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Preface

MCEER is a national center of excellence dedicated to the discovery and development
of new knowledge, tools and technologies that equip communities to become more
disaster resilient in the face of earthquakes and other extreme events. MCEER accom-
plishes this through a system of multidisciplinary, multi-hazard research, in tandem
with complimentary education and outreach initiatives.

Headquartered at the University at Buffalo, The State University of New York, MCEER
was originally established by the National Science Foundation in 1986, as the first Na-
tional Center for Earthquake Engineering Research (NCEER). In 1998, it became known
as the Multidisciplinary Center for Earthquake Engineering Research (MCEER), from
which the current name, MCEER, evolved.

Comprising a consortium of researchers and industry partners from numerous disci-
plines and institutions throughout the United States, MCEER’s mission has expanded
from its original focus on earthquake engineering to one which addresses the technical
and socio-economic impacts of a variety of hazards, both natural and man-made, on
critical infrastructure, facilities, and society.

The Center derives support from several Federal agencies, including the National Sci-
ence Foundation, Federal Highway Administration (FHWA), and the Department of
Homeland Security /Federal Emergency Management Agency, State of New York, other
state governments, academic institutions, foreign governments and private industry.

The Center’s Highway Project, primarily funded by the FHWA since 1992, focuses on
the development of improved seismic design, evaluation, and retrofit methodologies
and strategies for new and existing bridges and other highway structures. Over the
years, MCEER has produced a new seismic retrofitting manual, consisting of two parts
(bridges and other highway structures), as well as research products on the seismic ret-
rofitting of truss bridges, seismic isolation manual and Risks from Earthquake Damage
to Roadway System (REDARS).

In 2007, MCEER was awarded a new contract, “Innovative Technologies and Their Ap-
plications to Enhance the Seismic Performance of Highway Bridges.” The major focus
of the research program is on the development of detailed technology to apply acceler-
ated bridge construction (ABC) in seismic regions, and the development of innovative
seismic protection technologies that can enhance the seismic performances of precast
reinforced concrete bridges with an emphasis on ABC.

The primary objective of this study is to investigate the response of precast segmental concrete
bridge structures, designed according to Accelerated Bridge Construction (ABC) techniques,
when subjected to earthquake loading. A large-scale model of a single-span segmental bridge was
designed to be tested on the dual six-degree of freedom shake tables of the Structural Engineering
and Earthquake Simulation Laboratory (SEESL) at the University of Buffalo. The AASHTO
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LRFD Bridge Design Specifications and the PCI Bridge Design Manual were used for the design
of the bridge model. A key concept incorporating post-tensioned internal unbonded tendons act-
ing as the only continuous reinforcement between adjacent segments of both the superstructure
and substructure was introduced in the design. Unbonded tendons can allow the triggering of
a gap opening mechanism between adjacent segments and the system’s self-centering response
when subjected to seismic loads. In a companion effort, a two-dimensional numerical model of
the segmental bridge superstructure was developed to verify its behavior under vertical seismic
loads. The numerical model was analyzed under a series of vertical seismic excitations using
nonlinear time-history dynamic analysis methods and its seismic response was evaluated con-
sidering different seismic intensities. The development and design of the segmental bridge model
as well as the response of the superstructure’s numerical model under vertical seismic loads are
presented in this report.

iv



ABSTRACT

Precast segmental concrete bridge construction has witnessed increasing attention both in the
United States and around the world due to the advantages it offers over the more traditional cast-
in-place techniques. Despite the apparent advantages of the segmental bridge construction
methods, concerns have arisen regarding the performance of such structural systems in regions of
moderate to high seismicity.

This report studies the response of a precast segmental bridge model, designed according to the
Accelerated Bridge Construction (ABC) techniques, when subjected to earthquake induced loads.
A prototype bridge system is selected [Megally et al., 2002] and modified to comply with the
ABC requirements for precast segmental bridges. The segmental bridge model is then scaled
down to a 1/2.39-scale experimental model. The superstructure of the scaled bridge model
consists of a single-span single-cell box girder, and its substructure consists of two square hollow
piers. By means of modern structural experimental techniques, such as shake table dynamic
testing, the large-scale precast segmental bridge specimen will provide valuable information on
the behavior of such systems under seismic loading.

The large-scale bridge specimen is initially designed according to current American Bridge
Design specifications: the AASHTO LRFD Bridge Design Specifications [2007] and the PCI
Bridge Design Manual [2003]. A key concept is introduced in the design: the use of internal
unbonded pre-stressing tendons as the only continuous reinforcement along the length of both the
superstructure and substructure. Unbonded tendons can allow the triggering of a gap opening
mechanism between adjacent segments of the deck and piers when the bridge is subjected to
seismic loading.

In order to verify the behavior of the designed superstructure model under vertical seismic loads,
a two-dimensional numerical model is developed incorporating material and geometric
nonlinearities. The numerical model is analyzed under a series of vertical seismic excitations
using non-linear dynamic analysis methods, and its seismic response is evaluated considering
different seismic intensities. A complete numerical model of the large-scale bridge specimen will
be presented in a future study, together with results on the specimen’s response under uniaxial
and multiaxial seismic excitations of various intensities.

The precast segmental bridge specimen described in this study was tested on the dual shake tables
of the Structural Engineering and Earthquake Simulation Laboratory (SEESL) at the University at
Buffalo, on April/May 2010 [Sideris et al., 2010]. The results of the experimental investigation of
the precast segmental bridge specimen, as conducted at SEESL, will be discussed in a future
study and will be used to calibrate the bridge’s numerical model.
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SECTION 1
INTRODUCTION

Recent years have witnessed growing interest in Accelerated Bridge Construction (ABC) both in
the United States and Europe, as an answer to the need to reconstruct major highways while
minimizing delay and community disruption. In addition to simply reducing on-site construction
time, current ABC concepts imply traffic impacts minimization, work zone safety improvement,
environmental disruption decrease, construction quality increase and reduced life-cycle costs.

A representative example of ABC is related to the adoption of precast segments forming the
bridge’s superstructure and substructure. In contrast to ‘classical’ monolithic bridge
constructions, a segmental bridge consists of discrete precast elements stressed together by pre-
stressed tendons. Precast segmental construction began in Europe in the 1950s; the first segmental
concrete bridge, built in 1950, was cast-in-place across the Lahn River in Balduinstein, in
Germany. Moreover, the first precast segmental concrete bridge, built in 1962, crossed the Seine
River in France. In the United States, the first precast segmental concrete bridge was built in 1973
near Corpus Christi, Texas and the first cast-in-place segmental bridge was built in 1974 near San
Diego, California.

The precast construction process involves the segmental manufacturing of bridge components in
precast yards or plants which are then transported to the construction site in order to be
assembled. Two common assembly procedures exist for precast segmental bridge superstructures
- the ‘span-by-span method’ (see Figure 1-1) and the ‘balanced cantilever method’ (see Figure
1-2). In the span-by-span method, entire spans are constructed and then lifted into place or
constructed in place on a temporary steel truss. In the balanced cantilever method, segments are
installed one at a time on either side of the piers. Comparing with conventional cast-in-place
construction, precast segmental construction has the advantage of accelerated construction while
maintaining construction quality due to the better working environment of a precast factory.

Box girders are widely used in forming the superstructure cross-section of precast segmental
bridges. The precast elements are connected by external or combination of external and internal
post-tensioning acting as the continuity reinforcement between the adjacent segments. For the
case of internal post-tensioning, the tendons are located within the box girder cell (see Figure 1-3)
and are grouted; whereas external post-tensioning ducts are located outside the structural
member, generally inside the box girder cell, and are grouted to protect the strands from
corrosion.

Hollow section precast concrete segmental piers are widely used in precast segmental bridges.
Vertical post-tensioning of the precast pier segments consists of either post-tensioned bars for
short to moderate pier heights or strand tendons for tall piers. Bars or tendons are typically
anchored in the footings and extend to the pier caps. Strand tendons are usually continuous and



extend from an anchor in the cap on one side of the pier, down the pier, loop through the footing
and up the opposite side to another anchor in the cap (see Figure 1-5).
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Figure 1-1: Precast segmental ‘span-by-span’ construction [FHWA, 2004]
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Figure 1-2: Precast segmental ‘balanced cantilever’ construction [FHWA, 2004]
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Figure 1-3: Typical bridge superstructure cross-section with internal tendons [FHWA, 2004]

Figure 1-4: Typical precast piers with continuous strand tendons [FHWA, 2004]

The number of applications of precast segmental bridges designed according to the ABC
techniques has increased during the last years however; most of them have been in regions of low
seismicity. One of the factors that have attributed to that is the relatively unknown behavior of
such systems under moderate or high levels of seismic excitation. In particular, a concern arises
regarding the effect of the vertical component of ground motions on the generation of significant
joint opening between adjacent superstructure segments. Moreover, the behavior of segmental



bridges under combined horizontal and vertical seismic excitation requires extensive
investigation.

1.1  Precast Segmental Bridges

Precast segmental bridge construction was introduced in the 1960s and it is characteristic for this
type of construction that segments are match cast, which means that each segment is cast against
the previous one so that the end face of one segment will be an imprint of the neighbor segment,
ensuring a perfect fit at the erection.

Comparing cast-in-place segmental construction with precast segmental construction the
following features are to be noted:

» Cast-in-place segmental bridges may be erected on falsework by the free cantilever
technique, by span-by-span lifting of spans cast at the bridge site, or by incremental
launching. As a result, cast-in-place construction is a relatively slower construction
method compared to precast segmental construction given that the work is performed in
situ and therefore is exposed to weather conditions.

=  Precast segmental construction is a fast construction method determined by the time
required for the erection. The major part of the work is performed in the pre-casting yard,
protected against inclement weather. The time-dependent deformations of the concrete
become less important, as the concrete may have reached a higher age by the time the
segments are placed in their final position.

Based on the aforementioned arguments, precast segmental construction can be considered as an
Accelerated Bridge Construction (ABC) technique.

Precast segmental bridges can be erected using ‘span-by-span’ or ‘balanced cantilevering’
assembly procedures. In span-by-span construction method, construction starts at one end and
proceeds continuously to the other end (see Figure 1-1). On the other hand, in balanced
cantilevering construction method, construction commences from the piers and proceeds in a
‘balanced’ manner to mid-span (see Figure 1-2).

Span-by-span construction method is performed primarily at the deck level and typically
implemented for long viaducts having numerous spans. The formwork is supported either on the
bridge piers, on the edge of the previously erected span and the next pier or, at the ground level.
The precast segments, which are constructed off site, are placed and adjusted on a steel erection
girder spanning from pier to pier, then post-tensioned together in one operation.

Extending segmental construction to balanced cantilevering, the need for erection trusses is
eliminated by achieving a self-supporting behavior of the bridge’s superstructure at all stages.
The success of this method relies heavily on accurate geometry control during match casting,
whereas the size and weight of precast segments are limited by the capacity of transportation and
placing equipment.



In terms of typical precast segmental superstructure cross-sections, single-cell box girders provide
the most efficient section for casting. The thickness of the top and bottom slabs as well as the
thickness of the webs should be carefully selected in order to allow the placing of the
conventional and pre-stressing reinforcement and comply with the design requirements of the
bridge structure. The depth of the superstructure cross-section can vary along the span length
resulting in lower gravitational forces.

The adjacent segments of precast segmental bridges are stressed together by internal or
combination of internal and external post-tensioning tendons. Internal tendons are located inside
the box girder cell and are grouted following post-tensioning (bonded tendons). On the other
hand, external tendons run inside the box girder cell, along the bridge’s length through deviators
that provide the desired profile. Common bridge engineering practice requires that external
tendons be grouted after post-tensioning to protect the strands from corrosion in the long term.

Precast concrete segmental piers can be thin-walled hollow segments, match-cast or mass-
produced with a thin mortar between segments. Post-tensioned bars or strands are generally
inserted in ducts cast in the segments and stressed. Later, the ducts are grouted.

According to AASHTO LRFD Bridge Design Specifications [2007], precast segmental bridges
shall utilize shear keys between adjacent segments to prevent relative sliding between them. The
segments are usually match-cast with epoxied joints.

The design of a segmental superstructure under the design dead and live loads requires that the
superstructure behaves as a monolithic structure and maintains an allowable concrete
compression or tension state for the serviceability limit state while it allows the joints between the
segments to open under ultimate loads. In the mid-span joint, the greatest bending moment is
expected whereas high negative bending moments and shear forces are developed in the joints
adjacent to the supports. The opening of the joints under ultimate loads results in a significant
cross-section stiffness reduction due to crushing of the concrete in the outer fibers of the joint. A
typical joint opening due to applied positive and negative bending moments is illustrated in
Figure 1-5. The behavior of precast segmental superstructures under dynamic loading is more
complex but follows the general concept of allowing some portion of the structure to yield and
dissipate energy.

In the case of precast post-tensioned bridge columns under lateral loads, the stresses under the
precast segments result from a combination of the normal force induced by pre-stressing and the
moments induced by the lateral load. Once the average stress reaches a zero value at a point under
a segment, any increase in the lateral load leads to an opening between that segment and the one
beneath it. Under seismic loads, pre-stressed columns exhibit a self-centering ability combined
with negligible residual drifts and spalling of the concrete in the region near the compression toe
of the column.



Figure 1-5: Joint opening of segmental box girder superstructure under vertical loading [Rombach,
2002]

Although it is possible to dissipate energy by allowing the cyclic opening and closure of the joints
between adjacent segments, concerns have arisen related to the behavior of segmental bridge
structures in regions of moderate to high seismicity. The main concerns during strong earthquake
shaking are related to the effects of significant joint opening on the global stability of the
structural system and, to the response of such systems under combined horizontal and vertical
ground excitations.

Seismic design specifications for segmental structures are provided in AASHTO LRFD Bridge
Design Specifications [2007] as well as the PCI Bridge Design Manual [2003]. AASHTO LRFD
[2007] specifications allow precast-segmental construction without reinforcement across the joint,
when the following requirements are met: for Seismic Zones 3 and 4 either cast-in-place or
epoxied joints are required; at least 50% of the pre-stress force should be provided by internal
tendons; and the internal tendons alone should be able to carry 130% of the dead load.

The following section will briefly review previous research and experimental studies related to
the behavior of precast segmental post-tensioned bridge components and their results.

1.2 Previous Research

Several research programs examining issues involving the use of precast segmental bridge
structures in seismic areas have been conducted at the University of California at San Diego
(UCSD). One of the research projects focused on the seismic performance of precast segmental
bridge superstructures and was completed in three phases. The first two phases of the program
examined specific segment-to-segment connections in bridge superstructures, whereas the third
one examined the seismic behavior of a precast, post-tensioned, segmental bridge superstructure
with a cast-in-place hollow rectangular column. Another research project focusing on the seismic
design and performance of precast concrete segmental bridge columns was also completed at
UCSD.

The first two phases of the program conducted by Megally et al. [2002] investigated the
performance of segment-to-segment joints in bridge superstructures under simulated seismic fully
reversed cyclic loading for varying ratios of internal and external post-tensioning. The study
focused on superstructure joints close to mid-span where high moments and low shears are
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induced (Phase 1), as well as on superstructure joints close to the supports where high negative
moments and high shears are induced (Phase II). The test units for Phase I and II are shown in
Figure 1-6 and Figure 1-8. Four 2/3-scale test specimens of a prototype precast segmental bridge
were designed and constructed. The test units investigated different post-tensioning layouts. Two
test specimens used 100% internal tendons; one of these units had cast-in-place closure joints
with mild reinforcement crossing the joints between segments. The third specimen used 100%
external tendons whereas the fourth one used 50% internal and 50% external tendons. The major
objectives of the research were to investigate the seismic behavior with respect to the opening and
closing of the joints under cyclic seismic loading (see Figure 1-7 and Figure 1-9), the crack
development and propagation and the failure modes.

In the case of Phase I, all test units achieved large rotations prior to failure whereas the failure
modes varied from rupture of the post-tensioning, to crushing of the extreme concrete fibers.
Additionally to the experimental testing two numerical models, one two dimensional model and
one three-dimensional finite element model, were developed for each test unit.
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Figure 1-6: Phase I test unit elevation and cross-section [Megally et al., 2002]
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The main conclusion of Phase I underlines that the superstructure segment-to-segment joints can
undergo significant joint openings without failure. Test units with internally bonded tendons
experience explosive failure whereas test units with 100% external tendons undergo ductile
failure. Moreover, the combination of internal and external post-tensioning of precast segmental
bridge superstructures is not recommended in high seismic zones.

The results of Phase II were similar to the ones of Phase I in that all test units achieved large
rotations prior to failure, whereas no relative shear slip between segments was observed prior to
flexural failure. In addition to the test units, detailed three-dimensional models were developed
for each of the units.
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Figure 1-9: Phase II vertical loading sequence [Megally et al., 2002]

The third phase of the program conducted by Burnell et al. [2005] investigated the performance
of a half-scale specimen of a prototype bridge from mid-span to mid-span and down to mid-
height of the column. The test set-up and superstructure cross-section are shown in Figure 1-10
and Figure 1-11, respectively. The testing program was split into two stages. The first stage pre-
stressing level was designed to achieve no joint openings while achieving a column displacement
ductility of 4.0 and utilizing 100% of the superstructure dead load. The second stage involved
removing some of the tendons to enable inelastic deformations of the joints in the superstructure
and impose higher loads on the joints near the columns. The testing continued from the achieved
displacement ductility of 4.0 up to ductility 8.0 and utilized 175% of the superstructure dead load
to account for vertical accelerations and approximately 75% of the post-tensioning of the first
stage. The results from this stage indicated that segment-to-segment joints open during testing but
they closed when the earthquake loading was removed.
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Further numerical research was conducted by Veletzos et al. [2006] that aimed at capturing the
behavior of the superstructure segment-to-segment joints (Phases I and II) as well as of the
superstructure-pier system (Phase III) and validating the experimental results. The single joint
model (see Figure 1-12) was constructed in order to capture the moment rotation response of a
single segment-to-segment joint; whereas the multiple joint model (see Figure 1-13) aimed at
capturing the response at the system level, including deformations of the precast segments and
joint opening.
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Figure 1-13: Multiple joint model [Veletzos et al., 2006]

In addition, two full scale bridge models were developed based on the Otay River Bridge and San
Francisco-Oakland Bay Bridge in California of typical span lengths of 300 feet (91m) and 525
feet (160m), respectively. The models were subjected to a suite of near field earthquake records.
The results indicated the significant contribution of vertical earthquake motions to the joint
response, whereas the influence of vertical motion on the joint response increased as span length

increased.

The research conducted by Hewes et al. [2002] involved the investigation of the performance of
unbonded post-tensioned precast concrete segmental bridge columns under lateral earthquake
loading. Column specimens with high and low aspect ratios were tested under simulated lateral

seismic loading as shown in Figure 1-14 and Figure 1-15.
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Figure 1-14: Precast column test units [Hewes et al., 2002]
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Figure 1-15: Precast column test set-up [Hewes et al., 2002]

The study of Hewes et al. [2002] concludes on the fact that concrete bridge columns built using
segmental construction, and reinforced longitudinally with unbonded pre-stressing steel can
safely and effectively resist lateral earthquake forces. The columns are capable of undergoing
large nonlinear displacements without experiencing significant or sudden loss of strength.
Residual displacements after the seismic event are minimal and the damage incurred low. Only
minor repair work would be required after the earthquake, thus reducing costs and limiting the
amount of disruption of normal use of the bridge structure. Preliminary recommendations for the
seismic design of precast concrete segmental columns are also discussed.

In addition, several research studies have demonstrated the enhanced self-centering behavior of
post-tensioned precast segmental piers with unbonded tendons [Ou et al. 2010, Yamashita et al.
2009 and Wang et al. 2008].

1.3  Research Objectives

The primary objective of this study is to investigate the response of precast segmental concrete
bridge structures, designed according to the Accelerated Bridge Construction (ABC) techniques,
when subjected to earthquake loading. A key concept incorporating post-tensioned internal
unbonded tendons acting as the continuous reinforcement between adjacent segments of both the
superstructure and substructure is introduced in the design. The use of post-tensioned internal
unbonded tendons in precast segmental bridge superstructures has never been reported in the
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literature, whereas several research studies have demonstrated the enhanced self-centering
behavior of post-tensioned precast segmental piers with unbonded tendons.

The concept of internal unbonded tendons has been considered in several research studies
focusing on the seismic performance and design of segmental bridge piers [Ou et al. 2010,
Yamashita et al. 2009, Wang et al. 2008, Hewes 2007]. Bonded tendons tend to provide
emulative response; that is, behavior similar to conventional cast-in-place piers. On the other
hand, unbonded tendons allow the segmental structural element to display rocking behavior
through opening and closing of the joints between adjacent segments [Christopoulos and
Filiatrault, 2006]. As a result, rocking systems with unbonded tendons display a self-centering
response under seismic loads while controlling the seismic forces applied to the system. Despite
the advantages of using internal unbonded tendons in precast segmental bridges, there are issues
that require careful investigation such as: the design of high stress zones adjacent to the joints and
the protection of the tendons against environmental effects.

In this study, a large-scale test bridge specimen is designed as part of ongoing research on precast
segmental bridges undertaken by the Department of Civil, Structural and Environmental
Engineering (CSEE) at the University at Buffalo and the Multidisciplinary Center for Earthquake
Engineering Research (MCEER). The objective of this experimental investigation is to study the
behavior of such systems when subjected to earthquake induced loads. The prototype bridge
system considered by Megally et al. [2002] is modified in order to comply with the ABC
techniques as applied for precast segmental systems. Internal unbonded tendons are considered as
the only continuous reinforcement along the length of both the superstructure and substructure.
The unbonded tendons can allow the triggering of gap opening mechanism between adjacent
segments and the system’s self-centering response when subjected to seismic loads.

Initially, the segmental bridge model is scaled in order to meet the performance specifications of
the dual shake tables of the Structural Engineering and Earthquake Simulation Laboratory
(SEESL), at the University at Buffalo. The superstructure and substructure of the bridge test unit
are then designed according to AASHTO LRFD Bridge Design Specifications [2007] and PCI
Bridge Design Manual [2003].

Moreover, a two-dimensional numerical model of the segmental bridge superstructure is
developed and analyzed under a series of vertical seismic excitations and intensities using non-
linear time-history dynamic analysis methods. A complete numerical model of the large-scale
bridge specimen will be presented in future studies together with results on its response when
subjected to uniaxial and multiaxial earthquake induced loads of various intensities.

The large-scale bridge specimen was constructed and tested on the dual shake tables of SEESL
during the months of April and May 2010. The description of the test set-up can be found at
Sideris et al. [2010]. The results on the experimental investigation of the precast segmental bridge
specimen, as conducted at SEESL, will be discussed in future reports along with, further design
considerations and numerical investigations for precast segmental bridge systems subjected to
earthquake loadings.
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1.4 Report Layout
This report contains seven chapters, a list of references, and one appendix.

Chapter 1 provides an introduction to precast segmental bridge structures and the objectives of
the current research study. Chapter 2 describes the prototype bridge system, the precast segmental
bridge test unit as well as the scaling procedure of the prototype system to meet the performance
specifications of SEESL’s dual shake tables. Chapter 3 presents the design of the scaled
superstructure model according to AASHTO LRFD Bridge Design Specifications [2007] and PCI
Bridge Design Manual [2003]. Chapter 4 discusses the design of the scaled substructure model
according to the same specifications. Chapter 5 describes the two-dimensional numerical model
that was developed in order to investigate the behavior of the segmental superstructure model
under vertical earthquake excitation. Chapter 6 evaluates the response of the developed numerical
model under a series of historical vertical earthquake ground motions, as defined in ASCE/SEI 7-
05 [2005], considering different intensities. Chapter 7 provides the conclusions of the current
research study and discusses future research topics on precast segmental bridge systems.

