m. The pair of columns are separated to each other at a
center-to-center distance of 11.2 m, with a height of 22 m. The foundation system corresponds to a
rectangular concrete reinforced structure of 20 m x11 m, supported on a set of 15 piles of 1.5 m in
diameter and lengths of 20 m and 25 m. The cross section of the bridge corresponds to a tricellular
concrete box girder of varying height (2.5 m to 6 m) and constant width of 22.5 m as shown in Fig. 2.

2.2 Finite element model of the bridge

The information provided by the bridge owner (Government of the Department of Santander) was
used to assemble the finite element model of the bridge. The weight of the materials was also taken
from the above mentioned information. The modeling approach for the bridge was selected based on
the modeling recommendations provided by [8]. Fiber-based finite element modeling is then used to
assemble the FE model of the bridge using the software tool [13] and the modeling procedure
proposed by [14]. Elastic frame elements are used to model the tricellular concrete box girder of the
bridge, all superstructure loads are considered in the finite element model using the load values
provided by the bridge owner, the compressive strength of concrete for the segmental beams is 35
MPa, Young’s modulus is numerically determined in accordance with the recommendation provided
by [1]. Detailed information regarding the double column supports of the bridge was used to assemble
the fiber-based nonlinear finite elements of the double column supports. The specified compressive
strength of concrete defined by the columns is 28 MPa. The connection of the double-column supports
to the deck is modelled using the elastic element with increased torsional stiffness, the top beam is
assumed to be rigid in the plane of the deck and the two double-column supports are assumed to be
fixed at the base. Additional information related to the nonlinear modeling considerations can be
found in [14]. Fig. 3 shows the finite element model of the bridge.
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Fig. 1 —La Unidén Viaduct (Side view). Source: Government of the Department of Santander.
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Fig. 3 - La Union Viaduct (fiber-based nonlinear model). Source: The authors.

2.3 Seismic ground motions

[15] conducted a sensitivity analysis of a long stone bridge using near- and far- field earthquake
records. Actual earthquake records were available to the bridge site and were used to study the
response of the bridge under the action of a near-field earthquake. 4 real earthquake ground motions
were used by the authors, 2 near-field ground motions and 2 far-field ground motions. One of the main
conclusions derived from this study is that far-field earthquake effects are more severe than near-field
earthquake effects of same peak ground acceleration, and damageability of earthquakes can be
correlated to Arias intensity (IA). [15] pointed out that if the value of the input energy is larger than
the dissipation capacity of the structure, progressive damage is expected to occur in the structure
leading eventually to structural collapse. [16] conducted a seismic vulnerability study of a three-span
continuous highway bridge using near-fault, far-field and long durations ground motions. Based on
code regulations [17] near-fault earthquake is assumed in this study if the bridge is within 15 Km of a
fault. [16] highlighted that near-fault motions are characterized by large ground displacements, peak
velocities, and long period velocity pulse generating high input energy on structures. It is also
mentioned that Arias significant duration (Ds) is an important parameter to differentiate near-fault and
far-field earthquakes, Ds is then defined when the 90% of the seismic energy is carried by the time-
history, commencing at the time at which the Arias intensity reaches a specified absolute level, 5%
and 95% are commonly used to limit the time-history record. [16] defined long duration motions if the
value of Dsse.-05 is larger than 30 sec.

The seismic hazard at the bridge site is also considered based on the information provided by the
bridge owner. In situ down-hole shear wave velocities are obtained before construction of the bridge.
Shear wave velocities calculated down to a depth of 30 m (VS30) varied between 371 m/s and 481 m/s.
According to the seismological hazard defined by the bridge site, the earthquake environment of far-
field earthquake effects and near-field earthquake effects are also identified in La Unidn viaduct site.
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Near-field earthquakes are therefore associated to the Bucaramanga-Santa Marta fault and far-field
earthquakes are associated to the Piedemonte Ilanero fault. The selection of representative earthquake
records must satisfy the following magnitude and fault distance range conditions: near-fault ground
motions Mw=[5.6-6] and R=[13-25] Km and far-field ground motions Mw=[6.8-7.5] and R=[60-80]
Km. As previously mentioned, [1] adopted a single level design using a 1000-year return period, the
software tool [13] is used to select ground motions records according to the above mentioned
parameters and perform the respective adjustment to the elastic target spectrum defined by the [1]. 3
near-fault and 3 far-field ground motions are then acquired from Pacific Earthquake Engineering
Research (PEER) Centre earthquake database [19] based on the matching and scaling results provided
by the software tool [18]. Dss«-95% values are computed using the software tool Deepsoil [20]. Table 1
shows the characteristics of the selected near-fault and far-field ground motions. Fig. 4 and 5 show the
selected ground motions and elastic target spectrum for the near-fault and far-field ground motions,
respectively. The Iwate RSN 5492 is the only record that can be defined as long duration ground
motion according to [16].