Appendix A contains the shop drawings used for the fabrication of the test specimen. The
drawings present the geometry of the bridge test unit - superstructure and substructure, the tendon
configuration and the mild reinforcement details for a typical superstructure and pier segment.
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SECTION 2
BRIDGE MODEL

2.1 Prototype Structure

The prototype bridge structure used for the design of the test specimen is the one considered in
Megally et al. [2002]. It is a single-cell box girder bridge that consists of five spans with three
interior spans of 100 feet (30.48 m) and exterior spans of 75 feet (22.86 m) for a total length of
450 feet (137.16 m), as shown in Figure 2-1. Each span of the prototype structure is post-
tensioned with a harped shape tendon. Due to the short span length it is assumed that the
prototype structure is constructed by the ‘span-by-span’ method.

450' [137.16m]

75' [22.86m] 100' [30.48m] 100' [30.48m)] 100" [30.48m] 75' [22.86m]

Figure 2-1: Elevation of prototype structure [Megally et al., 2002]

B/

225mm

Figure 2-2: Cross-section of prototype superstructure [Megally et al., 2002]
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The typical cross-section of the prototype bridge complies with the AASHTO-PCI-ASBI
Segmental Box Girder Standards for Span-by-Span and Balanced Cantilever Construction [2000],
as shown in Figure 2-2. The height of the piers is approximately 25.0 feet (7.62 m) measured
from the centroid of the superstructure’s cross-section to the top surface of the foundation. No
information on the geometry of the piers cross-section is provided by Megally et al. [2002].

The section and material properties used for this study match the ones considered by Megally et
al. [2002] and are summarized in Table 2-1.

Table 2-1: Cross-section and material properties of prototype superstructure [Megally et al., 2002]

Properties Symbol Value
Cross-section area A, 6034 in’ 3.89 m’
Moment of inertia 1 429E6 in* 179 m'
Section centroid from bottom surface Zp 452 in 1.15 m
Section centroid from top surface z 25.7 in 0.65 m
Tendon eccentricity at mid-span em 332 in 0.84 m
Tendon eccentricity at pier centerline es 6.7 in 0.17 m
Concrete strength fe 5.0 ksi 345 MPa
Concrete modulus of elasticity E. 4287 ksi 29.6 GPa
Pre-stressing steel ultimate strength Jou 270  ksi 1860 MPa
Pre-stressing steel modulus of elasticity E, 28500 ksi 196.5 GPa

The interest in the performance of segment-to-segment joints in bridge superstructures under
vertical seismic loading is focused on joints close to mid-span where high moments and low
shears are induced and on joints close to the supports where high negative moments and high
shears are induced. Moreover, the interest in the performance of segment-to-segment joins in
bridge substructures under horizontal seismic loading is focused on joints close to the supports
where high moments and shears develop.

Given the geometric symmetry of the prototype structure only one span of the prototype bridge
will be considered for the development of this experimental set-up. In order to match the tendon
geometry of the prototype bridge, a cantilever on each side of the supports is considered. The
length of each cantilever is set equal to 25% of the interior span length. The total length of the
superstructure model — one span and two overhangs — is 150 feet (45.7 m), as shown in Figure
2-3.

In order to comply with the Accelerated Bridge Construction (ABC) techniques for precast
segmental bridges, both the superstructure and substructure of the modeled bridge system are
divided into segments. The uniform behavior of the system is achieved through the post-
tensioning of the segments whereas; the segments are in direct contact to their adjacent ones. The
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superstructure model is designed to consist of six interior segments 20 feet (0.51 m) long and two
exterior ones 15 feet (0.38 m) long (see Figure 2-3). A segment-to-segment joint is provided at
the mid-span section where maximum relative displacement of the segments is expected.
Moreover, one segment is placed at the centerline of each support to provide the necessary
support conditions between the superstructure and the columns. Each of the piers consists of five
5.0 feet long (1.52 m) segments, as shown in Figure 2-3.

150' [45720mm]

25' [7620mm] 100' [30480mm] 25' [7620mm]
15 20 20 20 20 20 20 15'
[4572mm]]" [6096mm] T [6096mm] " [6096mm] " [6096mm] T [6096mm] T [6096mm] [ T4572mm]

25
[7620mm]

Figure 2-3: Elevation of prototype bridge test unit

2.2 Similitude Requirements

A structural model is defined as any structural element or assembly of structural elements built to
a reduced scale in comparison with full size structures, which is to be tested and for which laws
of similitude must be employed to interpret test results. This definition encompass a broad class
of modeling studies on prototype (full-size) structures such as buildings and bridges taking into
account various loading cases such as static and seismic effects. The majority of reduced-size
structural elements or structures play an important experimental role in problems dealing with
education, research and design.

A representative structural model is a Strength Model or Replica Model, which is a geometrically
similar model to the prototype made of materials that are similar to the prototype materials such
that the model will predict the prototype behavior up to failure.

Any structural model must be designed, loaded and interpreted according to a set of similitude
requirements that relate the model to the prototype structure. The similitude requirements are
based upon the theory of modeling which can be derived from a dimensional analysis of the
physical phenomena involved in the behavior of the structure. The fundamental measures related
to the mechanical — static and dynamic — physical problems are: the length, the force or mass and
the time. Through dimensional analysis all the variables involved in a mechanical problem can be
grouped and expressed as functions of the fundamental measures resulting to a subsequent
reduction of the unknown quantities of the problem.
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The main physical parameters (variables) involved in the similitude procedure of a structure when
subjected to seismic loading are related by the Newton’s second law of motion:

_d(mv)
S dr

F 2-1

The physical quantities involved in the above expressions and the corresponding units are
presented in Table 2-2.

Table 2-2: List of physical quantities involved in Newton’s 2" law

Quantity Units
Seismic force, F F
Mass, m FL'T?
Acceleration, o LT

The fundamental equation of Newton’s second law can be expressed in dimensionless products
taking into account the physical quantities involved:

S BN - 2-2)

If this single product were to be made the same for the model and the prototype structure,
complete dynamic similarity would be obtained, where m stands for the model and p for the
prototype structure:

m-m_ _ P p (2_3)
For each physical parameter involved in the scaling procedure of the prototype structure, a

scaling factor can be defined as the ratio of the prototype physical parameter to the same model
physical parameter:

Sy = X (2-4)
Xon
The model-prototype relation then becomes:
S.82=5,8, (2-5)
or
(S,5,)8% = (S,5,)S, & (S,5.)S252 = 5,55, & S, = S (2-6)

S8,

a

In order to apply the above equation directly to any dynamic problem four main physical
parameters need to be specified: the acceleration (a), any linear dimension (/), the modulus of
elasticity (E) and the mass density of the material (p). Any other parameters such as mass, time,
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displacements, frequency that can be of interest are linearly related to the four main ones through
the laws of physics and mechanics.

However, trying to satisfy all similitude requirements can be sometimes impossible because of
the practical restrictions imposed on the model material properties, geometry and testing
equipment. A summary of the scale factors obtained from three different similitude
considerations for earthquake loading is given in Table 2-3 [Harris and Sabnis, 1999]. Even
though a ‘True Replica model’ (Case I) is the most accurate model in terms of capturing the
effect of inertial, gravitational and restoring forces of the structural model, it is practically
impossible to build. Alternative scaling laws such as the ‘Artificial Mass Simulation’ (Case II)
and ‘Gravity Forces Neglected — Prototype Material’ (Case III) have been shown to simulate the
behavior of the structure adequately.

Table 2-3: Scale factors for earthquake response of structures [Harris and Sabnis, 1999]

Scale Factors
Physical Quantities Dimension . 5 R
Casel Case II Case I1I
Force, F F SeS/’ SES/’ S/’
Pressure, q FL? Sk Sk 1
Acceleration, o LT 1 1 S
Earthquake
loading Gravitatipnal g LT? 1 1 Neglected
acceleration,
Velocity, v LT S'"2 S/ 1
Time, t T s N S|
Linear dimension, / L N S S
Geometry | Displacement, L Si S Si
Frequency, w T! Sl'l/ 2 Sl'”z S{l
zfa;‘tilucll‘t‘;‘)f E FL? St St 1
Stress, o FL” Sk Sk 1
Material | Strain, P - 1 1 1
properties Poisson’s ratio, v - 1 1 1
Mass density, p FL*T? Se/Si | (gpV/E)w=(gpV/E), 1
Energy, EN FL SES? SES? S’
" “True Replica Model’ scaling law
? Artificial Mass Simulation’ scaling law
? “Gravity Forces Neglected, Prototype Material’ scaling law
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The simulated laws as defined for Case Il consider additional material of a non-structural nature
(lumped or distributed additional mass) in order to simulate the required scaled density of the
model. On the other hand, the simulation law as expresses in Case III applies to the case where
gravity stresses can be neglected in the structural behavior and where the same materials are used
in both model and prototype to enable the testing to reach failure.

2.3  Scaling Procedure

Based on the geometry of the bridge model, as described in Section 2.1, similitude laws must be
satisfied so that the model meets the performance specifications of the dual shaking tables of
SEESL, at the University at Buffalo. The two high-performance six-degree of freedom shake
tables can be repositioned from directly adjacent to one other to positions up to 100 feet (30.5 m)
apart (centre-to-centre), as shown in Figure 2-4 and Figure 2-5. Moreover, together the shake
tables can host specimens of up to 100 metric tons (220 kips) and as long as 120 feet (36 m). The
specimens can be subjected to fully in-phase or totally uncorrelated dynamic excitations. The two
shake tables are designed for the theoretical performance listed in Table 2-4. The use of modern
testing techniques - such as pseudo-dynamic and real-time dynamic hybrid testing - are possible,
along with conventional dynamic, quasi-static and static force techniques.

Reaction Wall

Figure 2-4: Overall view of the Structural Engineering and Earthquake Simulation Laboratory
(SEESL) at the University at Buffalo (see www.nees.buffalo.edu)
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Figure 2-5: Dual shake tables (with extension platforms) at the SEESL at the University at Buffalo

(see www.nees.buffalo.edu)

Table 2-4: Theoretical performance of SEESL shake tables (see www.nees.buffalo.edu)

Table platform size without table extension:

11.8ftx 11.8 ft

Maximum specimen mass:

(3.6 mx 3.6 m)

Table platform size with extension platform in 23.0 ft x 23.0 ft

place: (7.0 m x 7.0 m)
110.2 kips (50 ton) max;

44.1 kips (20 ton) nominal

Maximum specimen mass with table extension

platform in place: 88.2 kips (40 ton) max
. . 332 kips-ft
Maximum overturning moment:
(46 ton-m)
. . 108 kips-ft
Maximum off centre loading moment:
(15 ton-m)

Frequency of operation:

0.1~50 Hz nominal; 100 Hz max

Stroke (X axis, Y axis, Z axis):

+6.0 in; £6.0 in, £3.0 in
(£1.50 m, £1.50 m, £0.75 m)

Velocity (X axis, Y axis, Z axis):

50 in/sec, 50 in/sec, 20 in/sec
(1250 mm/sec, 1250 mm/sec, 500 mm/sec)

Acceleration (X axis, Y axis, Z axis):

+1.15g+1.15g+1.15¢
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For comparison purposes two different simulation laws will be considered: the ‘Artificial Mass’
simulation and the ‘Gravity Forces Neglected, Prototype Material’ simulation.

In the case of ‘Artificial Mass’ simulation the following iterative procedure is followed and

summarized in Table 2-5:

assume a linear dimension scaling factor, .S;. In addition, consider unit scaling factors for
the acceleration and material modulus of elasticity, S, and S, respectively. The later
assumption implies application of un-scaled inertia forces on the model structure as well
as use of the same material for both model and prototype structures;

compute the scale factors, S;, for all involved physical quantities using the relationships
given in Table 2-5;

assuming that the material mass density of the model and prototype structures is the same
- §, is set equal one, re-compute the mass and frequency scaling factors and account for
the additional mass required of a non-structural nature material (lumped or distributed);

compare the total mass of the bridge model to the maximum allowable specimen mass on
the shake tables (see Table 2-4);

check if the acceleration and frequency values of the model structure meet the
performance specifications of the shaking tables and repeat the procedure until all
requirements are satisfied.

Based on the results presented in Table 2-5 for a 1/4-scale model, the total superstructure mass

equals 58.93 kips (26.8 ton). Taking into account the additional mass of the bent caps, piers and
footings of the bridge test specimen, the total weight of the bridge model would not exceed the
maximum allowable specimen mass according to the performance specifications of the dual shake

tables (see Table 2-4). However, a high amount of additional non-structural mass (44.2 kips or
20.1 ton) is required in order to satisfy the similitude requirements. The additional non-structural

mass can be concentrated or distributed along the specimen length. In both cases, difficulties
should be expected in lumping the structural and non-structural mass together and achieving a
uniform behavior of the model under any dynamic excitation.
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Table 2-5: ‘Artificial mass’ simulation of a 1/4-scale bridge specimen

Model
Physical Quantities Prototype Scale Factors, S;
Structure Structure
Length of ; 150 ft S ‘ 37.5 ft
1
superstructure, (45720 mm) (11430 mm)
Acceleration, o - Se 1 -
Modulus of P 4287 ksi S ; 4287 ksi
.. E
elasticity, (29.6 GPa) (29.6 GPa)
0.15 kips/ft’ 0.15 kips/ft®
Mass density, p 3 SE/S« St 0.25 1 3
(23.56 kN/m’) (23.56 kN/m’)
Seismic force, F - SESl2 16 -
943  kips 14.73  kips
Mass of m S,S° 16 | 64
superstructure, (430 ton) (6.7 ton)
Gravitational . 32.17 ft/sec’ | 1 32.17 ft/sec’
acceleration, (9.81 m/sec?) (9.81 m/sec?)
Velocity, v - (S1Sq)"? 2 -
Time, t - (S/So)"? 2 -
Cross-section area 4 6034 in’ g2 16 377 in’
of superstructure, ¢ (3.89 m) : 024 m)
.4 .4
Moment of inertia 4289863 in Ny 256 16757 in
of superstructure, (1.79 m4) ! (0.007 m4)
Volume of y 6286 ft’ ¥ o 98 ft
superstructure, (178 m3) ! (2.8 m3)
Displacement, - S 4 -
Frequency, w - S (Se/Sp)' | 0.50 | 0.25 -
Stress, o - Sk 1 -
Strain, & - 1 1 -
Poisson’s ratio, % - 1 1 -

Note: Structural mass equals 14.73 kips (6.7 ton) whereas additional non-structural mass 44.2 kips
(20.1 ton) for a total mass of 58.93 kips (26.8 ton).

25




In the case of ‘Gravity Forces Neglected and Prototype Material’ simulation, the following
iterative procedure is followed and summarized in Table 2-6:

= assume a linear dimension scaling factor, S;. In addition, consider unit scaling factors for
the modulus of elasticity and the material mass density, Si and S, respectively. It should
be noted that by assuming unit scaling factor for the mass density (mass over volume)
and given that the volume of the model structure is decreased compared to the prototype
one, the mass of the model is lower as well. Consequently, the gravity forces of the
structure are considered to be neglected given that the gravitational acceleration is the
same in both cases. This assumption is reasonable considering the low gravity forces
typically applied to bridge piers;

» compute the scale factors, S;, for all involved physical quantities using the relationships
given in Table 2-5;

= compare the total mass of the bridge model to the maximum allowable specimen mass on
the shake tables (see Table 2-4);

= check if the acceleration and frequency values of the model structure meet the
performance specifications of the shaking tables and repeat the procedure until all
requirements are satisfied.

According to the second similitude procedure shown in Table 2-6, the superstructure of a 1/4-
scale model weights 14.73 kips (6.7 ton), which is a very low value compared to the maximum
allowable specimen mass according to the performance specifications of the dual shake tables
(see Table 2-4). As mentioned above, in that case the gravity forces of the structure are neglected
given that the volume of the model structure is lower than that of the prototype one; whereas the
material mass density is the same in both cases. This assumption is reasonable considering the
negligible effect of gravitational forces on the bridge superstructure and substructure.
Consequently, a lower scaling factor can be chosen resulting in a larger model specimen;
however, attention should be paid to the scaling requirements of the acceleration, time and
frequency.

The ‘Gravity Forces Neglected and Prototype Material’ similitude procedure (Case III) is chosen
as the basis for the design procedure of the bridge model, as it leads to a larger scaled model with
no additional non-structural weights. Following the same iteration procedure as described above,
a linear dimension scaling factor that equals to 2.50 is introduced, as shown in Table 2-7. The
1/2.5-scale bridge test specimen is expected to meet the performance specifications of the SEESL
dual shake tables.
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Table 2-6: ‘Gravity forces neglected and prototype material’ simulation of a 1/4-scale bridge

specimen
Physical Quantities Prototype Scale Factors, S; Model
Structure Structure
Length of ; 150 ft S ‘ 37.5 ft
1
superstructure, (45720 mm) (11430 mm)
o 4287 ksi 4287 ksi
Modulus of elasticity, E Sk 1
(29.6 GPa) (29.6 GPa)
0.15 kips/ft’ 0.15 kips/ft’
Mass density, p 3 SE/Sq Si 1 3
(23.56 kN/m") (23.56 kN/m’)
Acceleration, a - Se 0.25 -
Seismic force, F - SESI2 16 -
943  kips 3 14.73  kips
Mass of superstructure,  m SpSi 64
(430 ton) (6.7 ton)
Gravitational . 32.17  fi/sec’ | | 32.17  fi/sec®
acceleration, (9.81 m/sec?) (9.81 m/sec?)
Velocity, v - (SiSy)"? 1 -
Time, t - (S/Sy)'? 4 -
.2 22
Cross-section area of 6034 in 2 377 in
Ae Si 16
superstructure, (3.89 m’) (024 m?)
.4 .4
Moment of inertia of / 4289863 in g 256 16757 in
superstructure, (1.79 m4) ! (0.007 m4)
Volume of , 6286 ft’ g o 98 ft
superstructure, (178 m3) ! (2.8 m3)
Displacement, - S 4 -
Frequency, w - S’'(Se/s,)"” | 0.25 -
Stress, o - Sk 1 -
Strain, € - 1 1 -
Poisson’s ratio, v - 1 1 -
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Table 2-7: ‘Gravity forces neglected and prototype material’ simulation of a 1/2.5-scale bridge

specimen
Physical Quantities Prototype Scale Factors, S; Model
Structure Structure
Length of ; 150 ft S Iy 60 ft
1 .
superstructure, (45720 mm) (18288 mm)
o 4287  ksi 4287  ksi
Modulus of elasticity, E Sk 1
(29.6 GPa) (29.6 GPa)
0.15 kips/ft’ 0.15 kips/ft’
Mass density, p 3 SE/So S 1 3
(23.56 kN/m’) (23.56 kN/m’)
Acceleration, o - - S. 0.4 - -
Seismic force, F - - sEsﬁ 6.25 - -
943  kips 3 60.3 Kkips
Mass of superstructure, — m SpSi 15.6
(430 ton) (27.4  ton)
Gravitational . 32.17 fi/sec® | | 32.17  fi/sec®
acceleration, (9.81 m/sec?) (9.81 m/sec?)
Velocity, v - - (SiSa)"? 1 - -
Time, t - - (S/Sy™? 25 - -
.2 22
Cross-section area of 6034 in 2 965 in
A, Si 6.25
superstructure, (3.89 m2) 0.62 m2)
.4 .4
Moment of inertia of ; 4289863 in g 301 109820 in
superstructure, (179 m") l ' (0.046 m®)
Volume of 6286 ft’ X 402 ¢
14 Si 15.6
superstructure, (178 m3) (11.4 m3)
Displacement, - - S 2.5 - -
Frequency, w - - S/(Se/S)'? | 0.4 - -
Stress, o - - SE 1 - -
Strain, € - - 1 1 - -
Poisson’s ratio, v - - 1 1 - -
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The scaled superstructure is initially designed to be 60 feet long, corresponding to a linear
dimension scaling factor equal to 2.50 (see Table 2-7). However, in order for the model to
comply with the geometry specifications of the dual shake tables, the superstructure’s length
between its two supports is redefined to be 41.875 feet (12.76 m) corresponding to a length
scaling factor equal to 2.39. As a result, the total length of the superstructure will be 61.875 feet
(18.86 m) and the length of each cantilever will be 10 feet (3.05 m). Each of the six interior
segments of the scaled superstructure model is 8.375 feet (2.55 m) long and each of the exterior
ones 5.813 feet (1.77 m) long, as shown in Figure 2-8. Moreover, the total length of each pier is
10.0 feet (3.05 m) and each of the five segments is 2.0 feet (0.61 m) long. Table 2-8 summarizes
all geometrical and material parameters considered for the similitude procedure and the final
values of the corresponding scaling factors.

Table 2-8: Geometrical and material parameters of 1/2.39-scale bridge specimen

Physical Quantities Prototype Scale Factors, S;
Structure
150 ft
Length of superstructure, 4572 m) 2.39
25 ft
Length of piers, (7.62 m) 2.39
4287 ksi
Concrete modulus of elasticity, (296 GPa) 1.0

0.15 kips/ft’

Concrete mass density, (2356 kN /m3) 1.0
. 943  kips
Mass of superstructure, (430 ton) 13.62
ational orati 32.17 ft/sec’
Gravitational acceleration, .81 m/secz) 1.0
.2
Cross-section area of 6034 in 570
superstructure, (3.89 m’) ’
. 4
Moment of inertia of 4289863 in 3252
superstructure, (1.79 m" )
6286 ft’
Volume of superstructure, (178 m3) 13.62

2.4 Superstructure Model

Due to the slenderness of the prototype superstructure’s cross-section (see Figure 2-2) and given
the 1/2.39-scale requirement, a change in the thickness of the top plate, bottom plate and webs of
the cross-section is considered necessary. Moreover, attention should be paid so that the thickness
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of the plates and webs allows the placement of the pre-stressing and mild reinforcement in the

cross-section.

As shown in Figure 2-6, a thickness of 3 1/2" (89 mm) is chosen for the top and bottom plate. The
thickness of the webs is set equal to 5” (127 mm). The width and height of the model cross-
section are the exact scaled values of the prototype cross-section. The modified properties of the
model superstructure cross-section are presented in Table 2-9. The design of the superstructure
according to current design codes is presented in Chapter 3.

28 38" ‘

[+
]

8011 m

720mm

1800mm 553mm

3362mm

Figure 2-6: Cross-section of superstructure test model

Table 2-9: Cross-section properties of superstructure test model

Properties Value
Length, L 61.875 ft 18.86 m
Cross-section area, A, 1047 in’ 0.67 m’
Moment of inertia about y-y, I, 124266 in* 0.052 m*
Moment of inertia about z-z, I, 1193266 in* 0.499 m*
Section centroid from bottom surface, z; 15.85 in 040 m
Section centroid from top surface, z, 12.50 in 0.32 m
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Given that the total length of the superstructure is 61.875 feet (18.86 m), its total weight equals
69.23 kips (31.5 ton). The maximum specimen mass on each shake table considering the
extension platform in place equals 40 ton (88 kips), as shown in Table 2-4. The difference
between the maximum allowable mass on each shake table (40 ton or 88 kips) and the mass of the
superstructure acting on each support (34.6 kips or 15.75 ton) should accommodate the total
weight resulting from the piers, cap beams and footings.

2.5 Substructure Model

As discussed in Section 2.3, the total length of each pier of the bridge model equals 10.0 feet
(3.05 m) and each pier is divided in five 2.0 feet (0.61 m) long segments. The distance between
the superstructure’s supports equals 41.875 feet (12.76 m) so that the piers are centrically placed
in respect to the shake tables.

The AASHTO-PCI-ASBI Segmental Standards Manual [2000] provides typical box pier
segments cross-section details for span-by-span and balanced cantilever bridge construction (see
Figure 2-7). In this study, a square hollow cross-section is considered for the piers. The width of
the pier is set equal to 25” (635 mm) and the web thickness equal to 5 (127 mm) which results to
a total weight of 4.2 kips (1.9 ton) for each pier and 77.6 kips (35.3 ton) for the superstructure and
both piers. The design of the piers according to current design codes is presented in Chapter 4.

The geometry of the scaled bridge test unit is presented in Figure 2-8.

2.6  Construction Procedure of Bridge Model

The bridge test unit, tested on the dual shaking tables of the Structural Engineering and
Earthquake Simulation Laboratory (SEESL) at the University at Buffalo, is described in detail by
Sideris et al. [2010]. It consisted of the precast segmental superstructure - as described in Section
2.4, two precast cap beams, two precast segmental piers - as described in Section 2.5 and two
footings. All members — superstructure, cap beams, piers and footings - were manufactured in a
precast plant and delivered to the Laboratory. Based on the ‘span-by-span’ construction
procedure, assembly and pre-stressing of the superstructure segments were carried out on the
Laboratory Floor whereas; assembly and pre-stressing of the piers and cap beams were carried
out on the two shake tables (one pier per table). Finally, the superstructure was lifted using a 40-
ton crane and placed onto the cap beams and piers.

A three-dimensional view of the bridge model on the dual shake tables at SEESL is presented in
Figure 2-9.

31



SNOISNIWIAQ INJWO3S d3id XOd

SY3LIW 0°L9 OL §0€ SNVdS NOLLDNYLSNOD
d3ATFTLNYD dIDNVTVE ANV NVdS-AG-NVdS HO4

SAdVANV.LS 3INLONYLSINS TYLNIWDIS
195V - 12d - O1HSVYY d3SOd0Odd

“Bupsey

40 SPOYIBN PUE SURIY NS OF

Ja1se3014 Aq PaIPO 3G Ae pue
3(qeLen 1e S1yBIaH JuBWGaS |

‘SILONIVHINID

2IGEHOM 1135 51 Ax0d3 343 3yM
wawBas 241 Jo 4O padeids aq e
azaanbs xod3 Auy ‘pauisaq st aded
101B1X3 YOOWS E Ji ‘AjPANeUIBLY
213(dW0) 51 UWINIO3 JO UOR313 1LY
poy 13xoeg BAOLLSY 3364 10131 33

W00 Buzasbs wiois Axod3 1anasd
0151 pue UBLIBSS IXAN 3Y3 JO UONIIT
51042 1Ul0F 02 M|y JUBWIBAS

wioriog o1 panio 1 poy seyoeg weos (%)

“feuopdo st pue siaur]

wiog Ad papinosd 2q ued uoneansny (7

'S59710 WL 0Z0Y 4O (M.) SUIPIM

wawbas sojwssadoNsivna (D)

‘SI1ON
[ S8zl 005 00T 0045 0L-00P7
05v2 stz 005 00vT 09v5 6-00v7
0€€Z oLl 00§ 00vZ 0zzs 8-00vC
olzz soiL 005 00vZ 086t £-00vT
0607 Sv0L 005 00y by 9-004T
o061 86 00s 00T 005 S-00v
0581 26 005 00T 09zt v-00vT
0€LL 598 005 00T 070% £-00vT
oLt 08 005 00T 08L¢ Z-00vC
06¥L SYL 00S oorT ovse L-00¥T
ozt S8zl 0S¢ 0081 0045 9-0081
05t stzl 0S€ 008L 09v5 5-008L
0€€Z SoLL 05¢ 0081 0zzs 70081
061 86 0s€ 008L 005y £:0081
0581 %6 05€ 0081 09zt 70081
08l 598 0sE 0081 020% 10081
(W) Wy | ww) | (ww) (ww) 20AL
a a >, g M uon>as

V-V NOILD3S

A A

284 Jouevg J/ . Somuts

(dAD) sz=4

@ “(jeuondQ) poy IyIeg WEod 1B[NID-IWSS JFIBWEI] ST |\

M3IIANY1d

(dA1) suopua) puexns seiaweiq
Ww g1 X £7 10 J91WeIq

W §1 X 61 WNWIXeR 10
(Wwnwpxe) 1>NQ wu 0oL

A\

L 1 Ol_l 1 L 1 o L /Nu
: v A\_
E : (dAD) sreg L g
2 J213WieIq W g€ 1oy ” cahn
(dhy) | | (dhp 1N sPIRWeIQ W 0§ (k)
seL 1 stL 05T 057
* @
il
waWBBs | noqy “wiwAs ol 3 |a
= ]
@ S8 .-
2 3.8
~ =t ||
g gla
2 A o)
T ) [ 1 [i 1] i 1
I
i
(dAD | (dAD) | (dAp)
* Q,Om B (dAL) szpueyd SLXSL
il i Ao |
anoqy “wuiks —I =—1noqy "Wiws
| (dA1)
0€L ! sauep st T
L [
WwawBas | 1noqy wwks

[AASHTO-PCI-ASBI, 2000]

Box pier segment dimensions

Figure 2-7
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Figure 2-8: Elevation of 1/2.39-scale bridge test model on the dual shake tables of SEESL (UB)

Figure 2-9: Three-dimensional bridge test model on the dual shake tables of SEESL (UB)
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SECTION 3
SUPERSTRUCTURE DESIGN

The superstructure of the bridge test sprcimen, as described in Section 2.4, is designed hereafter
according to AASHTO LRFD Bridge Design Specifications [2007] and PCI Bridge Design
Manual [2003].

The AASHTO LRFD [2007] design specifications refer to the design and analysis procedures of
segmentally constructed bridges and their components. Joints in precast segmental bridges shall
be either cast-in-place closures or match-cast epoxied joints and shear keys should be provided to
prevent relative sliding between segments. Moreover, the use of internal or combination of
internal and external pre-stressing reinforcement is allowed in zones of moderate or high
seismicity considering that at least 50% of the pre-stress force should be provided by internal
tendons. The design of precast segmental bridges with pre-stressing continuity reinforcement
requires that structural members behave as monolithic under serviceability limit states whereas;
joints between segments may open under ultimate limit states.

In this study, the superstructure of the bridge specimen is considered to be simply supported on
the cap beams and piers. Following the AASHTO LRFD [2007] specifications, the superstructure
model is assumed to be continuous and the code provisions for segmentally constructed bridges
are employed for its design. The geometry of the bridge test unit and the design superstructure
model is illustrated in Figure 3-1.

10' [3048mm] 41.875' [12764mm)] 10' [3048mm]
5.813' 8375 8375 8375 8375 8375 8375 5813
— . |[1772mm] [255Bmm] [2553mm)] [2553mm)] [2553mm)] [2553mm)] [255pmm] |[1772mm
BB
(=]
N

10' [3048mm] 41.875' [12764mm)] 10' [3048mm]

[2]236?“' ]
720mm

Figure 3-1: Bridge test unit and design superstructure model
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3.1 Material and Cross-Section Properties

According to the AASHTO LRFD Bridge Design Specifications [2007], the specified 28-day
concrete compressive strength is 5000 psi (34.5 MPa) and the modulus of elasticity is 4287 ksi
(29.6 GPa). Grade 60 reinforcement steel is specified for mild steel with yield strength that equals
60 ksi (414 MPa) and modulus of elasticity equal to 29000 ksi (200 GPa).

In terms of the pre-stressing reinforcement, AASHTO LRFD [2007] allows the use of internal
and external tendons in zones of moderate or high seismicity (Zones 3 and 4) given that at least
50% of the pre-stress force should be provided by internal tendons. According to the provisions,
both internal and external tendons are grouted after post-tensioning.

Several research studies have demonstrated the enhanced self-centering behavior of post-
tensioned precast segmental columns when internal unbonded tendons are used as the only
continuous reinforcement along the member’s length [Ou et al. 2010, Yamashita et al. 2009,
Wang et al. 2008, Hewes 2007]. Bonded tendons in precast segmental structures lead to
conventional cast-in-place behavior of the system whereas; unbonded tendons allow opening and
closing of the joints between adjacent segments and therefore rocking behavior of the system.

Based on the above, a key concept incorporating post-tensioned internal unbonded tendons acting
as the only continuous reinforcement between both the superstructure and substructure segments
is introduced in the design. Contrary to AASHTO’s design provisions, neither shear keys nor
epoxied joints are considered in this study. It should be noted that use of post-tensioned internal
unbonded tendons in precast segmental bridge superstructures has never been reported in the
literature.

Due to the small dimensions of the superstructure cross-section (see Figure 2-6), a mono-strand
post-tensioning system has been selected [DYWIDAG DSI, 2009]. The mono-strand tendons are
typically made from cold-drawn, low relaxation 7-wire strand Grade 270 (1860 MPa). The strand
diameter is 0.5” (12.7 mm) and is sheathed inside a high density polyethylene duct having a
diameter of approximately 1” (25.4 mm). The mono-strands are unbonded and therefore free to
slide inside the duct.

The material properties used in the design of the superstructure model are summarized in Table
3-1. Moreover, the geometry of the superstructure’s cross-section is illustrated in Figure 3-2 and
the cross-sectional properties used for the design are summarized in Table 3-2.
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Table 3-1: Design material properties [AASHTO, 2007]

Material Property Symbol Value
Compression strength (28 days) 1 5000 psi
(34.5 MPa)
Concrete Unit weight We 150 Ibs/ft’
(2403  kg/m’)
Modulus of elasticity E. 4287 ksi
(29.6 GPa)
Strand diameter D, 0.5 in
(12.77 mm)
Strand area Aqp 0.153 in’
(98.71 mm?)
Pre-stressing Ultimate strength Fo 41.3 kips
Strands (183.7 kN)
Yield strength F,y 37.2 kips
(1653 kN)
Modulus of elasticity E, 28500 ksi
(196.5 GPa)
Yield stress 5 60 ksi
Reinforcing (414 MPa)
Bars Modulus of elasticity E; 29000 ksi
(200 GPa)
132.35in
[3.34m]
fffffff g Si=-
=,

70.§5in

[1.79m]
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Figure 3-2: Superstructure design cross-section




Table 3-2: Design superstructure cross-section properties

Property Symbol Value

Area A 1047 in’
(0.67 m?)

Depth h 28.35 in
(0.72 m)

Width b 132.35 in
(3.34 m)

Moment of inertia ()-y) b 12426 inj
(0.052 m")

Moment of inertia (z-z) 5 1193266 inj
(0.499 m")

Distance of center of gravity from top fiber z 12.50 in

032 m

Distance of center of gravity from bottom fiber Zp 15.85 in

040 m

Section modulus for extreme top fiber Sy 9944  in’®
0.159 m’)

Section modulus for extreme bottom fiber Syb 7839 in’
(0.126 m)

3.2 Design Loads

3.2.1 Dead Loads

The dead loads on the model structure include the superstructure self-weight (DC) and the
permanent loads from barriers and future surfacing (DW) which are conservatively assumed to be
equal to 30 percent of the superstructure’s self-weight. The dead loads and the corresponding
member forces are presented in Table 3-3.

Table 3-3: Member forces due to dead loads

Load Case Load Value Moment
Mid-span Support
1.09 kips/ft 185  kips-ft -55  kips-ft
Self-weight, DC
(1592 kN/m) (251 kN-m) (-75 kN-m)
0.33  kips/ft 55 kips-ft -17  kips-ft
Barriers and Surfacing, DW
(4.77 kN/m) (75 kN-m) (23 kN-m)
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3.2.2 Live Loads

According to AASHTO LRFD Bridge Design Specifications [2007] and PCI Bridge Design
Manual [2003], the vehicular live loads on bridges, designed as HL-93, consist of a combination
of the Design Truck and the Design Lane loads. The Design Truck load is represented by three
concentrated loads 8, 32 and 32 kips (35, 145 and 145 kN) in a distance of 14 and 14 to 30 feet
(4.30 and 4.30 to 9.00 m) respectively, as shown in Figure 3-3. The Design Lane load consists of
a uniform load of 0.64 kips/ft (9.35 kN/m).

i
HS20-44  8.000 LBS 32,000 LBS. 32,000 LBS

Figure 3-3: Design Truck according to AASHTO, 2007

The static effects of the Design Truck shall be increased by a percentage defined as Dynamic
Load Allowance (IM) in order to account for wheel load impact from moving vehicles. The factor
to be applied to the static load shall be taken as (1+IM/100) where IM equals 33% for all limit
states except from fatigue and fracture limit states.

In order to compute the most critical bending moments developed in the mid-span section, the
Design Truck is placed at the centre line of the interior span and the distance between the two 32
kips (145 kN) point loads is considered equal to 14 feet (4.30 m). The distributed load is placed
only in the interior span.

Taking into account that the live loads will be applied to the scaled superstructure design model,
their values and location shall be scaled down to match the model requirements. The scale factor
for the static forces, Sg, equals SgxS;> whereas; according to Table 2-7, the scale factor for the
seismic forces, Sr;., equals Sgx S:%. The member forces resulting from the applied live loads are
presented in Table 3-4.

Table 3-4: Member forces due to live loads

Load Case Load Value Moment
Mid-span Support
0.59/2.35 kips 47  kips-ft -
Design Truck, LL
(2.62/10.45 kN) (64 kN-m)
0.11 kips/ft 25  kips-ft -
Design Lane, LL
(1.61 KkN/m) (34 kN-m)

39



3.2.3 Earthquake Loads

Earthquake loads, as defined in AASHTO LRFD Bridge Design Specifications [2007], are given
by the product of the elastic seismic coefficient C;,, and the equivalent weight of the structural
system.

The superstructure of the bridge test specimen is considered to be simply supported on the piers
and therefore solely vertical earthquake loads are considered for its design. The method of
analysis to be used is the Uniform Load Method which is based on the superstructure’s
fundamental mode of vibration in the vertical direction. The period of this mode is taken as that
of an equivalent single mass-spring oscillator whereas, the stiffness of this equivalent spring is
calculated using the maximum displacement that occurs when an arbitrary uniform vertical load
is applied to the bridge’s superstructure. The elastic seismic coefficient, Ci,, is used to calculate
the equivalent uniform seismic load from which seismic force effects are found.

The Uniform Load Method is described below:

= calculate the static vertical displacements, v,(x), due to a corresponding unit uniform load,
Po, Which is applied over the length of the bridge’s superstructure;

= calculate the stiffness of the superstructure, K, as the ratio of the uniform load times its
total length over the maximum static displacement of the superstructure, v,,.;

= calculate the total weight, W, of the bridge superstructure;

= calculate the fundamental period of the bridge, 77;, using the following expression:

w
T] =2 g_K (3'1)

= calculate the elastic seismic coefficient, C;,, as indicated hereafter and then calculate the
equivalent static earthquake loading, p., along the superstructure’s length, L, from the
expression:

Pe=—"— 3-2)

= calculate the displacements and member forces to be used for the design by applying the
equivalent static earthquake loading, p., to the structure and performing a second static
analysis.

The elastic seismic response coefficient, C,, for the system’s first mode of vibration is defined
as:
1.24S8

Con = 75 <2.54 (3-3)
1

where T, the fundamental period of vibration, 4 the acceleration coefficient and S the site
coefficient.
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The acceleration coefficient, 4, is obtained from the seismic hazard maps presented in AASHTO
[2007] which correspond to a 10 percent probability of exceedance in 50 years (475-year return
period). Four different soil profiles, S, are specified in AASHTO [2007] which correspond to
different site effect coefficients. In locations where the soil properties are not sufficiently known,
the site coefficient for soil profile type Il shall be used.

Considering a prototype bridge located at a site in the Western United States, the acceleration
coefficient, 4, and the site coefficient, S, are set equal to 0.25 (Seismic Zone 3) and 1.20 (Soil
profile type II), respectively.

In order to relate the seismic behavior of the prototype structure to the model one, the period and
acceleration scale factors should be taken into account. According to the similitude requirements
and Table 2-7, the scale factors for the acceleration Sy, site coefficient Sg and fundamental period
Sr, are:

1
Sa= s, = Va0

S¢=1.0
S, =S, =239

The elastic seismic response coefficient, Cy,, as defined in Equation (3-3) is illustrated in Figure
3-4 for both the prototype and scaled bridge model and a range of periods from zero to two
seconds.

1.6 T T T T
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0.0

0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60 1.80 2.00
Period (sec)

Figure 3-4: Seismic response coefficient for the prototype bridge and scaled test model
[AASHTO, 2007]
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The superstructure’s seismic mass results from: the self-weight of the superstructure (DC Load
Case in Table 3-3), the permanent loading from the barriers and future surfacing (DW Load Case
in Table 3-3) as well as, 30 percent of the design lane live load (Design Lane LL Load Case in
Section 3.2.2). The total considered weight, W, of the scaled superstructure equals 89.8 kips
(40.75 tons).

The AASHTO LRFD Bridge Design Specifications [2007] considers only horizontal seismic
loads for the design of bridge systems whereas; the effect of vertical seismic loads is neglected.
Given the significant impact of vertical seismic loading on the behavior of the segmental
superstructure system, the vertical equivalent static earthquake load is assumed to be equal to 2/3
of the corresponding horizontal one.

Applying the Uniform Load Method, as described above, the vertical static displacement at the
superstructure’s mid-span cross-section due to a corresponding unit uniform load (1 kip/ft =
14.59 kN/m) is equal to 0.09 inches (2.40 mm). Consequently, the stiffness of the bridge
superstructure under vertical loading, K,.,, equals 7872 kips/ft (114883 kN/m). Given that the
total considered weight, W, is 89.8 kips (40.75 tons) and g equals 32.17 ft/sec’ (9.81 m/sec?), the
model’s fundamental period of vibration under vertical loading, 7;,, is computed to be 0.118
seconds.

Using Equation (3-3), the model’s elastic seismic response coefficient due to vertical eartquake
loading, Ci,,,, is:

1.2-(0.25-2.39)-1.2
e 0.11823

c =3.58>2.5-(025-2.39)=1.49 = C,, , =1.49

The equivalent vertical static earthquake load, p,,, acting along the superstructure’s length will
therefore be equal to:

Csm W

% —1.44 kips/ft (3-4)
According to AASHTO LRFD [2007], the design seismic loads result from the elastic seismic
loads divided by the response modification factor, R. The superstructure of a bridge system is
considered to remain elastic when subjected to earthquake induced loads and therefore the
response modification factors, R, equals to unity. However, the proposed segmental
superstructure system with internal unbonded tendons is expected to have higher ductility and
energy dissipation capabilities comparing to the conventional monolithic systems. Consequently,
a greater R-factor equal to 2.50 is selected for the design of the bridge’s superstructure and
substructure [Sideris et al., 2010]. The design vertical earthquake load, p,,, along the

superstructure’s length will therefore be:

P, 144

=0.58 kips/ft 3-5
R 2.50 s (3-5)

pd,v

The design vertical earthquake load equals 0.58 kips/ft (8.46 kN/m).
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It should be noted that, the period of vibration in the vertical direction corresponds to a very stiff
structure resulting to a maximum elastic seismic response coefficient value. Table 3-5
summarizes the considered design parameters for the bridge’s superstructure under vertical
earthquake loading.

Table 3-5: Uniform Load Method design parameters for vertical earthquake loads

Parameter Symbol Vertical EQ
Maximum static displacement, Vina 0.09 in
(240 mm)
Stiffness, K 7872  kips/ft
(114883 kN/m)
Model fundamental period, T 0.118 sec
Elastic seismic response coefficient, Com 1.49
Equivalent static earthquake loading, De 1.44 kips/ft
(21.02 kN/m)
Design earthquake load, Pd 0.58  Kkips/ft
(8.46 kN/m)

The section forces resulting from the application of the design vertical earthquake loads on the
bridge’s superstructure are presented in Table 3-6 whereas; section forces resulted from all
considered load cases are summarized in Table 3-7.

Table 3-6: Member forces due to vertical earthquake loads

Load Case Load Value Moment
Mid-span Support
0.58  kips/ft 98 kips-ft -29  kips-ft
Vertical EQ, EQ,
(8.46 KkN/m) (133 kN-m) (-39 kN-m)

3.3 Design Load Combinations
According to the AASHTO LRFD Bridge Design Specifications [2007], bridge components and
connections should be designed in order to satisfy the each of the following limit states:

=  Service I: compression in pre-stressed concrete components is investigated using this
load combination;

= Service III: is the load combination for longitudinal analysis related to tension in pre-
stressed concrete superstructures with the objective of crack control;

= Strength I: is the basic load combination related to the normal vehicular use of a bridge.
The ultimate strength of all bridge components is computed;
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= Extreme Event I: is the load combination including earthquake.

The load factors for the various load combinations are presented in Table 3-8 and, the member
forces for all considered load combinations are presented in Table 3-9.

Table 3-7: Member forces due to considered load cases

Load Case Moment
Mid-span Support
185 kips-ft -55  kips-ft
Self-weight, DC
(251 kN-m) (-75 kN-m)
55  kips-ft -17  kips-ft
Barriers and Surfacing, DW
(75 kN-m) (-23  kN-m)
47 kips-ft -
Design Truck, LL
(64 kN-m)
25  kips-ft -
Design Lane, LL
(34 kN-m)
98 kips-ft -29  kips-ft
Vertical EQ, EQ,
(133 kN-m) (-39 kN-m)

Table 3-8: Load combinations and load factors [AASHTO, 2007]

Load Factors
DC DW LL EQ

« | Service Il 1.00 1.00 1.00 -
=
'% Service 111 1.00 1.00 0.80 -
= max | 125 1.50 1.75 -
g | Strength I
8 min 0.90 0.65 1.75 -
= max 1.25 1.50 0.50 1.00
S | Extreme Event I

min 0.90 0.65 0.50 1.00

A preliminary design is conducted in order to compute the number of tendons and their geometry
along the superstructure’s length. The critical load combinations considered in the preliminary
design are: Service III limit sate; Extreme Event I limit state for vertical earthquake loading and;
the lifting of the superstructure as described in Section 3.5.2. Following the preliminary design,
all time dependant and non-dependant losses due to pre-stressing are computed. The
superstructure’s stresses and section forces for all considered load combinations are computed
and compared to the design limit states ones.
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Table 3-9: Member forces due to considered load combinations

Load Combination Moment
Mid-span Support
328 kips-ft =72 kips-ft
Service I
(445 kN-m) (-98  kN-m)
311 kips-ft =72 kips-ft
Service 111
(422 kN-m) (-98  kN-m)
467 kips-ft -95  kips-ft
max
(633 kN-m) | (-129 kN-m)
Strength I
. 356 kips-ft -61  kips-ft
min
(483 kN-m) (-83  kN-m)
456 kips-ft -124  kips-ft
max
(618 kN-m) | (-168 kN-m)
downward
345 Kkips-ft -90 kips-ft
min
Extreme Event I, (468 kN-m) | (-122° kN-m)
Vertical EQ Load 260 kips-ft 66 kips-ft
max
(353 kN-m) (-89 kN-m)
upward
149 kips-ft -32  kips-ft
min
(202 kN-m) (-43  kN-m)

3.4  Stress Limits for Pre-stressing Tendons and Concrete

The magnitude of pre-stressing force in a concrete member is not constant, but assumes different
values during the life of the member. The greatest force that acts on the member is during the
jacking operation and is referred as Jacking force, P;. Upon transfer of force to the concrete
member, there is an immediate reduction of the jacking force to a lower value defined as the
Initial Pre-stress force, P, as a consequence of all instantaneous losses such as anchorage slip,
elastic shortening and friction. With the passage of time, the pre-stress force is further reduced.
The result of time-dependent effects, including concrete shrinkage and creep and steel relaxation,
is that the initial pre-stress force is gradually reduced to what will be termed the Effective Pre-
stress force, P,. For the case of unbonded pre-stressed tendons, slip can occur between the steel
and the surrounding concrete when flexural loading is applied. The result is that the elongation of
the steel is distributed over the entire length of the tendon.