Table 1 — Characteristics of the selected ground motions. Source: The authors.

RSN Earthquake  Station Year PGA(g) R (Km) Dss%-95% Vs3o(m/s) Scal. Fact.
4130 Parkfield Cany 1E 2004 0.30 18.76 6.315 381.27 1.00
4132 Parkfield Cany 2E 2004 0.26 19.64 5.750 467.76 1.27
4075 Parkfield W.Ranch 2004 0.30 13.18 2.765 446.50 1.51
5671 Iwate MYGO012 2008 0.10 79.70 24.21 407.86 3.27
5239 Chuetsu-oki NGNH29 2007 0.10 71.88 18.62 464.92 3.48
5492  TIwate AKTHI6 2008 0.11 73.10 41.19 375.00 3.16

Period (sec)

Target Spectrum — Average Spectrum
=R = Lower Target Spectrum Threshod ===== Upper Target Spectrurn Threshod
RSN @ 4130 RSM @ 4132

REM ;4075

Fig. 4 - Target spectrum CCP-14 for the near-fault ground motions. Source: The authors.
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Fig. 5 - Target spectrum CCP-14 for the far-field ground motions. Source: The authors.

3.

3.1 Static analysis

Nonlinear analysis

Based on the recommendations provided by [8] an
conduct the seismic performance assessment of La

adaptive pushover analysis is selected in order to
Union viaduct using the prescriptions provided by

the [5]. The inelastic base shear (Vsq) is obtained, at each load step, through a series of lateral loads
applied to the bridge, when the bridge reaches a determined damage limit state the value of the
corresponding inelastic base shear is computed. Fig. 6 and 7 show the inelastic base shear (V) vs
displacement of a single column in the longitudinal and transverse directions, respectively. Table 2
shows the code comparison in terms of the design criteria provided by [5] and [6] based on the
concrete compressive strain (g;), the ultimate concrete compressive strain (€q) and steel strain (g;) for

475-year and 2475-year return periods.
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Fig. 6 — Capacity curve (longitudinal direction). Source: The authors.
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Fig. 7 - Capacity curve (transverse direction). Source: The authors.
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Table 2 — Code comparisons in terms of damage limit states longitudinal direction. Source: The

authors.
Code Criteria Vg (kN) Lat. disp. (m)  Drift (%)
CSA S6-14, Rebar 475 years gs<yielding 8859.941 0.145 0.66
CSA S6-14, Concrete 475 years £.<£0.004 8859.941 0.145 0.66
CSA S6-14, Rebar 2475 years €,<0.05 15076.96 0.373 1.70
CSA S6-14, Concrete 2475 years €S €y 15456.42 0.327 1.49
BCMOT, Rebar 475 years £€,<0.01 15456.42 0.327 1.49
BCMOT, Concrete 475 years €:.<0.006 8859.941 0.145 0.66
BCMOT, Rebar 2475 years €,<0.05 15076.96 0.373 1.70
BCMOT, Concrete 2475 years €.< 80%¢.y 15456.42 0.327 1.49

Table 3 — Code comparisons in terms of damage limit states transverse direction. Source: The authors.

Code Criteria Ved (kN) Lat. disp. (m) Drift (%)
CSA S6-14, Rebar 475 years es<yielding 17832.46 0.115 0.52
CSA S6-14, Concrete 475 years £.£0.004 20778.19 0.129 0.59
CSA S6-14, Rebar 2475 years €,<0.05 20664.62 0.158 0.72
CSA S6-14, Concrete 2475 years €< Equ 20778.19 0.129 0.59
BCMOT, Rebar 475 years £,<0.01 17832.46 0.115 0.52
BCMOT, Concrete 475 years £.£0.006 17832.46 0.115 0.52
BCMOT, Rebar 2475 years €,<0.05 20664.62 0.158 0.72
BCMOT, Concrete 2475 years €. < 80%¢Ecy 20778.19 0.129 0.59

In the longitudinal direction, it is possible to observe that the bridge reaches the 475-year return period
limit state due to concrete strain for both codes [5] and [6]. In the transverse direction, the bridge
reaches the 475-year return period limit state due to rebar strain for both codes [5] and [6]. The
analysis of the results for the 2475-year return period indicates that the bridge exhibits higher ductility
in the longitudinal direction than in the transverse direction.