Most specifications for pre-stressed concrete members impose certain limitations on stresses in
the concrete and steel at particular loading stages. According to AASHTO LRFD Bridge Design
Specifications [2007] and PCI Bridge Design Manual [2003], the tendon stress shall not exceed
the tensile strength limit values specified in Table 3-10 for the different design Limit States.
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Table 3-10: Stress limits for post-tensioned low relaxation strands [AASHTO, 2007]

Limit States Condition Stress Limit

Service Prior to seating, 0.90 1,

At anchorages and couplers immediately

after anchor set, 070 fpu

Elsewhere along length of member away
from anchorages and couplers immediately 0.74 fou
after anchor set,

At service limit state after all losses (f.), 0.80 1,
Strength and Tensile strength, Jou
Extreme Event Yield strength, Jou

The stress limits for concrete account for temporary stresses before losses and stresses at Service
Limit states after losses. The concrete compressive and tensile stress limits according to
AASHTO LRFD [2007] and PCI Bridge Design Manual [2003] are summarized below.

The stress limits for concrete at release before losses are:
= Compression for pre-tensioned or post-tensioned members, 0.60f;;
= Tension:
i.  in areas without bonded reinforcement, 0.0948\/7cf <0.2 ksi;

1. in areas with bonded reinforcement sufficient to resist the tensile force in the
concrete assuming an uncracked section, 0.24./ 1. ksi.

At Service Limit state for fully pre-stressed components, the concrete stress limits are:
= Compression using the load combination for Service I Limit state:
i.  due to effective prestress and permanent (dead) load, 0.45f";
ii.  due to effective prestress and permanent and dead and live loads, 0.60f;
* Tension using the load combination for Service III Limit state:

i.  for components with bonded pre-stressing tendons or reinforcement subjected to
not worse than moderate corrosive conditions, 0.19y/ /. ksi;

ii.  for components with unbonded pre-stressing, no tension is allowed.

3.5 Preliminary Design

The preliminary design of the number of tendons and their geometry along the length of the
superstructure will be governed by the developed concrete tensile stresses. The jacking force, P;,
as well as the effective pre-stressing force, P,, should be estimated and the concrete stresses
computed so that, no tensile concrete stresses are developed.
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The concrete stress at the top face of any post-tensioned member, f;, and at the bottom face, f;, can
be found by superimposing axial and bending effects due to the applied pre-stress force and the
dead and live loads [Nilson, 1978]:

e " e Tt 3-6
/i ) 3 ¥ 3 (3-6)
z Pe z Peei M
== 4 L 3-7
fh AC Sb + Sb ( )

where P, is the effective pre-stress force acting on the cross-section, A. is the superstructure
cross-section area, e; the strand eccentricity from the center of gravity of the cross-section, S; the
superstructure’s top fiber modulus, S, the superstructure’s bottom fiber modulus and M, the total
moment at the specific location due to the considered load combination (see Table 3-9).

As listed in Table 3-10 and according to AASHTO LRFD Bridge Design Specifications [2007],
the effective tendon limit stress at Service limit states, after all losses, is 0.80f,. A more
conservative value is recommended by the mono-strand manufacturers [DYWIDAG DSI, 2009],
equal to 0.65F), assuming that the percentage of total losses is 35. Based on that, the effective
pre-stressing force is initially assumed to be equal to 0.65F,, or 26.9 kips/strand (119.4
kN/strand) whereas; the jacking force equals 0.80F),, or 33 kips/strand (146.8 kN/strand)
[DYWIDAG DSI, 2009].

In the following sections, the stresses at mid-span and support sections are computed and the
number of tendons required as well as, their geometry along the superstructure’s length.

3.5.1 Service III Limit State

As mentioned in Section 3.4, Service III Limit State will govern the design of the bridge
superstructure in terms of the developed cross-sectional tensile concrete stresses. In particular, for
unbonded pre-stressed tendons no tensile stresses are allowed to develop.

The bottom tensile stress at mid-span cross-section equals:

Mh,m

s, (3-8)

.fh,m =

By substituting into Equation (3-8) M, ,, the total moment due to Service III loads at mid-span
equal to 311 kips-ft (422 kN-m) and S, equal to 7839 in® (0.126 m®), the bottom tensile stress
at mid-span is 0.476 ksi (3.28 MPa).

Assuming that the distance between the centre of gravity of strands and the bottom fiber of the
superstructure cross-section is 1.75 inches (45 mm), the total effective pre-stressing force can be
computed using Equation (3-7). Given that the concrete tension stress limit for unbonded tendons
is zero and that f;,, at mid-span is 0.476 ksi (3.28 MPa), 4. is 1047 in® (0.67 m?) and ¢, is 14.10
inches (358 mm), the total effective pre-stressing force after all losses is 173 kips (770 kN).
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The number of strands required is approximately seven (173/26.9 = 7). A total number of ten 1/2-
inch tendons (T.1 to T.10) is selected with a total area of 1.53 in® (987.1 mm?) and a total
effective pre-stress force of 269 kips (1197 kN).

The top tensile stress at the centerline of the support cross-section equals:

Mt
_ s 3-9
fu=g (3-9)
By substituting into Equation (3-9) M, , the total moment due to Service III loads at the support
equal to 72 kips-ft (98 kN-m) and S, equal to 9944 in’® (0.159 m’), the top tensile stress f;, at

support is 0.087 ksi (0.60 MPa).

Assuming that the distance between the strands’ centre of gravity and the top fiber of the
superstructure cross-section equals 1.75 inches (45 mm), the effective pre-stress can be computed
using Equation (3-6). Given that the concrete tension stress limit for unbonded tendons is zero
and that f; , at support is 0.087 ksi (0.60 MPa), 4. is 1047 in” (0.67 m®) and ¢, is 10.75 inches (273
mm), the total effective pre-stress force after all losses is 43 kips (191 kN).

The number of the strands required is approximately two (43/26.9= 2). It can be therefore noted
that, the number of tendons required at the support is significantly different than the one at
required at mid-span. Because of that, the design will consider that two of the mid-span strands
(T.1 and T.10) will reach the support with a parabolic geometry and an eccentricity from the top
fiber equal to 1.75 inches (45 mm) whereas; the eight remaining tendons (T.2 to T.9) will reach
the support with an unknown average eccentricity, e;.

Following the reverse procedure than the one described above, the unknown average eccentricity,
e;, can be computed:

10-26.9 + 2-26.9-10.75 + (10-2)-26.9-¢,

- =0.087 =
Js A S S

t t

Given that A4, equals 1047 in® (0.67 mz) and S; equals 9944 in® (0.159 m3), e; equals 10.53 inches
(267 mm) below the neutral axis of the superstructure’s cross-section.

At the cantilever end sections, where zero moments are developed, the total number of strands
will reach in order to be tensioned from one side and fixed from the other. So, the geometry of
tendons from the support to the end of cantilever should be such as the centre of gravity of
tendons at the cantilever end coincides with the centre of gravity of the cross-section.

Summarizing the results we obtained for Service III Limit State, the design of the superstructure
will incorporate ten tendons (T.1 to T.10) with a 1/2-inch diameter (12.7 mm). The geometry of
the tendons will be parabolic along the superstructure’s length. The eccentricity of the ten tendons
at the mid-span section is 1.75 inches (45 mm) from the extreme bottom fiber of the cross-section
whereas; two of the tendons (T.1 and T.10) reach the support with an eccentricity of 1.75 inches
(45 mm) and eight of them (T.1 to T.9) with an average eccentricity of 23.03 inches (585 mm)
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from the top fiber of the superstructure’s cross-section. It should be noted that in order to account
for the small size of the scaled superstructure model and to facilitate the construction of the
specimen, the internal unbonded tendons are considered continuous along the superstructure’s
length and draped in the webs of the cross-section.

3.5.2  Lifting of Superstructure

The bridge superstructure designed hereafter is considered to be a simply supported beam with
two overhangs of equal length (Figure 3-1). Following the assembly and pre-stressing of the
superstructure’s precast segments as described in Section 2.6, a crane will lift it up to its supports.
The only load acting on the superstructure during lifting is its own self-weight.

Based on the lifting equipment of the SSESL Laboratory and the superstructure’s total weight,
two lifting points have been selected. The span between the lifting points is 15.625 feet long (4.76
m) whereas; the two overhangs are 23.125 feet (7.05 m) long. Considering that the self-weight of
the superstructure equals 1.09 kips/ft (15.91 kN/m), the resulting design forces are calculated and
presented in Table 3-11.

Table 3-11: Member forces during lifting

Load Case Load Value Moment

Mid-span Lifting Points
1.09 kips/ft -258  kips-ft -292  kips-ft
(1591 kN/m) | (-350 kN-m) (-396 kN-m)

Lifting

As shown in Table 3-11, the top fiber of the superstructure’s cross-section is in tension along its
total length during lifting. Consequently, a number of tendons should be provided at the top plate
of the cross-section and along the total length of the superstructure in order to prevent the
development of any tensile stresses during lifting. The design will incorporate four additional
tendons (T.11 to T.14) lying at a fixed distance of 1.75 inches (45 mm) from the top fiber of the
superstructure’s cross section with an effective pre-stress force of 26.9 kips/strand (119.4
kN/strand).

By substituting into Equation (3-6), M, ,, the total moment due to lifting at mid-span equal to 258
kips-ft (350 kN-m), S, equal to 9944 in® (0.159 m®), 4. equal to 1047 in” (0.67 m*) and e; equal to
10.75 inches (273.05 mm) for tendons T.11 to T.14 and 14.40 inches (366 mm) for tendons T.1 to
T.10 from the center of gravity of the superstructure’s cross section:

_14-269 4-26.9-10.75 10-26.9-14.10 258-12

+ + =—0.068 ksi
1047 9944 9944 9944

Jim =

Consequently, the concrete stresses at the top fiber of the superstructure’s cross-section during
lifting are compressive.
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Summarizing the results we obtained above, the design of the superstructure will incorporate
fourteen tendons (T.1 to T.14) with a 1/2-inch diameter (12.7 mm). The geometry of tendons T.1
to T.10 will be parabolic, as mentioned in Section 3.5.1 whereas; tendons T.11 to T.14 will be
lying at a distance of 1.75 inches (45 mm) from the top fiber of the superstructure’s cross-section
and along its length during the lifting of the superstructure.

3.5.3 Extreme Event I Limit State, Vertical Earthquake

As tabulated in Table 3-9, no negative moments are developed at the mid-span of the
superstructure when subjected to either downward or upward vertical seismic loading [AASHTO,
2007]. Even though no tension stresses are expected to develop at the top fiber of the mid-span
cross-section according to the design seismic loads, this might differ during the actual testing of
the bridge model on the two shake tables.

As mentioned in Section 3.5.2, four additional tendons (T.11 to T.14) are incorporated in the
design in order to account for the developed tensile stresses during lifting of the superstructure.
Initially, all fourteen tendons (T.1 to T.14) are placed and tensioned in order to lift the
superstructure to its final position. Afterwards, two tendons (T.12 and T.13) will be released and
the twelve remaining tendons (T.1 to T.10, T.11 and T.14) will provide the required pre-stressing
forces to the superstructure.

3.5.4 Tendon Geometry

Based on the above calculations and the requirements of the AASHTO LRFD Bridge Design
Specifications [2007] concerning the minimum vertical and horizontal clear spacing between the
ducts, the tendons are distributed in the cross-section as shown in Table 3-12 and Figure 3-5 for
the mid-span, support and cantilever end sections. The geometry of the tendons along the span’s
length is illustrated in Figure 3-6. As noted before, the tendons are draped in the webs of the
superstructure’s cross-section.

It should be mentioned that e, and e, as listed in Table 3-12, refer to the tendon eccentricity above
and below the center of gravity of the superstructure’s cross-section, respectively.

3.6 Pre-stress Loss Estimation
The total pre-stress losses in post-tensioned members as defined in AASHTO LRFD Bridge
Design Specifications [2007] may be taken as:

AFpT = AFpF +AFPA +AFpES +AFpLT (3-10)

where AF),7 is the total loss of pre-stressing force, AF,r is the loss due to friction, AF,,, is the loss
due to anchorage set, AF,gs is the sum of all losses due to elastic shortening or extension at the
time of application of pre-stress and external loads and AF),;r is the losses due to long-term
shrinkage and creep of concrete, and relaxation of the steel.
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Table 3-12:

Tendon eccentricities at superstructure’s critical sections

Tendons # Mid-span Support Cantilever End Units
€t €p €t €p €t €p
14.10 10.75 10.75 in
T.1, T.10 2 - - -
(35%) (273) (273) (mm)
14.10 5.10 5.60 in
T.2,T.9 2 - - -
(358) (129) (142) (mm)
14.10 8.10 0.10 in
T.3, T8 2 - - -
(358) (206) (2.5) (mm)
14.10 11.10 5.40 in
T.4,T.7 2 - - -
(358) (282) (137) | (mm)
14.10 14.10 10.90 in
T.5,T.6 2 - - -
(35%) (358) (277) | (mm)
10.75 10.75 10.75 in
T.11to T.14 4 - - -
(273) (273) (273) (mm)
|
=
=
2
g
=
=
g
2
2

Figure 3-5: Tendon configuration at mid-span, support and cantilever end sections
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Figure 3-6: Elevation view of tendon geometry along the superstructure

3.6.1 Losses due to Friction

For post-tensioned members, usually the tendons are anchored at one end and stretched with the
jacks at the other end. The total friction loss is the sum of the ‘wobble friction’ due to
unintentional misalignment, and the ‘curvature friction’ due to the intentional curvature of the

tendon.

According to AASHTO LRFD Bridge Design Specifications [2007], losses due to friction
between the internal pre-stressing tendons and the duct wall may be taken as:

AF,, =P (1= ") (3-11)

where AF), the loss due to friction, P; the force in the pre-stressing steel at jacking, x the length of
pre-stressing tendon from the jacking end to any point under consideration, K, the wobble
friction coefficient, u the coefficient of friction and 6 the sum of the absolute values of angular
change of pre-stressing steel path from jacking end to the point under investigation.

The jacking force, P, is set equal to 30 kips (133.4 kN) and not 33 kips (146.8 kN) which is the
maximum value of jacking force specified by the strand manufacturer [DYWIDAG DSI, 2009].
The wobble coefficient K,, is set equal to 0.0002 /ft whereas the coefficient of friction x equals
0.23 /rad for polyethylene ducts [AASHTO, 2007].

Given that the tendons are curved in both horizontal and vertical plane, the total angular change 6;
shall be obtained by adding the total vertical angular change, 6, ; and the total horizontal angular
change, 6,;. Since the developed elevation and plan of the tendons is of parabolic geometry, the
angular change 6; can be computed as:

0= 3 evz,i + 0112,1' (3-12)

Each of the vertical and horizontal angular change can be computed as:
g =4V (3-13)
where 6; the total vertical or horizontal angular change, y; the vertical distance between top and

bottom points of the parabola and x; the horizontal distance between top and bottom points of the

parabola.
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Moreover, the expected elongation of the tendons is also computed according to:

P x
! tion = = 3-14
elongation =3, 74 ( )

piops

where P;,, the average pre-stressing force after friction losses between adjacent location points, x
the length of pre-stressing tendon from the jacking end to any point under consideration, £, the
modulus of elasticity of the pre-stressing strands and A, the total area of pr-stressing strands.

The losses are computed for each tendon at five points - jacking end, left support, mid-span, right
support and dead end. The results are presented in Table 3-13.

3.6.2  Losses due to Elastic Shortening

Elastic shortening is the immediate shortening of the member under the application of pre-
stressing forces. For a post-tensioned member with several tendons stressed simultaneously, there
is no elastic shortening loss, since jacking will proceed until the desired pre-stress force is
reached. However, in the case of tendons tensioned sequentially, after the first tendon the
tensioning of any subsequent tendon will reduce the force in those already anchored, with the
exception of the last tendon which will suffer no loss.

The loss due to elastic shortening in post-tensioned members, according to AASHTO LRFD
Bridge Design Specifications [2007], may be computed as:

N_l Apsfpht(lg+e§1Ac)_emMgAc
2N > A1E, (3-15)
A,, +e,A4)+ Eg

P

Af PES =

where 4,,, the area of pre-stressing steel, 4. the area of the gross concrete section, £, the modulus
of elasticity of concrete at transfer, E, the modulus of elasticity of pre-stressing tendons, e, the
tendon average eccentricity, f,; the stress in pre-stressing steel immediately prior to transfer, /,
the moment of inertia of the gross concrete section, M, the moment due to self-weight at location
under consideration and N the number of identical pre-stressing tendons.

The ratio (N-1/2N) is assumed to be equal to 0.50 whereas 4,, equals 2.14 in® accounting for
fourteen tendons, 4, equals 1047 in®, E, equals 4287 ksi, E, equals 28500 ksi, f,, equals 218.7 ksi
and 1, equals 124266 in".

The losses due to elastic shortening are computed for the cantilever end, support and mid-span
sections and presented in Table 3-14.
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Table 3-13: Losses due to friction along the tendons’ length

Tendon P; 0 X AFpp Piyr Piay Elongation
(kips) (rad) (in) (kips) (kips) (kips) (in)
0.000 0.00 0.00 30.00
0.000 120.00 0.06 29.94 29.97 0.82
T.1, T.10 30.0 0.210 371.25 1.59 28.41 29.17 1.68
0.421 622.50 3.05 26.95 27.68 1.59
0.421 742.50 3.10 26.90 26.93 0.74
4.84
0.000 0.00 0.00 30.00
0.098 120.00 0.72 29.28 29.64 0.82
T.2,T.9 30.0 0.197 371.25 1.51 28.49 28.88 1.66
0.297 622.50 2.27 27.73 28.11 1.62
0.395 742.50 2.94 27.06 27.39 0.75
4.85
0.000 0.00 0.00 30.00
0.076 120.00 0.58 29.42 29.71 0.82
T.3, T.8 30.0 0.190 371.25 1.46 28.54 28.98 1.67
0.305 622.50 2.32 27.68 28.11 1.62
0.380 742.50 2.85 27.15 27.41 0.75
4.86
0.000 0.00 0.00 30.00
0.054 120.00 0.43 29.57 29.79 0.82
T4, T.7 30.0 0.195 371.25 1.49 28.51 29.04 1.67
0.336 622.50 2.52 27.48 28.00 1.61
0.389 742.50 291 27.09 27.29 0.75
4.86
0.000 0.00 0.00 30.00
0.031 120.00 0.28 29.72 29.86 0.82
T.5,T.6 30.0 0.205 371.25 1.56 28.44 29.08 1.68
0.379 622.50 2.79 27.21 27.83 1.60
0411 742.50 3.04 26.96 27.09 0.75
4.85
0.000 0.00 0.00 30.00
0.000 120.00 0.06 29.94 29.97 0.82
T.11 to T.14 30.0 0.000 371.25 0.19 29.81 29.88 1.72
0.000 622.50 0.31 29.69 29.75 1.71
0.000 742.50 0.37 29.63 29.66 0.82
5.08
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Table 3-14: Losses due to elastic shortening

Cantilever end Support Mid-span
€ms (in) -3.29 0.88 7.00
M, (kips-ft) 0.00 55 185
Afogs,  (ksi) 1.60 1.49 1.65
AFpes,  (kips) 0.24 0.23 0.25

3.6.3 Losses due to Anchorage Set

In post-tensioned members, when the jacking force is released, the steel tension is transferred to
the concrete through the anchorages. Inevitably there is a small amount of slip at the anchorages
upon transfer, as the wedges seat themselves into the tendons or as the anchorage hardware
deforms. The magnitude of anchorage set depends on the particular pre-stressing system.

Losses due to anchorage set will be computed based on the recommendations of PCI Bridge
Design Manual [2003]. An average value of anchor set, w, equal to 0.375 inches (9.525 mm) is
chosen.

After the post-tensioning tendon is anchored the drop in tendon stress due to anchorage set is
affecting a length, x,, which can be approximated as:

[4 E wL
x, = | et (3-16)
AP

where A, the area of the pre-stressing strand, £, the modulus of elasticity of the pre-stressing
tendons, w the anchor set, L the total length of the tendon and AP the difference in the pre-
stressing force between the jacking end and the dead end due to friction losses as computed
above.

Table 3-15: Effective length due to anchorage set

Tendon X, (in)
T.1, T.10 599.95
T.2,T.9 616.76
T.3,T.8 626.63
T.4,T.7 620.50
T.5,T.6 606.31
T.11to T.14 1800.74
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The loss of the pre-stressing force due to anchorage set can be then calculated along any point, x;,
of the tendon length:

AF = 2AP(x, —x;)

oA 3 3-17)

The calculations for all tendons are summarized in Table 3-16.

Table 3-16: Losses due to anchorage set along the tendons’ length

Anchorage Set Losses (kips)
Location (in)
T.1, T.10 | T.2,T.9 T3, T8 | T4, T.7 | T5 T.6 | T.11to T.14
0.00 5.45 5.30 5.22 5.27 5.39 1.82
120.00 4.36 4.27 4.22 4.25 433 1.70
371.25 2.08 2.11 2.13 2.12 2.09 1.44
622.50 0.00 0.00 0.03 0.00 0.00 1.19
742.50 0.00 0.00 0.00 0.00 0.00 1.07

3.6.4 Losses due to Concrete Shrinkage

Drying shrinkage of concrete permits a reduction of strain in the pre-stressing steel equal to the
shrinkage of the concrete. The resulting steel stress reduction is an important component of the
total pre-stress loss.

According to the PCI Bridge Design Manual [2003], the concrete shrinkage coefficient, S,, is
given by the equation:

(t=t,)

S (t,t)=——"2>—
(.00 3[5+(@-t,) "

(3-18)

where ¢ the age of concrete, ¢, the age of concrete at the end of the initial curing period and S, the
ultimate shrinkage strain.

An average value for the ultimate shrinkage strain is suggested:

S, =545k ,107° (3-19)

k g=k ,kyk, (3-20)
where k, the correction factor for initial curing period equal to 0.86 for 28 days moist curing

period, &, the correction factor for relative humidity equal to 1.00 for 70% average ambient
relative humidity and £ the size correction factor:
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k, =121 3-21)

where V' the volume of concrete and S the surface area of concrete exposed to drying.

For a ratio of the section volume over the concrete area exposed to drying equal to 3.42, k; is
computed to be equal to 0.80, &, equals 0.68 and S, equals 0.37%o. Using Equation (3-18):

(180 — 28)

— = 037-107° =0.30-10"°
35 + (180 — 28)

S_(180,28) =

Af,s =S.E,=8.65 ksi (3-22)
The losses due to concrete shrinkage, AF), s., are estimated to be 1.32 kips.

3.6.5 Losses due to Concrete Creep

For unbonded post-tensioned members, the reduction in steel stress due to concrete creep is more
or less uniform along the entire length of the tendon.

According to the PCI Bridge Design Manual [2003], the concrete creep coefficient, C., is given
by the equation:

(t _ ZLg)O.é

C.(tt)=———2"_C,
(5:1,) 10+ (t—1,)"°

(3-23)

where ¢ the age of concrete, ¢, the age of concrete at the end of the initial curing period and C, the
ultimate creep strain.

An average value for the ultimate creep strain is suggested:

C, =1.88k, (3-24)

kc:klakhks (3-2’5)

where k&, the correction factor for loading age equal to 0.84 for 28 days moist cured loading age,
ky the correction factor for relative humidity equal to 1.00 for 70% average ambient relative
humidity and £; the size correction factor:

k, = %(1+1.13e‘°'54m) (3-26)

where V the volume of concrete and S the surface area of concrete exposed to drying.
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For a ratio of the section volume over the concrete area exposed to drying equal to 3.42, k; is
computed to be equal to 0.79, k. equals 0.66 and C, equals 1.24. Using Equation (3-23):

(180 — 28 )%°

C,(180,28) =
o / 10 + (180 — 28 )°°

124 = 0.832

The loss in tension due to concrete creep will be calculated at the maximum moment section at
mid-span, for the condition of self-weight plus pre-stress. The losses due to concrete creep,
AF, c., are estimated to be 0.26 kips.

3.6.6 Tendon Stresses after Losses

After having computed both instantaneous and time-dependant losses, the pre-stress level should
be estimated at two stages of the considered pre-stressed concrete superstructure. First, an
estimate of the pre-stressing forces is needed immediately following transfer of pre-stress which
may result from subtracting all instantaneous losses — friction, anchorage set and elastic
shortening — from the jacking force:

P, =P —(AF,, +AF, +AF,)) (3-27)

The second stage requires an estimate of the effective pre-stress after all instantaneous and time-
dependant losses have occurred:

P, =P, —(AF,; + AF ;s + AF, )= (AF, 5 + AF, ) (3-28)

Both the pre-stressing forces at transfer, P, and the effective force, P, along the tendon length
are tabulated in Table 3-17.
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Table 3-17: Total pre-stressing losses and forces after losses along the superstructure’s length

Losses

Tendon | Distance P; AFpr | AFpes | AFpa | AFpse | AFpce Py |
(in) (kips) | (kips) | (kips) | (kips) | (kips) | (kips) | (kips) | (kips)
0.00 0.00 0.24 5.23 24.53 | 22.95
120.00 0.06 0.23 4.22 2549 | 2391
T.1, T.10 371.25 | 30.00 1.59 0.25 2.13 1.32 0.26 26.03 | 2445
622.50 3.05 0.23 0.03 26.70 | 25.12
742.50 3.10 0.24 0.00 26.65 | 25.07
0.00 0.00 0.24 5.09 24.67 | 23.09
120.00 0.72 0.23 4.14 2491 | 23.33
T.2, T.9 371.25 | 30.00 1.51 0.25 2.15 1.32 0.26 26.09 | 24.51
622.50 2.27 0.23 0.16 27.34 | 25.76
742.50 2.94 0.24 0.00 26.82 | 25.24
0.00 0.00 0.24 5.01 24.74 | 23.16
120.00 0.58 0.23 4.09 25.11 | 23.53
T.3, T.8 371.25 | 30.00 1.46 0.25 2.16 1.32 0.26 26.13 | 24.55
622.50 2.32 0.23 0.23 27.22 | 25.64
742.50 2.85 0.24 0.00 26.90 | 25.32
0.00 0.00 0.24 5.06 2470 | 23.12
120.00 0.43 0.23 4.12 25.22 | 23.65
T.4,T.7 371.25 | 30.00 1.49 0.25 2.15 1.32 0.26 26.10 | 24.52
622.50 2.52 0.23 0.19 27.07 | 2549
742.50 2.91 0.24 0.00 26.85 | 25.27
0.00 0.00 0.24 5.17 24.58 | 23.00
120.00 0.28 0.23 4.19 25.30 | 23.72
T.5, T.6 371.25 | 30.00 1.56 0.25 2.14 1.32 0.26 26.05 | 24.47
622.50 2.79 0.23 0.08 26.90 | 25.33
742.50 3.04 0.24 0.00 26.72 | 25.14
0.00 0.00 0.24 1.80 27.95 | 26.37
120.00 0.06 0.23 1.68 28.03 | 2645
T.A1-T.14 | 371.25 | 30.00 0.19 0.25 1.43 1.32 0.26 28.13 | 26.55
622.50 0.31 0.23 1.18 28.28 | 26.70
742.50 0.37 0.24 1.06 28.32 | 26.74
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According to AASHTO LRFD Bridge Design Specifications [2007] and Table 3-10, the pre-
stressing force limit for tendons immediately after anchor set, P, is 28.9 kips (128.6 kN) at
anchorages and 30.6 kips (136.1 kN) elsewhere along the member length and away from
anchorages whereas; according to Table 3-17 the maximum developed pre-stressing force equals
28.32 kips (126.0 kN). Moreover, the pre-stressing force limit for tendons at Service Limit state
after all losses, P, is 29.7 kips (132.1 kN) whereas; the maximum developed effective pre-
stressing force equals 26.74 kips (118.9 kN).

The tendon geometry along the span is illustrated in Figure 3-7 (plan view and elevation). Due to
geometric symmetry of the superstructure, only half of the superstructure’s geometry is presented.

\>/‘

L T.1,T.10
T.4,T.7 — T.2.T.9

|
\
I
|
|
T.5.T.6 L — T.3.T.8

Figure 3-7: Plan and elevation view of tendon geometry along the superstructure

3.7  Service III Limit State
According to AASHTO LRFD Bridge Design Specifications [2007] and Section 3.4, no tensile
concrete stress are allowed for fully pre-stressed unbonded components at Service I1I Limit State.

The maximum developed moments due to Service III load combination are 311 kips-ft (422 kN-
m) for the mid-span section and -72 kips-ft (-98 kN-m) for the support, as presented in Table 3-9.
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By substituting into Equations (3-6) and (3-7) the values of effective pre-stressing forces P,r and
eccentricities e, or e, as presented in Table 3-18, S, equal to 9944 in’ (0.159 m?), A. equal to 1047
in? (0.67 m?) and S, equal to 7839 in® (0.126 m®) the top and bottom concrete stresses along the
superstructure’s length can be computed. It should be mentioned that e, and e, refer to the tendon
eccentricity above and below the center of gravity of the superstructure’s cross-section,
respectively. The concrete stresses due to Service III Limit State are listed in Table 3-19 and it
becomes evident that no tensile stresses are developed.

Table 3-18: Tendon effective forces and eccentricities

T.1, T.10 T.2, T.9
Location "y "(kips) | ec(in) | en(in) | Pe(kips) | ec(in) | ey (in)
jack end 22.95 10.75 - 23.09 5.95 -
left support 2391 10.75 - 23.33 - 5.10
mid-span 24.45 - 14.10 24.51 - 14.10
right support 25.12 10.75 - 25.76 - 5.10
dead end 25.07 10.75 - 25.24 5.95 -
T.3,T.8 T.4,T.7
Location P, (kips) e (in) ey, (in) P, (kips) ¢ (in) ey, (in)
jack end 23.16 0.45 - 23.12 - 5.05
left support 23.53 - 8.10 23.65 - 11.10
mid-span 24.55 - 14.10 24.52 - 14.10
right support 25.64 - 8.10 25.49 - 11.10
dead end 25.32 0.45 - 25.27 - 5.05
T.5, T.6 T.11, T.14
Location P, (kips) e (in) e (in) P, (kips) ¢ (in) ey (in)
jack end 23.00 - 10.55 26.37 10.75 -
left support 23.72 - 14.10 26.45 10.75 -
mid-span 24.47 - 14.10 26.55 10.75 -
right support 25.33 - 14.10 26.70 10.75 -
dead end 25.14 - 10.55 26.74 10.75 -
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Table 3-19: Concrete stresses for Service III Limit State

Location f; (ksi) fy, (ksi)
jack end -0.335 -0.189
left support -0.116 -0.480
mid-span -0.370 -0.177
right support -0.122 -0.512
dead end -0.357 -0.209

3.8 Service I Limit State

According to the AASHTO LRFD Bridge Design Specifications [2007] and Section 3.4, the
compression limit stresses for the service limit state Load Combination I are 0.45f." due to
effective pre-stress and permanent (dead) load and 0.60f." due to effective pre-stress and
permanent and transient loads (all dead loads and live loads). In particular, the compression limit
stress is equal to 2.25 ksi (15.5 MPa) due to effective pre-stress and dead load and 3.00 ksi (20.7
MPa) due to effective pre-stress and dead and live loads.

The maximum developed moments due to Service I load combination are 240 kips-ft (325 kips-ft)
for the mid-span section and -72 kips-ft (-98 kN-m) for the support accounting for permanent
loads whereas; 328 kips-ft (445 kN-m) for the mid-span section and -72 kips-ft (-98 kN-m) for
the support, for permanent and transient loads, as presented in Table 3-9.

The concrete stresses due to Service I Limit State are listed in Table 3-20 and it becomes evident
that compressive concrete stresses are significantly lower than the corresponding limits.

Table 3-20: Concrete stresses for Service I Limit State

Permanent Loads Permanent and

Location Transient Loads
f; (ksi) fp, (ksi) f; (ksi) fy, (ksi)
jack end -0.335 -0.189 -0.335 -0.189
left support -0.116 -0.480 -0.116 -0.480
mid-span -0.284 -0.285 -0.390 -0.151
right support -0.122 -0.512 -0.122 -0.512
dead end -0.357 -0.209 -0.357 -0.209
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3.9 Strength I Limit State

The flexural resistance of the superstructure’s mid-span cross-section is computed based on the
approach developed in AASHTO LRFD Bridge Design Specifications [2007] for flexural
members with unbonded tendons.

The average stress in the unbonded steel may be taken as:

dp -c
[ =Sy +914 —— = f (3-29)
21
h=2+k (3-30)

where f, the effective stress in pre-stressing steel at section under consideration after all losses, d,
the distance from extreme compression fiber to the centroid of the pre-stressing tendons, ¢ the
distance from extreme compression fiber to the neutral axis assuming that the tendon pre-
stressing steel has yield, /. the effective tendon length, f,, the yield strength of pre-stressing steel,
[; the length of tendon between anchorages and N, the number of support hinges crossed by the
tendon between anchorages.

In addition, the standard assumption of concrete stresses at ultimate flexure being represented by
a rectangular stress block is adopted, with the intensity equal to 0.85f.” and the depth equal to f;c
where £ is a coefficient equal to 0.80 for the specified concrete strength.

Given the complexity of the superstructure cross-section geometry, its nominal flexural
resistance, M, is computed using the Strain Compatibility approach, the basis of which lays on
maintaining equilibrium between the sum of steel tension forces and concrete compression forces
developed in the cross-section. The process is iterative because both steel stresses and depth of
the neutral axis are unknown, as shown in Equation (3-29).

The maximum developed moments due to Strength I load combination are 467 kips-ft (633 kN-
m) for the mid-span section and -95 kips-ft (-129 kN-m) for the support, as presented in Table
3-9. Moreover, f,, equals 243 ksi (1675 MPa), /; equals 742.5 in (18.86 m) and N, equals 2 and;
using Equation (3-30) /, equals 371.3 in (9.43 m).

Given that only the pre-stressing reinforcement connects the superstructure segments, it is the
only reinforcement to be considered for the calculation of the flexural resistance of the
superstructure whereas; non-prestressing reinforcement is neglected.

Regarding the superstructure’s mid-span section, the neutral axis ¢ is assumed to be lying in the
top plate of the cross-section. An iterative procedure is followed and a value of ¢ equal to 0.87
inches (22.3 mm) is obtained.
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Based on Equation (3-29), the stresses in the unbonded pre-stressing steel are listed in Table 3-21
and result to a sum of tensile pre-stressing steel forces equal to 395.61 kips (1760 kN) for
Strength I Limit State.

Table 3-21: Flexural resistance of superstructure at mid-span for Strength I limit state

Tendon Pes fes dp; # fos Pps

(kips) (ksi) (in) (ksi) (kips)

T.1 24.45 159.8 26.60 1 223.1 34.13
T.2 24.51 160.2 26.60 1 223.5 34.20
T3 24.55 160.4 26.60 1 223.7 34.23
T4 24.52 160.3 26.60 1 223.6 34.21
T.5 24.47 160.0 26.60 1 2233 34.16
T.6 24.47 160.0 26.60 1 2233 34.16
T.7 24.52 160.3 26.60 1 223.6 34.21
T.8 24.55 160.4 26.60 1 223.7 34.23
T.9 24.51 160.2 26.60 1 223.5 34.20
T.10 24.45 159.8 26.60 1 223.1 34.13
T.11,T.14 26.55 173.5 1.75 2 175.7 26.88
Sum - - - 12 - 395.61

The total compressive concrete force, P., equals 395.99 kips (1761 kN) given that f.” equals 5.0
ksi (34.5 MPa), c equals 0.87 in (22.3 mm) and b, equals 132.35 in (3.34 m) and:

P.=(0.85-1.)(0.80-c)b, 3-31)

Based on the above, the nominal flexural capacity, M,, of the superstructure’s cross-section at
mid-span equals 754 kips-ft (1022 kN-m). Assuming a resistance factor, ¢, equal to 0.90 for
flexural components with unbonded tendons, the factored flexural resistance, M,, equals 679 kips-
ft (921 kN-m) which is greater than the maximum developed moment at mid-span due to Strength
I load combination that equals 467 kips-ft (633 kN-m).

The same procedure is followed for the superstructure’s support sections. The neutral axis ¢ is
assumed to be lying in the bottom plate of the cross-section and a value of ¢ equal to 1.54 inches
(39.4 mm) is obtained following an iterative process.

Based on Equation (3-29), the stresses in the unbonded pre-stressing steel are listed in Table 3-22
and result to a sum of tensile pre-stressing steel forces equal to 370.15 kips (1646 kN) for
Strength I Limit State.
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Table 3-22: Flexural resistance of superstructure at supports for Strength I limit state

Tendon Pes fes dp; # fos Py

(kips) (ksi) (in) (ksi) (kips)

T.1 2391 156.3 1.75 1 156.8 23.99
T.2 23.33 152.5 17.60 1 192.0 29.38
T.3 23.53 153.8 20.60 1 200.7 30.70
T.4 23.65 154.5 23.60 1 208.9 31.95
T.5 23.72 155.1 26.60 1 216.8 33.16
T.6 23.72 155.1 26.60 1 216.8 33.16
T.7 23.65 154.5 23.60 1 208.9 31.95
T.8 23.53 153.8 20.60 1 200.7 30.70
T.9 23.33 152.5 17.60 1 192.0 29.38
T.10 2391 156.3 1.75 1 156.8 23.99
T.11, T.14 26.45 172.9 26.60 2 234.6 35.89
Sum - - - 12 - 370.15

The total compressive concrete force, P., equals 370.01 kips (1646 kN) by substituting into
Equation (3-31) /.’ equal to 5.0 ksi (34.5 MPa), ¢ equal to 1.54 in (39.4 mm) and b, equal to 70.85
in (1.80 m).

Based on the above, the nominal flexural capacity, M, of the superstructure’s cross-section at the
supports equals 611 kips-ft (828 kN-m). Assuming a resistance factor, ¢, equal to 0.90 for
flexural components with unbonded tendons, the factored flexural resistance, M,, equals 550 kips-
ft (746 kN-m) which is significantly greater than the maximum developed moment at mid-span
due to Strength I load combination that equals 95 kips-ft (129 kN-m).

3.10 Extreme Event I Limit State
3.10.1 Vertical Earthquake Load

The maximum developed moments due to Extreme Event I Limit State and vertical earthquake
loading are 456 kips-ft (618 kN-m) for the mid-span section and -124 kips-ft (-168 kN-m) for the
support, as presented in Table 3-9.

According to Section 3.9, the factored flexural resistance, M,, of the superstructure’s cross-
section equals 679 kips-ft (921 kN-m) for the mid-span and 550 kips-ft (746 kN-m) for the
support sections, which are greater than the maximum developed moments due to the considered
loads.
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3.10.2 Horizontal Transverse Earthquake Load

The flexural resistance of the superstructure’s cross-section is computed under a horizontal
transverse earthquake loading. Following the same procedure as the one described in Section 3.9
and considering as critical section the mid-span one, the factored flexural resistance, M, ,, of the
superstructure’s cross-section is computed to be equal to 1780 kips-ft (2413 kN-m).

3.11 Reinforcement Limits

According to AASHTO LRFD Bridge Design Specifications [2007], at any section of a flexural
component the amount of pre-stressed and non-prestressed tensile reinforcement shall be
adequate to develop a factored flexural resistance, M,, at least equal to the lesser of 1.20 times the
cracking strength, M,,, determined on the basis of elastic stress distribution and the modulus of
rupture, f,, and 1.33 times the factored moment required by the applicable strength load
combination.

The cracking moment, M,,, is defined as:

M, =S.(f+ fp)- M( e 1] > 5, f, (3-32)
where f.,. the compressive stress in concrete due to effective pre-stress forces only (after
allowance for all pre-stress losses) at extreme fiber of section where tensile stress is caused by
externally applied loads, M,,. the total unfactored dead load moment acting on the monolithic or
non-composite section, S, the section modulus for the extreme fibber of the composite section
where tensile stress is caused by externally applied loads, S, the section modulus for the extreme
fibber of the monolithic or non-composite section where tensile stress is caused by externally
applied loads and f, the modulus of rapture.

For the case of monolithic sections Equation (3-32) reduces to:

M, =S.(f,+f,)2S.1. (3-33)
£, =0241 (3-34)

The calculations regarding the critical mid-span section of the superstructure are performed
hereafter. Given that S, equals 7839 in® (0.126 m®), /. equals 0.537 ksi (3.70 MPa) and Jepe €quals
0.653 ksi (4.50 MPa) according to Section 3.7, M., is computed to be equal to 777 kips-ft (1053
kN-m).

In order to compute the flexural resistance, M,, of the superstructure’s cross-section at mid-span,
the number and distance of pre-stressing and non-prestressing reinforcement from the cross-
section’s extreme fibber in tension needs to be specified. The Strain Compatibility approach is
used and the strain at each layer of non-prestressing reinforcement is computed assuming that the
maximum concrete compressive strain is 0.003. On the other hand, the stresses developed in the
pre-stressing reinforcement are computed as described in Section 3.9.
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The diameter of non-prestressing reinforcement is selected to be 3/8” (9.53 mm) for #3 bars
whereas; their yielding stress is 60 ksi (414 MPa).

Assuming that the neutral axis, ¢, is lying in the top plate of the superstructure’s cross-section at
mid-span, a value of 1.82 inches (46.2 mm) is obtained. Moreover, the nominal flexural capacity,
M,, of the superstructure’s cross-section at mid-span equals 1032 kips-ft (1399 kN-m) and
assuming a resistance factor, ¢, equal to 0.90 for flexural components with unbonded tendons, the
factored flexural resistance, M,, equals 928 kips-ft (1258 kN-m).

Based on the above and given that the factored moment at mid-span due to Strength I load case is
467 kips-ft:

M, =928>min{l.2-777,1.33-467} = min 932,621} = 621 kips-ft

Consequently, the amount of pre-stressed and non-prestressed tensile reinforcement is considered
to be adequate according to AASHTO LRFD Bridge Design Specifications [2007].

The reinforcement details of the superstructure test unit — pre-stressing strands and mild
reinforcement - are presented in Appendix A.

The superstructure test specimen, designed according to AASHTO LRFD Bridge Design
Specifications [2007] and PCI Bridge Design Manual [2003], will be used to develop a two-
dimensional analytical model. In Chapters 5 and 6, the numerical model will be analyzed under a
series of vertical seismic excitations of different intensities using non-linear dynamic analysis
methods.
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SECTION 4
SUBSTRUCTURE DESIGN

The substructure of the bridge model, as described in Section 2.5, is designed hereafter according
to AASHTO LRFD Bridge Design Specifications [2007] and PCI Bridge Design Manual [2003].

The piers are considered to act as cantilevers with a fixed support between the pier’s end segment
and the foundation block. The cap beams, piers and foundation blocks are post-tensioned together
whereas; the superstructure is simply supported on the cap beams. Following the AASHTO
LRFD [2007] specifications, the piers are considered to behave as continuous members and the
code provisions for segmentally constructed bridges are employed for their design. The geometry
of the design model is illustrated in Figure 4-1 and Figure 4-2.

10-0° 4110 /2" 10-0"

24 1/4"

116"

2'-0" 2'-0" 2'-0" 2'-0" 2'-0"1'-6

Figure 4-1: Longitudinal elevation of bridge test model

11-0 1/4"

16" 24 1/4"

10'-0"
grqn

Figure 4-2: Transverse elevation of bridge test model and pier cross-section
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4.1 Material Properties

The material properties used for the design of the bridge’s substructure match the ones used for
the design of its superstructure, as described in Section 3.1. For the post-tensioning of the piers,
the same mono-strand system as the one used for the pre-stressing of the superstructure has been
selected [DYWIDAG DSI, 2009]. The diameter of the strand is 0.6” (15.2 mm) and the strand is
sheathed inside a high density polyethylene duct having a diameter of approximately 17 (25.4
mm).

The key concept of incorporating post-tensioned internal unbonded tendons acting as the
continuous reinforcement between the pier segments is incorporated in the design as for the case
of the bridge’s superstructure (see Section 3.1). Neither shear keys nor epoxied joints are
considered between the pier’s segments.

The material properties used in the design of the piers are summarized in Table 3-1.

Table 4-1: Design material properties [AASHTO, 2007]

Material Property Symbol Value
Compression strength (28 days) 1 5000 psi
(34.5 MPa)
Concrete Unit weight We 150  Ibs/ft’
(2403  kg/m’)
Modulus of elasticity E, 4287 ksi
(29.6 GPa)
Strand diameter D, 0.6 in
(15.24 mm)
Strand area Agp 0.217 in’

(134.00 mm?)

Pre-stressing Ultimate strength Fy, 58.6  kips
Strands (260.7 kN)
Yield strength F,, 52.7 kips
(2344 kN)
Modulus of elasticity E, 28500 ksi
(196.5 GPa)
Yield stress b 60 ksi
Reinforcing Bars (314 MPa)
Modulus of elasticity E; 29000 ksi
(200 GPa)
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4.2  Section Properties
The geometry of the pier cross-section is illustrated in Figure 4-2 and the cross-sectional
properties used for the design are summarized in Table 4-2.

Table 4-2: Pier cross-section properties

Property Symbol Value
Area A, 400 in’
(026 m?)
Depth h 25.0 in
(635 mm)
Width b 25.0 in
(635 mm)
Thickness t; 50 in
(127 mm)
Height H 120.0 in
(3.05 m)
Moment of inertia 1 28333 in’
(0.012 m*

4.3 Design Loads

4.3.1 Dead Loads

The dead loads acting on the piers include the superstructure self-weight (DC), the permanent
loads from barriers and future surfacing (DW) acting on the superstructure and the self-weight of
the cap beams (DC). According to Section 3.2.1 and Table 3-3, the uniform load resulting from
the superstructure self-weight and the permanent loads from barriers and future surfacing equal
1.09 kips/ft (15.92 kN/m) and 0.33 kips/ft (4.82 kN/m), respectively. The geometry of the cap
beams is illustrated in Sideris et al. [2010] and its weight is approximately 3.8 kips (1.7 ton).

The loads and the corresponding member forces are presented in Table 4-3.

4.3.2 Live Loads

The live loads acting on the superstructure of the bridge model are described in detail in Section
3.2.2 and Table 3-4.

The member forces resulting from the applied live loads on the piers are presented in Table 4-4.
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Table 4-3: Member forces due to dead loads

Load Case Load Value Axial Force
1.09 kips/ft 33.8 kips
Superstructure self-weight, DC
(15.92 kN/m) (1503 kN)
0.33  kips/ft 10.1 kips
Barriers and surfacing, DW
(4.82 kN/m) (449 kN)
3.8 kips 3.8 kips
Cap beam self-weight, DC
(16.9 kN) (16.9 kN)

Table 4-4: Member forces due to live loads

Load Case Load Value Axial Force
0.59/2.35 kips 2.9 kips

Design Truck, LL
(2.62/10.45 kN) (12.9 kN)
0.11 kips/ft 2.4 Kkips

Design Lane, LL
(1.61 kN/m) (10.7 kN)

4.3.3 Earthquake Loads

Earthquake loads as defined in AASHTO LRFD Bridge Design Specifications [2007] are given
by the product of the elastic seismic coefficient Cy,, and the equivalent weight of the structural
system.

Each pier is designed as a cantilever with a concentrated earthquake load at its top. The method of
analysis to be used is the Uniform Load Method which is based on the corresponding
fundamental mode of vibration of the bridge. The period of this mode is taken as that of an
equivalent single mass-spring oscillator whereas; the stiffness of this equivalent spring is
calculated using the maximum displacement that occurs when an arbitrary uniform lateral load is
applied to the bridge structure. The elastic seismic coefficient, C;,, is used to calculate the
equivalent uniform seismic load from which seismic force effects are found.