3.2 Time history analysis

As previously mentioned, [1] recommends a single level design defined by the 1000-year return period
adopted from [2] and [3]. To study the seismic performance of the bridge using the elastic target
spectrum defined by [1], the 6 scaling ground motions previously obtained are applied to the fiber-
based finite element model of the bridge for the seismic level design recommended by [1]. The
maximum value of the inelastic base shear (V) obtained from each time history response of a single
column is used to determine if the column has reached the design criteria values provided in Tables 2
and 3. As previously mentioned, the bridge must have adequate capacity to carry traffic in order to
provide serviceability after the occurrence of an earthquake, the adaptive pushover analysis showed
that the bridge reached the serviceability limit in the longitudinal direction at a lower value of V.
Although the serviceability limit is higher in the transverse direction, ductility is lower in that
direction. Tables 4 and 5 show the maximum values of the inelastic base shear (Vi) for a single
column obtained from the scaling ground motions.
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Table 4 — Nonlinear time history response (longitudinal direction). Source: The authors.

RSN  Earthquake  Station DSs%-95% Scal. Fact. Vsg(max.) (kN)
4130 Parkfield Cany 1E 6.315 1.00 7800.858
4132 Parkfield Cany 2E 5.750 1.27 7267.304
4075 Parkfield W.Ranch 2.765 1.51 5013.781
5671 Iwate MYGO012 24.21 3.27 9524.102
5239 Chuetsu-oki NGNH29 18.62 3.48 7467.209
5492 |wate AKTH16 41.19 3.16 15525.37

Table 5 — Nonlinear time history response (transverse direction). Source: The authors.

RSN  Earthquake  Station DSs%-95% Scal. Fact. Vsa(max.) (kN)
4130 Parkfield Cany 1E 6.315 1.00 10378.62
4132  Parkfield Cany 2E 5.750 1.27 13706.77
4075 Parkfield W.Ranch 2.765 1.51 8460.120
5671 Iwate MYGO012 24.21 3.27 15450.93
5239 Chuetsu-oki NGNH29 18.62 3.48 13928.35
5492 |wate AKTH16 41.19 3.16 12669.56

The adaptive pushover results show that in the longitudinal direction the serviceability limit state
corresponds to a value of V=8859.941 kN and the ultimate limit state corresponds to a value of
V¢=15076.96 kN. The effects of near-fault ground motions are located below the serviceability limit,
but the effects of far-field ground motions are located above the serviceability limit and in the case of
the ground motion with the largest Ds 5%-95%, the corresponding value of Vg is similar to the limit
state value. In the transverse direction the serviceability limit state corresponds to a value of
Vs¢=17832.46 kN and the ultimate limit state corresponds to a value of V=20664.62 kN. The results
obtained from the nonlinear time history analysis show that the serviceability limit state defined by
either [5] or [6] is not reached for the design level defined by the 1000-year return period in the
transverse direction. These findings are similar to the ones found by [15] related to the fact that far-
field earthquakes are far more destructive than their near-fault counterparts. Finally, it is important to
note that the static nonlinear analysis provides useful information to more adequately interpret the
results from nonlinear time history analysis due to the determination of the ductility level of the
bridge, the case study shows significant differences in bridge performance depending on the direction
of action of the scaling ground motions.

4. Conclusions

Seismic assessment of a newly constructed segmental bridge is presented. Nonlinear analysis is
conducted using a fiber hinge finite element model to study the inelastic response of the bridge
columns. The multiple level design criteria proposed by the codes [5] and [6] is used to verify the
seismic performance of La Union viaduct. The adaptive pushover analysis results show ductility
reserve after reaching the serviceability limit in the longitudinal direction. However, the ductility level
is very limited in the transverse direction reaching the ultimate limit state soon after the serviceability
limit is achieved. This result is in accordance with the value of the seismic modification factor (R=1.0)
used in the design. The nonlinear time history time results show adequate seismic performance of the
bridge columns.
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It was also possible to verify the seismic performance of the bridge at the serviceability level using the
design level defined by the 1000-year return period. No damage is induced in the columns due to the
effect of the scaling ground motions acting on the bridge. Nevertheless, the design level defined by the
2475-year return period recommended by the [S] and [6] was not verified due to fact that the [1] does
not provide seismological hazard information for the bridge site. Nonlinear analysis provides valuable
information to validate the seismic response modification factor used in the design and early detect
deviations from code regulations in order to adopt prompt actions to improve the seismic performance
of the bridge or apply innovative solutions such as the ones mentioned in this study. Nonlinear
analysis procedures have the potential to produce bridge structures to be rapidly repaired during the
occurrence of an earthquake, even in cases where the return period level is achieved.
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