The Uniform Load Method is described in detail in Section 3.2.3. The elastic seismic response
coefficient Cj,, as defined in Equation (3-3), is illustrated in Figure 3-4 for both the prototype and
scaled bridge model.

The following loads are considered for computing the seismic mass acting on each pier: the self-
weight of the superstructure (see Table 3-3); the permanent loading from the barriers and future
surfacing acting on the superstructure (see Table 3-3); 30 percent of the design lane live load
acting on the superstructure (see Table 3-4); the self-weight of the cap beams (see Table 4-3) and
50 percent of the self-weight of each pier equal to 2.1 kips (0.95 ton). The total considered
weight, W, acting on each pier equals 50.5 kips (22.4 tons).
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The static displacement at the top of each pier due to a horizontal unit point load (1 kip = 4.448
kN) is equal to 0.01 inches (0.25 mm). Consequently, the stiffness of the piers, K, equals 1201
kips/ft (17527 kN/m). Given that the total considered weight, W, is 50.5 kips (22.4 tons) and g
equals 32.17 ft/sec® (9.81 m/sec?), the pier’s fundamental period of vibration under horizontal
eartquake loading, 7, is computed to be 0.227 seconds.

Based on Equation (3-3), the elastic seismic response coefficient, Cy,,, due to horizontal eartquake
loading is:

12-(0.25-2.39)-1.2
sm 0.2272/3

=231>2.5-(0.25-2.39)=1.49 = C,, =1.49

The equivalent static horizontal earthquake load, P,, acting on the pier equals 75.30 kips (335.0
kN).

According to AASHTO LRFD Bridge Design Specifications [2007], the design seismic loads
result from the elastic seismic loads divided by the response modification factor, R. For single
bridge columns the response modification factor, R, equals to 1.5, 2.0 and 3.0 for ‘critical’,
‘essential’ and ‘other’ importance bridge categories, respectively. According to Section 3.2.3, an
overall R-factor equal to 2.50 is selected for the segmental bridge system described in this study.
Considering the case of a ‘critical’ importance bridge category, the response modification factor
for the case of segmental bridge columns with internal unbonded tendons will be:

R=15-25=375 4-1)

The design horizontal earthquake load, P, acting on the pier will therefore be:

P 7530 )
=—e =227 _90.08 kips (89.3 kN 4-2
‘TR 375 ps ( ) @2

Table 4-5 summarizes the considered design parameters for the bridge’s substructure under
horizontal earthquake loading.

The section forces resulting from the application of the design horizontal earthquake loading on
the piers are presented in Table 4-6. In order to calculate the design moment at the base of the
piers, the height between the superstructure’s center of gravity and the base of the pier including
the height of the cap beam is considered. The total considered height equals 153.85 inches (3.9
m).

The section forces resulted from all considered load cases are summarized in Table 4-7.
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Table 4-5: Uniform Load Method design parameters for horizontal earthquake loads

Parameter Symbol Vertical EQ
Maximum static displacement, Vina 0.01 in
(0.25 mm)
Stiffness, K 1201  kips/ft
(17527 kN/m)
Model fundamental period, T, 0.227 sec
Elastic seismic response coefficient, Com 1.49
Equivalent static earthquake loading, P, 75.30 kips
(335.0 kN)
Design earthquake load, P, 20.08 kips
(89.3 kN)

Table 4-6: Member forces due to horizontal earthquake loads

Load Case Load Value Moment Shear Force
20.08 kips 257  kips-ft 20.1 Kkips

Horizontal EQ, EQ,
(89.3 kN) (348 kN-m) (89.3 kN)

Table 4-7: Member forces due to considered load cases

Load Case Axial Force Moment Shear Force
33.8 Kkips - -
Superstructure self-weight, DC
(150.3 kN) - -
10.1 Kkips - -
Barriers and surfacing, DW
(449 KkN) - -
3.8 kips - -
Cap beam self-weight, DC
(16.9 kN) - -
2.9 kips - -
Design Truck, LL
(129 kN) - -
2.4 kips - -
Design Lane, LL
(10.7 kN) - -
- 257  kips-ft 20.1 kips
Horizontal EQ, EQ,
- (348 kN-m) (89.3 kN)
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4.4 Design Load Combinations

According to the AASHTO LRFD Bridge Design Specifications [2007], bridge components and
connections should be designed in order to satisfy the Service I, Service III, Strength I and
Extreme Event I limit states, as described in Section 3.3.

The load factors for the various load combinations are presented in Table 3-8 whereas; the
member forces for all considered load combinations are summarized in Table 4-8.

A preliminary design is conducted in order to compute the number of tendons and their geometry
along the pier length. Afterwards, all time dependant and non-dependant losses due to pre-
stressing are computed as well as, the stresses and section forces developed along the pier length
for all considered load combinations and compared to the design limit states ones.

The stress limits for the pre-stressing tendons and concrete are presented in Section 3.4, according
to AASHTO LRFD Bridge Design Specifications [2007] and PCI Bridge Design Manual [2003].

Table 4-8: Member forces due to considered load combinations

Load Combination Axial Force Moment Shear Force
53.9 kips - -
Service 1
(239.8 kN) - -
52.6 kips - -
Service 111
(234.0 kN) - -
71.3 kips - -
Strength I (max)
(317.2 kN) - -
Extreme Event I, 64.7 kips 257 kips-ft 20.1 kips

Horizontal EQ Load (max) | (287.8 kN) | (348 kN-m) | (89.3 kN)

4.5 Preliminary Design

For pre-stressing the precast pier segments, continuous straight unbonded tendons are used. The
strands are anchored in the footings and extend to the pier caps. Eight mono-strand tendons
[DYWIDAG DSI, 2009] with a 0.6” diameter are used along the pier’s length, as illustrated in
Figure 4-3.

The design of the piers will be governed by the jacking force, P;, and the effective pre-stressing
force, P, of the tendons. According to AASHTO LRFD Bridge Design Specifications [2007] and
Table 3-10, the effective tendon limit stress at Service limit states, after all losses, is 0.80f,,. A
more conservative value is recommended by the mono-strand manufacturers [DY WIDAG DSI,
2009], equal to 0.65F),, assuming that 35 percent of total losses. Based on the second approach,
the effective pre-stressing force is initially assumed to be equal to 0.65F,, or 38.1 kips/strand
(169.4 kN/strand) and the maximum jacking force equals 0.80F,, or 46.9 kips/strand (208.6
kN/strand) [DY WIDAG DSI, 2009].
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The pier’s preliminary design will be governed by the flexural resistance of the cross-section
under the Extreme Event I load combination. The calculations are presented hereafter.

21/2" 10" 0" 212"

o I r
~ <— Layer 1
=

| : <+— Layer2
5
:g ¥ <— Layer3
e~

Figure 4-3: Pier cross-section and tendon configuration

4.5.1 Extreme Event I Limit State

The flexural resistance of the pier cross-section is computed based on the approach developed in
AASHTO LRFD Bridge Design Specifications [2007] for flexural members with unbonded
tendons. The average stress in the unbonded steel, the concrete stresses and the nominal flexural
resistance, M, of the pier cross-section are computed according to Section 3.9.

The maximum developed moment due to Extreme Event I load combination is 257 kips-ft (348
kN-m) for the fixed cantilever end, as tabulated in Table 4-8. Moreover, f,, equals 243 ksi (1675
MPa), /; equals 120.0 inches (3.05 m) and N; equals zero and; using Equation (3-30) /, equals
120.0 inches (3.05 m).

The pre-stressing reinforcement is the only reinforcement to be considered for the calculation of
the flexural resistance of the piers; non-prestressing reinforcement is neglected.

Initially, an assumption on the neutral axis ¢ is made and an iterative procedure is followed until
equilibrium of forces is satisfied. A value of ¢ equal to 5.01 inches (127.3 mm) is obtained.

Based on Equation (3-29), the stresses in the unbonded pre-stressing steel are presented in Table
4-9 and result to a sum of tensile pre-stressing steel forces equal to 360.9 kips (1605.5 kN) for
Extreme Event I Limit State.

The total compressive concrete force, P., equals 425.7 kips (1893.6 kN) by substituting into
Equation (3-31) f.” equal to 5.0 ksi (34.5 MPa), c equal to 5.01 inches (127.3 mm) and b equal to
25 inches (0.63 m).
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Table 4-9: Pier flexural resistance for Extreme Event I limit state

Tendon P, for dp; # fos Py
(kips) (ksi) (in) (ksi) (kips)
Layer 1 38.1 175.5 2.50 3 156.4 101.8
Layer 2 38.1 175.5 12.50 2 2325 100.9
Layer 3 38.1 175.5 22.50 3 243.0 158.2
Sum - - - 8 - 360.9

Finally, the maximum developed axial force due to Extreme Event I load combination is 64.7
kips (287.8 kN), as presented in Table 4-8. Based on the above, the nominal flexural capacity, M,
of the pier cross-section equals 419 kips-ft (568 kN-m). Assuming a resistance factor, ¢, equal to
0.90 for flexural components with unbonded tendons, the factored flexural resistance, M,, equals
377 kips-ft (511 kN-m) which is greater than the maximum developed moment due to Extreme
Event I load combination that equals 257 kips-ft (348 kN-m).

4.5.2 Tendon Geometry

Based on the above calculations and the requirements of the AASHTO LRFD Bridge Design
Specifications [2007] concerning the minimum vertical and horizontal clear spacing between the
ducts, the tendons are distributed in the cross-section as shown in Figure 4-3. The tendons follow
a straight path along the pier length.

4.5.3 Slenderness Effects

For concrete columns that undergo appreciable lateral deflections resulting from combinations of
vertical or vertical and lateral loads force effects should be determined. A slenderness ratio is
defined as K1, /r where K the effective length factor, /, the unbraced length of the member and »
the radius of gyration of the member.

According to AASHTO LRFD Bridge Design Specifications [2007] and for members not braced
against sideway, the effects of slenderness may be neglected where the slenderness ratio is less
than 22. Otherwise, the member’s factored moments should be increased to reflect effects of large
deformations. It should be noted that these procedures were developed for reinforced concrete
columns but are currently used for pre-stressed concrete columns as well.

Considering the pier as a cantilever fixed at its interface with the foundation block, the effective
length factor, K, is set equal to 2.10. The unbraced length, /,, equals 120.0 inches (3.05 m) and the
radius of gyration, 7, equals 8.42 inches (214 mm) given that / equals 28333 in* (0.012 m*) and 4,
equals 400 in” (0.26 m®). As a result, the slenderness ration is computed as:

K1, _2.10-120
r 8.42

=30>22
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For a slenderness ratio equal to 30, the piers may be considered slightly slender and according to
AASHTO LRFD Bridge Design Specifications [2007] the large deformation effects should be
taken under consideration. However given that the piers are constructed by precast post-tensioned
segments and the slenderness ratio of the corresponding monolithic member is relatively low,
large deflection analysis is not considered in this study.

Moreover, the wall slenderness ratio of a hollow rectangular cross-section, 4,,, shall be taken as:

A, =2t 4-3)

where X, is the clear length of the constant thickness portion of a wall between other walls or
fillets between walls and ¢ the thickness of the wall.

Given that X, equals 15.0 inches (381 mm) and ¢ equals 5.0 inches (127 mm), the wall
slenderness ratio is equal to 3.0 and consequently the equivalent rectangular stress block method
may be used for the design of the section based on a compression strain of 0.003 [AASHTO,
2007].

4.6  Prestress Loss Estimation

The total prestress losses in post-tensioned members, as defined in AASHTO LRFD Bridge
Design Specifications [2007], are calculated according to Section 3.6 and Equation (3-10). The
detailed calculations are presented hereafter.

4.6.1 Losses due to Friction

The tendon losses due to friction are computed according to Section 3.6.1 at three points: jacking
end, mid-span and dead end. The results are presented in Table 4-10.

Table 4-10: Losses due to friction along the tendons’ length

Tendon P; 0; X AFyp P, ¢ Piay Elongation
(kips) (rad) (in) (kips) (kips) (kips) (in)

0.000 0.00 0.00 46.00

Layers 1,2,3 46.0 0.000 60.00 0.05 45.95 45.98 0.45
0.000 120.00 0.09 4591 45.93 1.45
0.89

4.6.2  Losses due to Elastic Shortening

The tendon losses due to elastic shortening of the member are calculated using Equation (3-15)
and Section 3.6.2. The ratio (N-1/2N) is assumed to be equal to 0.50 whereas A4,, equals 1.74 in’
accounting for eight tendons, A, equals 400 in’, E. equals 4287 ksi, E, equals 28500 ksi, £,
equals 218.7 ksi, / equals 28333 in* and M, equals to zero.
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Using Equation (3-15), the losses due to elastic shortening, 4f,zs, are estimated to be 3.07 ksi or
0.67 kips.

4.6.3 Losses due to Anchorage Set

Losses due to anchorage set will be computed based on the recommendations of PCI Bridge
Design Manual [2003]. According to Section 3.6.3, an average value of anchor set, w, equal to
0.375 inches (9.525 mm) is chosen.

The loss of the pre-stressing force due to anchorage set can be calculated as:

AF, =—+ (4-4)

For E, equal to 28500 ksi and L equal to 120 in, the losses due to tendon anchorage set, Af,,, are
estimated to be 89.06 ksi or 19.33 kips.

4.6.4 Losses due to Concrete Shrinkage

The losses due to concrete shrinkage are computed according to Section 3.6.4. For a ratio of the
section volume over the concrete area exposed to drying, V/S, equal to 4.00, k, is computed to be
equal to 0.74, kg, equals 0.64 and S, equals 0.35%o. Using Equation (3-18) and (3-22):

(180 — 28)

=% 035.107° =0.28 107
35+ (180 — 28)

5_(180,28) =

N, =S.E, =8.06ksi
The losses due to concrete shrinkage, AF), 5., are estimated to be 1.75 kips.

4.6.5 Losses due to Concrete Creep

The losses due to concrete shrinkage are computed according to Section 3.6.5. For a ratio of the
section volume over the concrete area exposed to drying, V/S, equal to 4.00, k, is computed to be
equal to 0.75, k. equals 0.63 and C, equals 1.19. Using Equation (3-23):

(180 — 28 )**

—1.19 = 0.798
10 +(180 - 28 )"

C.(180,28) =

The losses due to concrete creep, 4f,, c., are estimated to be 3.64 ksi or 0.79 kips.

4.6.6 Tendon Stresses after Losses

After having computed both instantaneous and time-dependant losses, the pre-stress level of the
piers should be estimated at two stages. First, an estimate of the pre-stressing forces immediately
following transfer of pre-stress is needed according to Equation (3-27) and; the second stage
requires an estimate of the effective prestress after all instantaneous and time-dependant losses
have occurred according to Equation (3-28). Both the pre-stressing forces at transfer, P, , and the
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effective force, P,; along the tendon length are presented in Table 4-11. The tendon geometry is
shown in Figure 4-3.

Table 4-11: Total pre-stressing losses and forces after losses along the pier’s length

Losses

Tendon | Distance | P; AFpr | AFpes | AFps | AFpse | AFpce Ppor P,
(in) (kips) | (kips) | (kips) | (kips) | (kips) (kips) (kips) | (kips)

0.00 0.00 26.01 | 23.47
Iiaie;s 60.00 | 460 | 005 | 067 | 1933 | 226 079 | 2596 | 23.42
120.00 0.09 25.92 | 23.38

According to AASHTO LRFD Bridge Design Specifications [2007] and Table 3-10, the pre-
stressing force limit for tendons immediately after anchor set, P,,, is 41.0 kips (182.4 kN) at
anchorages and 43.4 kips (193.1 kN) elsewhere along the member length and away from
anchorages whereas; according to Table 4-11 the maximum developed pre-stressing force equals
26.01 kips (115.7 kN). Moreover, the pre-stressing force limit for tendons at Service Limit state
after all losses, P,, is 42.2 kips (187.7 kN) whereas; the maximum developed effective pre-
stressing force equals 23.47 kips (104.4 kN).

4.7  Service III Limit State
The concrete stress at any post-tensioned member, f;, can be computed by superimposing axial
and bending effects due to the applied pre-stress force and the dead and live loads [Nilson, 1978]:

oot AZPG " ZSP"e" + M, (4-5)

o
St’

where N, is the axial load at the specific location due to the considered load combination, P, is

the effective prestress force acting on the cross-section, 4. is the pier cross-section area, e; the

strand eccentricity from the center of gravity of the cross-section, S, the pier’s modulus, and M,

the total moment at the specific location due to the considered load combination.

According to AASHTO LRFD Bridge Design Specifications [2007] and Section 3.4, no tensile
concrete stress are allowed for fully pre-stressed unbonded components at Service III Limit State.

As summarized in Table 4-8, no flexural moments are developed along the pier length due to
Service III load combination.

By substituting into Equation (4-5) the eccentricities, e;, as presented in Table 4-12; the effective
pre-stressing forces, P,, as presented in Table 4-11; S, equal to 2267 in® (0.037 m®) and A4, equal
to 400 in> (0.26 m?), the concrete stresses along the pier’s length can be computed. The concrete
stresses due to Service III Limit State are tabulated in Table 4-13 and it becomes evident that no
tensile stresses are developed.
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4.8

Table 4-12: Tendon geometry and eccentricities

Tendon ¢; (in) #
Layer 1 10.0 3
Layer 2 0.0 2
Layer 3 10.0 3

Table 4-13: Concrete stresses for Service III limit state

Location Distance P. Nu M, f.
(in) (kips) | (kips) | (kips-in) (ksi)
Jack end 0.00 23.47 | 4845 0.0 -0.591
Mid-section 60.00 23.42 | 50.53 0.0 -0.595
Dead end 120.00 2338 | 52.62 0.0 -0.599

Service I Limit State
According to the AASHTO LRFD Bridge Design Specifications [2007] and Section 3.4, the
compression limit stresses for Service I load combination are 0.45f.” due to effective prestress and
permanent (dead) load and 0.60f.” due to effective prestress and permanent and transient loads
(all dead loads and live loads). In particular, the compression limit stress is equal to 2.25 ksi (15.5
MPa) due to effective prestress and dead load and 3.00 ksi (20.7 MPa) due to effective prestress

and dead and live loads.

As summarized in Table 4-8, no flexural moments are developed along the pier length due to

Service I load combination.

The concrete stresses due to Service I Limit State are computed according to Section 4.7 and are
presented in Table 4-14. It is evident that compressive concrete stresses are significantly lower

than the corresponding limits.

4.9

As summarized in Table 4-8, no flexural moments are developed along the pier length due to

Table 4-14: Concrete stresses for Service I limit state

Strength I load combination and no further calculations are required.
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Location Distance P, Nu M, f.
(in) (kips) | (kips) | (kips-in) (ksi)
Jack end 0.00 23.47 | 49.69 0.0 -0.594
Mid-section 60.00 23.42 | 51.77 0.0 -0.598
Dead end 120.00 23.38 | 53.85 0.0 -0.602
Strength I Limit State




4.10 Extreme Event I Limit State

4.10.1 Uniaxial Earthquake Load

The maximum developed moment due to Extreme Event I Limit State is 257 kips-ft (348 kN-m)
for the fixed cantilever end, as summarized in Table 4-8.

Following the procedure described in Section 4.5.1., an assumption on the neutral axis ¢ of the
pier cross-section is made and an iterative procedure is followed until equilibrium of forces is
satisfied. A value of ¢ equal to 4.22 inches (107.2 mm) is obtained.

In Table 4-15, the stresses in the unbonded pre-stressing steel are tabulated based on Equation
(3-29) resulting to a sum of tensile pre-stressing steel forces for Extreme Event I Limit State
equal to 293.9 kips (1307.3 kN).

Using Equation (3-31) and given that £’ equals 5.0 ksi (34.5 MPa), c equals 4.22 inches (107.2
mm) and b equals 25 inches (0.63 m), the total compressive concrete force, P,., equals 358.6 kips
(1595.1 kN).

Table 4-15: Pier flexural resistance for Extreme Event I limit state

Tendon P. fes dp; # fps Py
(kips) (ksi) (in) (ksi) (kips)
Layer 1 23.38 107.7 2.50 3 94.6 61.61
Layer 2 23.38 107.7 12.50 2 170.8 74.12
Layer 3 23.38 107.7 22.50 3 243.0 158.19
Sum - - - 8 - 293.9

The maximum developed axial force due to Extreme Event I load combination is 64.7 kips (287.8
kN), as summarized in Table 4-8. Based on the above, the nominal flexural capacity, M, of the
pier cross-section equals 403.6 kips-ft (547 kN-m). Assuming a resistance factor, ¢, equal to 0.90
for flexural components with unbonded tendons, the factored flexural resistance, M,, equals 363.3
kips-ft (493 kN-m) which is greater than the maximum developed moment due to Extreme Event
I load combination that equals 257 kips-ft (348 kN-m).

4.10.2 Biaxial Earthquake Loads

According to AASHTO LRFD Bridge Design Specifications [2007], the elastic seismic force
effects on each of the pier’s principle axes resulting from analysis in the two perpendicular
directions shall be combined. Given the symmetry of the pier’s cross-section, 100 percent of the
absolute value of the force effects in one of the perpendicular directions is combined with 30
percent of the absolute value of the force effects in the other perpendicular direction. The

corresponding moments for the critical fixed cantilever end cross-section are presented in Table
4-16.
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Table 4-16: Member forces at support due to biaxial earthquake loading

Extreme Event 1 % Nu M, M,
(kips) (kips-ft) (kips-ft)
EQ Load in y-y 100 64.7 257 -
EQ Load in z-z 30 - - 77

Given that the factored axial load equals 64.7 kips (287.8 kN) and is less than 0./0¢f.’4,, the
following relationship should be satisfied considering the earthquake loads acting on each pier:

M+|MZ <1.0= 257 -

M M 363.3 363.3

r,y r,z

=0.92<1.0 (4-6)

4.11 Reinforcement Limits

4.11.1 Minimum Reinforcement

According to AASHTO LRFD Bridge Design Specifications [2007] and Section 3.11, the
calculation of the pier cracking strength, M., is required. Given that S, is equal to 2267 in® (0.037
m’), £, equals 0.537 ksi (3.70 MPa) and Jepe €quals 2.155 ksi (14.86 MPa) the cracking moment,
M., is computed to be equal to 508 kips-ft (689 kN-m).

The diameter of non-prestressing reinforcement is selected to be 3/8” (9.53 mm) for #3 bars and,
their yielding stress is 60 ksi (414 MPa).

Initially, an assumption on the neutral axis ¢ is made and an iterative procedure is followed until
equilibrium of forces is satisfied. A value of ¢ equal to 1.71 inches (43.4 mm) is obtained.
Moreover, the nominal flexural capacity, M,, of the pier’s cross-section equals 860 kips-ft (1166
kN-m) and assuming a resistance factor, ¢, equal to 0.90 for flexural components with unbonded
tendons, the factored flexural resistance, M,, equals 774 kips-ft (1049 kN-m).

Based on the above and given that the factored moment at mid-span due to Extreme Event I load
case is 257 kips-ft:

M, =774>min{l.2-508,1.33-257} = min {610,342} =342 kips-ft

Consequently, the amount of pre-stressed and non-prestressed tensile reinforcement is considered
to be adequate according to AASHTO LRFD Bridge Design Specifications [2007].

4.11.2 Limits for Reinforcement

According to AASHTO LRFD Bridge Design Specifications [2007], the maximum area of pre-
stressed and non-prestressed longitudinal reinforcement for compression members shall be such
that:
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A A f

P <0.08 -
1, 7, “4-7)
A .
:—fe,/ <0.30 (4-8)

cJ ¢

where A4, the area of non-prestressed steel, 4. the gross area of the section, 4, the area of pre-
stressing steel, f,, the specified tensile strength of pre-stressing steel, £, the specified yield strength
of reinforcing bars, .’ the specified compressive stress of concrete and f. the effective prestress.

Accounting for sixty four non-prestressed steel bars with a diameter equal to 3/8” (9.53 mm) for
#3 bars, the area of non-prestressed steel, 4;, is 7.07 in® (4561 mrnz). Given that 4. equals 400 in®
(0.26 m?), A, equals 1.74 in*> (1123 mm®), f,, equals 270 ksi (1860 MPa), £, equals 60 ksi (414
MPa), f.” equals 5 ksi (34.5 MPa) and f;s equals 107.7 ksi (743 MPa), Equations (4-7) and (4-8)
yield to:

7.07 1.74-270
+

=0.037 < 0.08
400  400-60
L7077 _ 0,094 < 0.30
400-5

The minimum area of pre-stressed and non-prestressed longitudinal reinforcement shall be such
that:

A A
ALy Antwe " >0.135 (4-9)

ACfC' AC»fL
7.07-60 N 1.74-270
400-5 400-5
According to AASHTO LRFD Bridge Design Specifications [2007], for piers in Seismic Zone 3
the area of longitudinal reinforcement shall not be less than 0.01 or more than 0.06 times the

gross cross-section area, A.. The total area of non-prestressed and pre-stressed longitudinal
reinforcement is 8.80 in> (5677 mm?) and accordingly:

=0.446 > 0.135

0.14, =40< 4, +4, =880<0.64, =24.0

4.12 Shear Design
According to AASHTO LRFD Bridge Design Specifications [2007], transverse shear
reinforcement shall be provided in regions where:

V,>0.50(V, +V,) (4-10)
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where V, the factored shear force, ¢ the resistance factor, V. the nominal shear resistance of
concrete and ¥, the component of pre-stressing force in direction of the shear force. The load
combination under consideration is the Extreme Event I as shown in Table 4-8.

4.12.1 Minimum Transverse Reinforcement

For post-tensioned concrete bridges, where transverse reinforcement is required, the area of
transverse reinforcement, 4,, shall satisfy [AASHTO, 2007]:

-b
4, 20.0316y /. f—s (4-11)
y

where f.’ the compressive stress of concrete, b, the width of web, s the spacing of transverse
reinforcement and f, the yield strength of transverse reinforcement.

Given that f.” equals 5 ksi (34.5 MPa), b, equals 10.0 inches (254 mm) considering both webs and
J» equals 60 ksi (414 MPa), Equation (4-11) yields to:

A
> >0.03164/5 % =0.012 in%in (0.30 mm*/mm)
S

Additionally, for a rectangular pier in Seismic Zone 3 the total gross sectional area, A4, of
rectangular hoop reinforcement shall satisfy either of the following:

fi| A
A, ZO.SOsth Y (4-12)

y co

/o

y

A, >0.12sh, (4-13)

where s the vertical spacing of hoops, 4., the area of column core, 4. the gross area of column,
Ag, the total cross-sectional area of tie reinforcement, f, the yield strength of transverse
reinforcement, /. the core dimension of tied column in the direction under consideration, /.’ the
compressive stress of concrete.

Given that 4., equals 192 in® (0.12 m®), 4. equals 400 in® (0.26 m’), f; equals 60 ksi (414 MPa), A,
equals 8.0 inches (203 mm) considering both webs and /.’ equals 5 ksi (34.5 MPa), Equations
(4-12) and (4-13) yield to:

A 5 [400
= >0.30-8.0-—| —~1[=0.217 in%in (5.5] mm*mm)
s 60| 192

A
As 501280 =0.08 in¥/in (2.03 mm*/mm)
s 60
Consequently, the ratio Ay/s should be greater than 0.217 in%in (5.51 mm?*mm) in order to
comply with the code provisions.

4.12.2 Nominal Shear Resistance

According to AASHTO LRFD Bridge Design Specifications [2007], the nominal shear
resistance, V,, of a concrete member shall be determined as the lesser of:
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V,=V.+V . +V, 4-14)

V,=025fbd, +V, (4-15)
in which:
V. =0.031658.1.'b,d, (4-16)

A f d (cotd+cotar)sinx
y AL ) @i
K

where b, the effective web width taken as the minimum web width within the depth d,, d, the
effective shear depth, s the spacing of stirrups, £ the factor indicating ability of diagonally
cracked concrete to transmit tension, € the angle of inclination of diagonal compressive stresses,
a the angle of inclination of transverse reinforcement to longitudinal axis, 4, the area of shear
reinforcement within a distance ¢ and V), the component in the direction of the applied shear of
the effective pre-stressing force.

4.12.3 Effective Shear Depth, d,

In order to design the pier for shear, the critical section should be identified as the larger of the
effective shear depth, d, and 0.5d,cotf from the face of the support. The effective shear depth, d,,
taken as the distanced measured perpendicular to the neutral axis between the resultants of the
tensile and compressive forces due to flexure, it need not be taken to be less than the greater of:

d, >max{0.9d,,0.72h} (4-18)

where d, the effective depth from extreme compression fiber to the centroid of the tensile force in
the tensile reinforcement and 4 the section depth.

Given that 4 equals 25.0 inches (0.64 m) and d, equals 12.5 inches (0.32 m), the effective d, depth
is computed to be equal to 18.0 inches (457 mm), Equation (4-18) yields to:

d, >max{0.9-12.5,0.72-25.0} = 18.0 in (457 mm)

4.12.4 Shear Resistance

For sections containing at least the minimum amount of transverse reinforcement as specified in
Section 4.12.1, the values of f and @ are related to the shear stress on the concrete, v,, and the
longitudinal strain, ¢,, at the mid-depth of the member when the section is subjected to M,, N, and
V. [AASHTO, 2007].

The shear stress on the concrete is determined as [AASHTO, 2007]:
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& ob,d,
where V, the factored shear force, ¢ the resistance factor for shear, V, the component in the

direction of the applied shear of the effective pre-stressing force, b, the effective web width and
d, the effective shear depth.

(4-19)

Given that V;, equals 20.1 kips (89.3 kN), ¢ is 0.85 for shear of unbonded tendons, V), is zero, b, is
10.0 inches (254 mm) considering both webs of the pier cross-section and d, is 18.0 inches (457
mm), the shear stress v, is computed to be 0.13 ksi (0.9 MPa).

The strain, g,, at the mid-depth of the pier section when subjected to M,, N, and V, is computed as
follows [AASHTO, 2007]:

Llcot@—4, 1,
— <0.001 (4-20)

7 2(EA+EA)

p“ips
where M, the factored moment at the specified section which occurs simultaneously with V,, N,
the factored axial force taken as positive if tensile and negative if compressive, V, the factored
shear force, V), the component in the direction of the applied shear of the effective pre-stressing
force; positive if resisting the applied shear, 8 the angle of inclination of diagonal compressive
stresses, A, the area of pre-stressing steel on the flexural tension side of the member, f,, a
parameter taken as 0.7f,, for post-tensioned members, E; the modulus of elasticity of non-
prestressed steel, A the area of non-prestressed steel on the flexural tension side of the member at
the section under consideration, 4, the area of non-prestressed steel on the flexural tension side of
the member at the section under consideration and E, the modulus of elasticity of pre-stressed
steel.

For the fixed cantilever end of the pier, the forces due to Extreme Event I load combination are:
M, equal to 257 kips-ft (348 kN-m), N, equal to 64.7 kips (287.8 kN) and ¥, equal to 20.1 kips
(89.3 kN). The component of the applied shear due to the effective pre-stressing forces, V), is
zero given that the tendons are lying straight along the pier’s length.

Assuming that 6 is 35° and considering that Aps equals 0.65 in® (419 mm?) accounting for three
tendons lying on the flexural tension side of the member, f,, equals 189 ksi (1303 MPa) and E,
equals 28500 ksi (196.5 GPa), ¢, is computed according to Equation (4-20):

_(257-12/18) +0.5-64.7+ 0.5 - 20.1- cot 35 - 0.65 - 189
! 2-28500-0.65

=0.026>0.001= ¢, =0.001

It should be noted that the non-prestressed steel on the flexural tension side of the pier section is
neglected.
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Having computed €, and v,/f.” the values of # and f can be obtained from AASHTO LRFD
Bridge Design Specifications [2007]. Specifically, € is equal to 36.4° — approximately equal to the
initial assumption of 35° and f is equal to 2.23.

Using Equation (4-16), the nominal shear resisted by the concrete, V., is computed as:
V. =0.0316- 2.23/5-10.0-18.0 = 28.4 kips (126 kN)
Moreover, according to Equation (4-10):
V, =20.1kips > 0.5-0.85-(28.4+0) =12.1 kips (54 kN)
Therefore, transverse shear reinforcement should be provided.

4.12.5 Required Area of Shear Reinforcement

According to AASHTO LRFD Bridge Design Specifications [2007] and Equation (4-10), the
transverse reinforcement shear resistance, V., is:

V.<V,l¢-V -V, 4-21)

For V, equal to 20.1 kips (89.3 kN), ¢ equal to 0.85, V. equal to 28.4 kips (126 kN) and V), equal
to zero, the shear force carried by the transverse reinforcement, Vi, is 5.8 kips (25.8 kN).

The amount of transverse shear reinforcement is then computed according to Equation (4-17).
Given that V; is 5.8 kips (25.8 kN), f, equals 60 ksi (414 MPa), d, equals 18.0 inches (457 mm), €
equals 36.4° and a equals 90°, the ratio 4,/s can be computed to be 0.004 in*/in, which is lower
than the minimum ratio of transverse reinforcement that is equal to 0.217 in”/in (see Section
4.12.1).

Assuming a spacing distance s equal to 3.0 inches (76 mm) and using two number 3 closed
stirrups per web (diameter of 3/8” or 9.53 mm), the required area of transverse reinforcement is
0.295 in*/in and V, equals:

. 0.884:60-18.0(cot36.4+c0t90)sin 90
s 3.0

=431kips (1917 kN)
Using Equation (4-14), the nominal shear resistance, V,,, of the pier equals 460 kips (2046 kN).

Given that f.” equals 5 ksi (34.5 MPa), b, equals 10.0 inches (254 mm) considering both webs, d,
equals 18.0 inches (457 mm) and V), equals zero, the nominal shear resistance, V,, of the pier is
computed based on Equation (4-15):

V,=025-5-10.0-18.0 = 225kips (1001 kN)
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According to Section 4.12.2:
V. =minf460, 225}=225kips > V, =20.1 kips

The reinforcement details of the substructure test units — pre-stressing strands and mild
reinforcement - are presented in Appendix A.
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SECTION 5
SUPERSTRUCTURE NUMERICAL MODEL

The first step in investigating the behavior of the designed bridge test specimen under seismic
induced loads is to consider its superstructure and substructure as two separate numerical models.
Later on and using the acquired information on the response of the two systems, a numerical
model of the complete bridge system can be developed and subjected to a series of earthquake
loads of different intensities. This report focuses on the behavior of the segmental superstructure
under vertical earthquake excitations whereas; detailed numerical investigations will be presented
in future studies.

In this Chapter, a numerical model of the bridge superstructure designed in Chapter 3 is
developed in order to predict its behavior under a series of vertical seismic excitations. The two-
dimensional numerical model of the bridge’s superstructure incorporating material and geometric
nonlinearities is analyzed using the inelastic dynamic analysis software Ruaumoko [Carr, 2007].

The program Ruaumoko is designed to produce time-history responses of various non-linear
structures subjected to ground accelerations and varying force or displacement excitations. A
wide variety of modeling options are available to represent the structural system such as frame
type members, spring and contact members which can follow a large number of different
hysteresis rules.

Initially, a two-segment superstructure model with a single gap at the mid-span section is
developed and subjected to a vertical displacement controlled load pattern aiming to verify the
inelastic behavior of the implemented elements. The geometry of the two-segment simplified
model is similar to the geometry of the full eight-segment superstructure bridge model. Based on
the modeling assumptions used for the simplified model, a full eight-segment model is developed
according to the geometric and material properties of the superstructure design model as
presented in the previous Chapters. For the latter both pushover and dynamic time histories
analysis are conducted.

The numerical model described hereafter provided a series of pre-test predictions for the
experimental investigation of the bridge test specimen that took place at the SEESL Laboratory at
the University at Buffalo.

5.1 Two-Segment Model Geometry

The geometry of the two-segment numerical model is similar to that of the full superstructure
model. The length of each segment is 140.70 inches (3574 mm) whereas; the span’s length equals
201.00 inches (5105 mm) and the overhangs’ length equals 40.20 inches (1021 mm). Ten internal
unbonded tendons with a parabolic profile run along the superstructure length. The geometry of
the tendons is given in Table 3-12 and presented in Figure 3-5 and Figure 3-6. In order to
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minimize the number of structural elements, a single tendon is modeled instead of ten, having an
equivalent cross-sectional area. Its geometry matches the geometric center of gravity of the ten
tendons along the span.

The geometry of the two-segment model is illustrated in Figure 5-1. It should be noted that the
cross-section and material properties used are the ones presented in Table 3-1 and Table 3-2.

B 281.40in N
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4020in 100.50in ~ 100.50in _40.20in
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Figure 5-1: Elevation view of the two-segment model

5.2 Modeling Approach

A segmental bridge superstructure, whose segments are joined together by internal unbonded
tendons, is characterized by the behavior of its joints and its self-centering ability when subjected
to a vertical seismic excitation. The gaps between the joined elements open and the unbonded
tendons, which are free to slide inside their ducts, get stretched. In that case, the post-tensioned
tendons act as a self-centering mechanism [Christopoulos and Filiatrault, 2006] whereas; the gap
opening of the superstructure’s segments result in the dissipation of the seismic energy that is
introduced in the system.

Based on the above, the superstructure is modeled with linear elastic frame members with the
cross sectional and material properties of the scaled superstructure model. The longitudinal axis
of the frame elements coincides with the center of gravity of the superstructure cross-section.

To model the unbonded tendon, several bi-linear elastic spring elements are used in order to
match its parabolic geometry. Those springs work in series and their nodes are constrained to the
nodes of the superstructure beams in the vertical direction. Moreover, the initial axial stiffness of
each spring element represents the total cross-sectional area of the pre-stressing tendons times the
modulus of elasticity of pre-stressed steel divided by the length of the spring. The bi-linear factor,
r, is set equal to 0.02 whereas the spring elements’ yielding force in tension, F,, equals the
yielding strength of the tendons based on their material properties minus the effective pre-
stressing  force after all losses. The hysteresis rule used is illustrated in
Figure 5-2 [Carr, 2007].

Prior to loading, the joint between two adjacent segments is closed and the whole section is in
compression. When a vertical seismic load is applied, the joint opens and a compressive contact
zone forms whose depth decreases with increasing gap opening. In order to simulate the contact
zone between adjacent segments, a series of bi-linear inelastic springs distributed along the height
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of the contact interface is used. These springs, which are connected to the superstructure beam
elements with rigid links, provide solely compression resisting forces whereas; they have no
tensile strength. Attention should be paid to the fact that all nodes lying along a gap section are
constrained to have the same vertical displacement.

Figure 5-2: Bi-linear elastic rule for the unbonded tendons [Carr, 2007]

The neutral axis of the contact zone between adjacent beam segments is not constant but depends
on the loading applied to the model structure. Initially, the compression of the contact zone is
uniformly distributed along its height resulting to an infinite theoretical neutral axis. By imposing
a vertical load to the section, the compression stresses on one side increase and decrease on the
other side. Consequently, as the gap opening increases the neutral axis moves further inside the
section. In order to be able to capture the shift of the neutral axis depth along the contact zone
height, a representative number of compression springs should be selected [Spieth et al., 2004].

Based on the geometry of the superstructure cross-section, the contact zone between two adjacent
segments is modeled with eleven non-linear springs whose position along the section height is
given in Table 5-1. The location of each spring is measured from the bottom fiber of the cross-

section.

Table 5-1: Compression spring location along the contact zone

H;
Spring

(in) (mm)
1 28.35 720
2 27.18 690
3 26.02 661
4 24.85 631
5 20.35 517
6 15.85 403
7 9.64 245
8 3.50 89
9 233 59
10 1.17 30
11 0.00 0
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As shown in Figure 5-3, four compression springs are placed at each of the top and bottom plate
of the cross-section where the maximum local deformations due to compression are expected.
Moreover, the position of the central spring coincides with the position of the superstructure
frame elements.

ﬁ | |
& ¥

Figure 5-3: Compression spring geometry along the contact zone

The hysteresis rule used to model the springs along the height of the contact zone between two
adjacent beam elements is the bi-linear with slackness hysteresis rule as illustrated in Figure 5-4
[Carr, 2007]. In order to ensure that no tensile forces are developed, a high positive gap value is
chosen. Additionally, the initial and post-yield stiffness as well as, the negative yielding force of
each spring need to be defined.

A F
+
5T / 1k, 7
k
[+] kﬂ
Gap
] ! - - d
lBUC!}:O / Gap*
Lo
.«_f-’;"
—:'_—rFO
IBUCKL=1

Figure 5-4: Bi-linear with slackness hysteresis for modeling joint gap opening [Carr, 2007]

The initial axial stiffness of the simulated joint represents the effective cross sectional area of
each spring, 4., times the concrete modulus of elasticity, £, divided by the length of the joint, /.
The length of the joint represents an effective length where localized strains in the adjoining
beams are expected due to the joint opening and development of compression forces. In order to
show and evaluate the influence of the joint length to the contact stiffness, the joint length is
taken as h/2, h/4 and h/9 where 4 is the height of the contact zone. Moreover, the stiffness of the
superstructure frame elements adjacent to the gap is increased in order to compensate the
additional flexibility due to the joint compression springs and not to change the global stiffness of
the model.
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In Table 5-2, the axial stiffness of the compression springs along the contact zone are listed
assuming a joint effective length equal to h/4. The bi-linear factor, 7, is set equal to 0.02.

Table 5-2: Compression spring stiffness along the contact zone for a joint effective length equal to h/4

Spring Aczi Ee Li Kes
(in%) (ksi) (in) (kips/in)
1 77 47282
2 154 94564
3 154 94564
4 101 61927
5 48 29290
6 57 4287 7 34880
7 100 61547
8 145 88920
9 85 51826
10 84 51224
11 41 25386

Another decisive influence parameter of the behavior of the contact zone between two adjacent
segments is the local compressive strength of the contact zone expressed by the negative yielding
force of the compression springs. The limit of elastic behavior of the contact area is represented
by the stress level when the concrete in the contact zone starts to deform plastically. Based on
that, the yielding force of the compression springs along the contact zone is set equal to the cross
sectional area, 4., times the concrete compression strength, f.’.

Both supports are constrained with respect to the vertical displacement whereas; one is free to
move along the horizontal axis, aiming to capture the axial deformation interaction of the
superstructure frame elements, pre-stressed tendon spring elements and compression springs
along the gap section.

The model structure is subjected to the vertical loads resulting from its self-weight whereas; pre-
stressing is also applied as an external load with a vertical and horizontal component at the end
nodes.

The modeling approach described above applies to both considered models, the two-segment and
eight-segment ones. Hereafter, the two models are described in detail and their modal response
characteristics as well as their inelastic response under vertical displacement-controlled loadings
are presented.
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5.3 Two-Segment Model Response

The two-segment superstructure numerical model is developed and subjected to a vertical
displacement controlled load pattern aiming to verify the inelastic behavior of the implemented
elements as well as, investigate the effect of various design parameters on the model’s response.

In Figure 5-5, the two-segment model is illustrated as implemented in Ruaumoko [Carr, 2007]
and based on the geometry presented in Figure 5-1. The superstructure is divided into a finite
number of frame elements which matches the number of pre-stressed tendon spring elements. The
end nodes of the superstructure frame elements and tendon spring ones are constrained to have
the same vertical displacement.

B

Figure 5-5: Elevation view of the two-segment numerical model

The five first periods of vibration of the two-segment numerical model are presented in Table 5-3.
The corresponding mode shapes are presented in Figure 5-6 through Figure 5-10, respectively.
Only the self-weight of the superstructure is accounted for the calculation of the periods of
vibration and mode shapes of the model.

Table 5-3: Periods of vibration of the two-segment numerical model

Mode Frequency Period
(Hz) (sec)

1 52.48 0.0191

2 185.00 0.0054

3 277.50 0.0036

4 410.30 0.0024

5 631.70 0.0016

The first, third and fifth mode shapes are symmetrical with respect to the vertical axis passing
through the mid-span cross-section of the model, as shown in Figure 5-6, Figure 5-8 and Figure
5-10, respectively. On the other hand, the second and fourth mode shapes are anti-symmetrical
with respect to the vertical axis passing through the mid-span cross-section, as shown in Figure
5-7 and Figure 5-9, respectively. Consequently when a symmetric vertical excitation is applied at
the mid-span section of the superstructure model, the second and fourth modes (odd numbered
modes) are not excited as the mid-span section is a point of inflection for those modes and all the
response is due to the first, third and fifth modes (even numbered modes). Moreover, the
frequency ratios are roughly in the ratios 1:3:5:8:12.
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Figure 5-6: First mode of vibration of the two-segment numerical model
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Figure 5-7: Second mode of vibration of the two-segment numerical model
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Figure 5-8: Third mode of vibration of the two-segment numerical model
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Figure 5-9: Fourth mode of vibration of the two-segment numerical model
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Figure 5-10: Fifth mode of vibration of the two-segment numerical model

In addition, the fundamental period of vibration of a simply supported continuous beam element
is computed from the equation [Chopra, 2007]:

20 |m

Tl -
T \EJ

(-1

where L is the superstructure’s length, m
concrete modulus of elasticity and / the cross-section moment of inertia. By substituting the cross
sectional properties of the two-segment model into Equation (5-1), its fundamental period of
vibration is computed to be equal 0.0171 seconds which does not significantly differs from the
one tabulated in Table 5-3. This difference may be attributed to the fact that in the first case the
model has a gap located at its mid-span resulting to a less stiff structure and consequently to a
higher period than the case where a continuous beam element is assumed.

the superstructure’s mass per unit length, E, the
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The response of the two-segment superstructure model is investigated by applying a vertical
cyclic sinusoidal displacement-controlled loading at the mid-span nodes. The direction of the load
is initially downward and then reversed. Different assumptions related to the length of the
compression mid-span joint, the value of critical damping assigned to the model and the duration
of the displacement-controlled load are considered and presented in the following sections.

5.3.1 Influence of Joint Length

The gap opening between two adjacent superstructure segments results in the development of
localized strains along an effective length of the adjoining beams. The effective joint length
influences the axial stiffness of the compression springs that are used to model the contact zone
between two segments and is expressed as a fraction of the height of the contact zone. In order to
show and evaluate the influence of the joint length to the stiffness of the compression springs, the
joint length is taken as h/2, h/4 and h/9, respectively where / is the height of the contact zone.
The values of the axial stiffness of the eleven springs resulting from those three considered cases
are presented in Table 5-4.

The model is then subjected to a cyclic sinusoidal displacement-controlled loading, applied to the
mid-span nodes. The maximum amplitude of the applied displacement is 4.0 inches (102 mm)
given that the model’s span length is 201.0 inches (5106 mm), and its period is set equal to 12.0
seconds, as shown in Figure 5-11.

Table 5-4: Compression spring stiffness for different values of joint length

Spring K, (kips/in)
h/9 h/4 h/2
1 110325 47282 23641
2 220649 94564 47282
3 220649 94564 47282
4 144497 61927 30964
5 68344 29290 14645
6 81386 34880 17440
7 143609 61547 30773
8 207481 88920 44460
9 120927 51826 25913
10 119523 51224 25612
11 59235 25386 12693

The damping is modeled using a Rayleigh damping model and assuming a 5% of critical damping
applied to the first two modes of the superstructure.
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Figure 5-11: Vertical cyclic sinusoidal displacement-controlled loading (T=12.0sec) applied at mid-
span joint of the two-segment numerical model

The history of total developed vertical reaction at the support versus the applied vertical
displacement for the case of joint length that equals h/4 is shown in Figure 5-12.
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Figure 5-12: History of total load versus displacement of the two-segment numerical model and
effective joint length equal to h/4

As the model is initially loaded in the downward direction, the initial stiffness is high
representing the stiffness of the top compression spring which is activated when the mid-span gap
opens. At a load value of approximately -40 kips (-178 kN), a secondary post-yield stiffness slope
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is observed resulting from the opening of the mid-span joint and the yielding of the top spring
(spring 1). The maximum load of -70 kips (-310 kN) in the downward loading direction is
reached at a displacement of -1.5 inches (-38 mm). By further increasing the applied vertical
displacement, a third negative stiffness is observed due to the yielding of the pre-stressed tendons.
The maximum displacement of -4.0 inches (-102 mm) is reached at a vertical total load of -60
kips (-267 kN). As the loading is reversed, the vertical load versus vertical displacement curve
follows the same profile until the point of zero load and displacement. In the upward loading
direction, the maximum load of 30 kips (130 kN) is reached followed by yielding of the bottom
spring (spring 11) and an approximately stable post-yield stiffness up to the maximum
displacement.

After a full cyclic loading the model has returned to its original state behaving as a self-centering
system. However, the model exhibits a different behavior when subjected to downward and
upward vertical loading due to the location of the unbonded tendon below the centre of gravity of
the superstructure’s cross-section.

The results of the simulations for different joint lengths, as illustrated in Figure 5-13, show that
the model is not very sensitive to the effective joint length as long as it is chosen in a reasonable
range. The differences in the response for the cases of h/4 and h/2 joint length are not significant
whereas; they differ from the case of h/9 mainly in terms of dissipated energy during one load
cycle. Based on that result, an effective joint length of h/4 is adopted hereafter.
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Figure 5-13: History of total load versus displacement of the two-segment numerical model and
effective joint length equal to h/9, h/4, h/2

101



In Figure 5-14, the hysteretic response of the bottom spring (spring 11) of the mid-span joint is
presented for the three considered cases of effective joint length. As mentioned before an
increased value of joint length results to a decreased stiffness of the springs along the contact
area. It should be noted that the spring developed only negative compressive forces and no
tension.
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Figure 5-14: Axial force versus axial elongation of the two-segment bottom compression spring
(spring 11) at mid-span contact zone

The initial deformed shape of the model due to the applied pre-stressing forces is illustrated in
Figure 5-15, where no differences are noted for the three considered cases of joint lengths. Before
any vertical loading is applied, the mid-span contact zone is in a state of almost uniform
compression.

When a vertical loading is applied, the gap along the mid-span cross section opens and the
compression springs along its height are activated. In order to examine the displacement profile
of the superstructure model under maximum upward and downward loading, Figure 5-16 and
Figure 5-17 are presented hereafter. It is evident that the discontinuity along the model’s length
resulting from the mid-span gap opening changes the displacement profile of the model from a
continuous parabola to a linear shape. Consequently, the two adjacent superstructure segments
behave as cantilevers and not as continuous simply-supported beams. The differences in the
displacements due to the three cases of varying effective joint length are negligible.
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Figure 5-15: Deflection profile of the two-segment numerical model due to pre-stress
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Figure 5-16: Deflection profile of the two-segment numerical model due to maximum upward loading

of mid-span contact joint
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Figure 5-17: Deflection profile of the two-segment numerical model due to maximum downward
loading of mid-span contact joint

5.3.2 Influence of Loading Duration

In order to investigate the model’s response under vertical displacement-controlled loading with
the same maximum amplitude but different duration, three cases of cyclic sinusoidal loads are
considered with periods of 6.0, 12.0 and 24.0 seconds. The three load patterns are illustrated in
Figure 5-18, whereas it should be reminded that the fundamental period of vibration of the two-
segment model is 0.0191 seconds. For all cases the load is applied at the mid-span joint, while a
joint length of h/4 is adopted and where / is the height of the contact zone. The viscous damping
is assumed to be 5% of critical for all cases.
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Figure 5-18: Vertical cyclic sinusoidal displacement-controlled loads of 6, 12 and 24 seconds period
applied at mid-span joint of the two-segment numerical model
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The results of the three considered analysis are evaluated in terms of total developed vertical
reaction at the support versus the applied vertical displacement as shown in Figure 5-19. For the
case of short period loading equal to 6.0 seconds, high velocities are developed which generate
high internal damping forces. Consequently, the forces developed from the model’s structural
elements are high in order to equilibrate these damping forces, resulting to a wide hysteretic loop.
On the other hand, both cases of 12.0 and 24.0 seconds of loading period exhibit narrow
hysteretic loops which do not differ significantly.
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Figure 5-19: History of total load versus displacement of the two-segment numerical load and loading
periods equal to 6, 12 and 24 seconds

Consequently if the duration of the load is short, the damping forces are high and the response of
the model is significantly affected whereas the model is not very sensitive to the loading duration
as far as it is long enough.

5.3.3 Influence of Critical Damping

Hereafter, the effect of critical damping assigned to the structure is investigated. Three cases of
1%, 3% and 10% critical damping are considered applied to the first two modes of vibration
whereas; a Rayleigh damping model is defined. The model is loaded with a vertical cyclic
sinusoidal displacement-controlled loading of 4.0 inches (102 mm) maximum amplitude and a
period of 12.0 seconds as shown in Figure 5-11. For all cases the load is applied at the mid-span
joint, while a joint length of h/4 is adopted, where h is the height of the contact zone.

As shown in Figure 5-20, the model response is not sensitive to the assigned percentage of critical
damping as long as the duration of the loading is long enough. When the loading is slowly
applied to the structure, the developed velocities and resulting damping forces are not significant
and vice versa. It should be noted that contrary to the case of a displacement-controlled loading
whose duration can be carefully chosen in order not to overestimate the developed damping
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forces, the duration of a real vertical seismic excitation is explicit. In the latter case, significant
attention should be paid in the selected percentage of critical damping.
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Figure 5-20: History of total load versus displacement of the two-segment numerical load and 3%,
5% and 10% critical damping

5.4 Eight-Segment Model Response

The geometry of the superstructure model as well as the eight-segment model implemented in
Ruaumoko [Carr, 2007] is illustrated in Figure 5-21 and Figure 5-22, respectively. It is noted that
due to geometric symmetry of the superstructure, only half of the numerical model is presented in
Figure 5-22. The end nodes of the superstructure frame elements and tendon spring are
constrained to have the same vertical displacement.
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Figure 5-21: Elevation view of the eight-segment model
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Figure 5-22: Elevation view of the eight-segment numerical model
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Figure 5-23: First mode of vibration of the eight-segment numerical model
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Figure 5-24: Second mode of vibration of the eight-segment numerical model
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Figure 5-25: Third mode of vibration of the eight-segment numerical model
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Figure 5-26: Fourth mode of vibration of the eight-segment numerical model
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Figure 5-27: Fifth mode of vibration of the eight-segment numerical model
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Figure 5-28: Sixth mode of vibration of the eight-segment numerical model
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The computed first six mode shapes of the eight-segment numerical model are presented in
Figure 5-23 to Figure 5-28, respectively. The associated periods of vibration are listed in Table
5-5. Note that only the self-weight of the superstructure is accounted for the calculation of the
periods of vibration and mode shapes of the model.

Table 5-5: Periods of vibration of the eight-segment numerical model

Mode Frequency Period

(Hz) (sec)
1 8.62 0.116
2 25.51 0.039
3 38.65 0.026
4 59.92 0.017
5 104.40 0.010
6 167.00 0.006

The first, third and fifth mode shapes are symmetrical with respect to the vertical axis passing
through the mid-span cross-section of the numerical model as shown in Figure 5-23, Figure 5-25
and Figure 5-27, respectively. On the other hand, the second, fourth and sixth mode shapes are
anti-symmetrical as shown in Figure 5-24, Figure 5-26 and Figure 5-28, respectively.
Consequently when a symmetric vertical excitation is applied at the mid-span section of the
superstructure model, the second, fourth and sixth modes (odd numbered modes) are not excited
as the mid-span section is a point of inflection for those modes and all the response is due to the
first, third and fifth modes (even numbered modes).

According to the frequency values for the first six modes tabulated in Table 5-5, it is observed
that the frequency ratios are roughly in the ratios 1:3:5:7:12:19.

By substituting the cross sectional properties of the eight-segment numerical model into Equation
(5-1), its fundamental period of vibration is computed to be equal 0.107 seconds. Moreover, the
fundamental period of vibration of the superstructure model computed using the simplified
Uniform Load method according to AASHTO LRFD Bridge Design Specification [2007], equals
0.118 seconds as presented in Table 3-5.

In Table 5-6, the values of the first mode of vibration for the superstructure model are
summarized, as computed with different procedures mentioned above. All fundamental period
values are in the same range however, slight differences are observed. For the periods obtained
from the modal analysis of the eight-segment numerical model and Equation (5-1) assuming a
continuous simply supported beam, only the self-weight of the superstructure is accounted. On
the other hand, for the case of the Uniform Load method according to AASHTO [2007] the
superstructure’s seismic mass, as presented in Section 3.2.3, accounts for the self-weight of the
superstructure as well as, permanent and live loads. Moreover, both the Uniform Load method
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and the analytical solution expressed by Equation (5-1) assume a continuous simply supported
superstructure beam whereas; the modal analysis incorporates the gaps between the
superstructure’s segments.

Table 5-6: Fundamental periods of vibration of superstructure model

Method Period (sec)
Modal analysis 0.116
Analytical solution (Equation 4.1) 0.107
Uniform Load method [AASHTO, 2007] 0.118

In order to capture the response of the eight-segment superstructure model, a vertical cyclic
sinusoidal displacement-controlled load pattern is applied to all contact joints along the
superstructure’s span length. The load pattern follows the shape of the first mode of vibration of
the eight-segment numerical model, as shown in Figure 5-23. The maximum amplitudes of the
applied displacements are 3.17 inches (81 mm), 8.14 inches (207 mm) and 10.0 inches (254 mm)
for Joint 2, Joint 3 and Joint 4 respectively (see Figure 5-22), whereas the period is set equal to
50.0 seconds. The displacement-controlled vertical loads applied to the contact joints are
illustrated in Figure 5-29. The direction of the load is initially downward and then reversed.

Based on the response of the two-segment numerical model, the joint length is assumed to be
equal to h/4, where 4 is the height of the contact zone whereas the percentage of critical damping
is set equal to 5%.
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Figure 5-29: Vertical cyclic sinusoidal displacement-controlled loads (T=50.0sec) applied at contact
joints of the eight-segment numerical model

The results of the eight-segment numerical model are expressed in terms of total developed
vertical reaction at the support versus the applied vertical displacement for all contact joints along
the superstructure’s span length as shown in Figure 5-30, Figure 5-31 and Figure 5-32,
respectively.
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Figure 5-31: History of total load versus displacement of Joint 3 for the eight-segment numerical



Vertical Displacement (mm)

-102 276 -51 225 0 25 51 76 102

r 267

booooo 178

T RREEEEE 89

~~ I O ~
= | z
) bomoo- 89 =2
= | 2
E B Mk ARDECE EEECELS 178 &
g Peeeee -267 £
! =

= oo 356

e R D REOEE -445

bomm--- -534

: -623

4.0 3.0 2.0 1.0 0.0 1.0 2.0 3.0 40

Vertical Displacement (in)

Gap Opening =@ Tendon Yielding =—@— Max Displacement

Figure 5-32: History of total load versus displacement of Joint 2 for the eight-segment numerical
model

As the model is initially loaded in the downward direction, the initial stiffness is high
representing the stiffness of the top compression springs which are activated when the gaps along
the span open. At a load value of approximately -100 kips (-445 kN), a secondary post-yield
stiffness slope is observed resulting from the opening of the joints and the yielding of the top
springs. It should be noted that the compression springs properties are the same for all joints.

The maximum load of -120 kips (-534 kN) in the downward loading direction is reached at a
displacement of -2.0 inches (-51 mm), -6.0 inches (-152 mm) and -7.0 inches (-178 mm) for Joint
2, Joint 3 and Joint 4 respectively. By further increasing the applied vertical displacement, a third
negative stiffness is observed due to the yielding of the pre-stressed tendons. At a vertical total
load of -110 kips (-490 kN), the maximum displacement of -3.0 inches (-76 mm), -8.0 inches (-
203 mm) and -10.0 inches (-254 mm) is reached for Joint 2, Joint 3 and Joint 4 respectively. As
the loading is reversed, the vertical load versus vertical displacement curve follows the same
profile until the point of zero load and displacement.

In the upward loading direction, the maximum load of 40 kips (178 kN) is reached followed by a
negative post-yield stiffness up to the maximum displacement which equals 2.5 inches (64 mm),
6.0 inches (152 mm) and 8.0 inches (203 mm) for Joint 2, Joint 3 and Joint 4 respectively.

After a full cyclic loading the eight-segment numerical model has returned to its original state,
behaving as a self-centering system. However, the model exhibits a different behavior when
subjected to downward and upward vertical loading due to the unbonded tendon lying below the
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center of gravity of the model’s cross-section. For the case of downward loading a narrow
hysteretic loop is observed resulting from the yielding of the top compression springs when the
joints open. On the other hand, for the case of upward loading the bottom compression springs
have not yield and consequently no hysteretic energy is dissipated.

For the case of Joint 1 placed between the support and the cantilever end section, the history of
total developed vertical reaction at the support versus its vertical displacement is illustrated in
Figure 5-33.

In order to examine the displacement profile of the superstructure model under maximum
downward and upward loading, Figure 5-34 and Figure 5-35 are presented hereafter.

As mentioned earlier, the displacement-controlled load pattern applied to the joints of the eight-
segment numerical model was constrained to match the first mode shape. However, if a single
displacement-controlled load is applied at the mid-span joint (Joint 4) of the eight-segment
numerical model the deflection profile of the model due to downward an upward loading is
illustrated in Figure 5-36 and Figure 5-37.
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Figure 5-33: History of total load versus displacement of Joint 1 for the eight-segment numerical
model
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Figure 5-34: Deflection profile of the eight-segment numerical model due to maximum downward
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Figure 5-36: Deflection profile of the eight-segment numerical model due to maximum downward
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It is evident that for the case of a single displacement-controlled load applied at the mid-span
joint, the deflection profile of the eight-segment numerical model differs from the first period
mode shape. However, it matches the results obtained from the two-segment model as presented
in Figure 5-16 and Figure 5-17. This response is attributed to the discontinuity along the model’s
length resulting from the joints gap opening. Consequently, the displacement profile of the model
changes from a continuous parabola to a linear shape, matching the deflection profile of a
cantilever beam element.

Even though it would be reasonable to evaluate the response of the superstructure’s numerical
model under a force-controlled load pattern, there are several restrictions concerning this
approach mainly because of the difference in the model’s response under downward and upward
loading. The unbonded pre-stressed tendon which lay below the center of gravity of the
superstructure’s cross-section imposes an alternation of the model’s stiffness when the structure is
subjected to a vertical load pattern of opposite directions. For this reason and in order to evaluate
the model’s response under a vertical force-controlled load pattern, the assigned maximum
positive and negative force amplitudes need to be different introducing a considerable amount of
uncertainties.

Based on the response obtained from the two-segment and eight-segment numerical models, a
series of vertical seismic excitation records are used in order to investigate the model’s response
under real earthquake vertical motions and identify possible damage limit states. The results of
these vertical seismic analyses are discussed in the next Chapter.
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SECTION 6
SEISMIC RESPONSE OF SUPERSTRUCTURE MODEL

In this chapter, the response of the superstructure model is evaluated by subjecting the numerical
model presented in Chapter 5 to a series of vertical historical earthquake ground motions. Two
design performance levels are considered according to the ASCE/SEI 7-05 [2005] specifications:
the Design Earthquake (DE) and the Maximum Considered Earthquake (MCE). An ensemble of
historical vertical earthquake records is selected based on the FEMA, ATC-63 [2008] guidelines
for quantifications of buildings seismic performance.

The seismic response of the superstructure model is evaluated by computing the cumulative
probability distribution function of four selected quantities — the maximum upward and
downward vertical displacement of the mid-span cross-section as well as, the maximum top and
bottom gap opening of the mid-span contact zone, for both design DE and MCE intensity levels.

6.1 Design Response Spectra

According to ASCE/SEI 7-05 [2005] provisions, two intensity levels of design seismic ground
motions are defined: the Design Earthquake (DE) and the Maximum Considered Earthquake
(MCE). It should be noted that all design specifications presented hereafter apply only to the
horizontal components of the seismic ground motions whereas the contribution of the vertical
component is neglected.

The acceleration Design Earthquake response spectrum (DE) is developed as described hereafter:
= for periods less than T, the design spectral response acceleration, S,, equals:

S, =5,.(04+ 0.6T1) (6-1)

0
= for periods greater than or equal to 7} and less than or equal to T, the design spectral
response acceleration, S,, shall be taken equal to Spg;
= for periods greater than Ty, the design spectral response acceleration, S,, equals:

S
§ =2on1 6-2
L= (6-2)
where Sps is the design spectral response acceleration parameter at short periods, Sp; the design
spectral response acceleration parameter at 1.0 second period, 7' the fundamental period of the

structure, T equals 0.2Sp;/Sps and Ty equals Sp;/Sps,

The design earthquake spectral response acceleration parameters at short periods, Sps, and at 1.0
second period are determined according to:

2
Sps = ESMS (6-3)
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Spi = =S (6-4)

where S);s the maximum considered earthquake (MCE) spectral response acceleration for short
periods and Sy, the maximum considered earthquake (MCE) spectral response acceleration at 1.0
second period.

The design of the bridge model superstructure under vertical seismic induced loads was based on
defining the elastic seismic response coefficient, C;,, and the response modification factor, R for
the system (see Section 3.2.3). In Figure 6-1, the seismic response coefficient for the prototype
bridge, the elastic scaled bridge model and the design scaled model — assuming a R-factor equal
to 2.50, is presented for a range of periods from zero to two seconds.
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Figure 6-1: Seismic response coefficient for the prototype bridge, elastic and design scaled test model
[AASHTO, 2007]

The design earthquake spectral acceleration parameters defined by ASCE/SEI 7-05 [2005] can be
computed through correlation with the seismic response coefficient, Cy,,. As shown in Figure 6-1,
the design spectral response acceleration parameter at short periods, Sps equals 0.625 g for the
prototype bridge structure.

Using the Seismic Hazard Curves and Uniform Hazard Response Spectra provided by the U.S.
Geological Survey website, the design and maximum earthquake spectral response acceleration
parameters for a prototype bridge structure located at Western United States (WUS) are: Sps
equals 0.625 g, Sp; equals 0.273 g, Sys equals 0.938 g and Sj;; equals 0.410 g. These values are
compared to the spectral acceleration parameters of a prototype bridge located at the City of Los
Angeles (LAC). The values for both cases are summarized in Table 6-1 and the corresponding
DE and MCE acceleration response spectra are illustrated in Figure 6-2, assuming a 5% of critical
damping.
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Table 6-1: Seismic ground motion design parameters [USGS, ASCE/SEI 7-05]

Quantity WUS LAC
Sus (2) 0.938 2.123
Sy (2) 0.410 1.176
Sp1 (2) 0.273 0.784
T (sec) 0.437 0.554
25 :' T T T - ! !
! ! ! ! ! — — MCE for LAC
S : : | ——— DE for LAC
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Figure 6-2: Design and Maximum Considered Earthquake response spectra for a prototype bridge
located at Western United States and City of Los Angeles [USGS, ASCE/SEI 7-05]

The eight-segment numerical model of the bridge superstructure, as described in Section 5.4, is
analyzed for vertical seismic loads that correspond to the earthquake response spectra of both
considered locations presented in Table 6-1 and Figure 6-2. According to Section 3.3, the design
of the bridge’s superstructure is not governed by the Extreme Event I load combination, including
earthquake loads for a prototype bridge structure located at WUS. Consequently, a higher seismic
intensity level can be considered such as the case of a prototype bridge located the LAC. The
following Sections present the results of the superstructure’s vertical seismic response
considering the DE and MCE hazard intensity levels of a bridge located at the LAC.

The DE and MCE acceleration response spectral values, presented in Table 6-1, need to be scaled
to match the similitude requirements of the scaled bridge model (see Section 2.3). The time and
acceleration scaling factors are:
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S, =-L2=239 (6-5)

m

~

a
S, =—L=042 (6-6)
am
The scaled DE and MCE acceleration response spectra for LAC are obtained after applying
Equations (6-5) and (6-6) to the corresponding prototype response spectra. The plots are

presented in Figure 6-3 assuming a 5% of critical damping.
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Figure 6-3: Design and Maximum Considered Earthquake response spectra for the prototype bridge
and scaled bridge model located at the City of Los Angeles [USGS, ASCE/SEI 7-05]

The fundamental period of vibration of the eight-segment superstructure model equals 0.116
seconds (see Table 5-6), corresponding to the plateau of the scaled DE and MCE acceleration
response spectra, as shown in Figure 6-3.

6.2 Ground Motion Set

The seismic response of the superstructure model under historical earthquake motions is
investigated based on the ATC-63 far-field earthquake ground motion ensemble [FEMA ATC-63,
2008]. The PEER-NGA database is used to obtain the selected ground motion records. In order to
ensure that the selected records represent strong ground motions that may cause structural
collapse, minimum limits on event magnitude (> 6.5), peak ground acceleration (> 0.2g) and peak
ground velocity (15 cm/sec) were imposed. The twenty-two ATC-63 [2008] records are tabulated
in Table 6-2.
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Table 6-2: ATC-63 far-field ground motion records [ATC-63, 2008]

ID Magnitude Year Earthquake Station Name
12011 6.7 1994 Northridge Beverly Hills - 14145 Mulhol
12012 6.7 1994 Northridge Canyon Country - W Lost Canny
12041 7.1 1999 Duzce, Turkey Bolu
12052 7.1 1999 Hector Mine Hector
12061 6.5 1979 Imperial Valley Delta
12062 6.5 1979 Imperial Valley El Centro Array #11
12071 6.9 1995 Kobe, Japan Nishi-Akashi
12072 6.9 1995 Kobe, Japan Shin-Osaka
12081 7.5 1999 Kocaeli, Turkey Duzce
12082 7.5 1999 Kocaeli, Turkey Arcelik
12091 7.3 1992 Landers Yermo Fire Station
12092 7.3 1992 Landers Coolwater
12101 6.9 1989 Loma Prieta Capitola
12102 6.9 1990 Loma Prieta Gilroy Array #3
12111 7.4 1987 Manjil, Iran Abbar
12121 6.5 1987 Superstition Hills El Centro Imp. Co. Cent
12122 6.5 1987 Superstition Hills Poe Road
12132 7.0 1992 Cape Mendocino Rio Del Overpass - FF
12141 7.6 1999 Chi-Chi, Taiwan CHY101
12142 7.6 1999 Chi-Chi, Taiwan TCU045
12151 6.6 1971 San Fernando LA - Hollywood Stor FF
12171 6.6 1976 Friuli, Italy Tolmezzo

According to FEMA ATC-63 [2008], the horizontal components of the considered ground
motions were normalized by peak ground velocity in order to remove unwarranted record-to-
record variability, and scaled using a method proposed by Kircher [1996] so that the geometric
mean of the spectral acceleration at a period of 1.0 second is at a target of 1.0 g.

It should be noted that only the two horizontal components of the twenty two ATC-63 ground
motions are considered for the quantification of structural seismic performance according to
FEMA ATC-63 [2008] whereas; the vertical component is neglected. It is therefore evident that
although information on horizontal acceleration response spectra is widely available, the
corresponding vertical spectra are not defined in current seismic codes in the United States.
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From the twenty two ATC-63 ground motions, the vertical component of the 12122-record was
not provided by the PEER-NGA database and consequently twenty-one ground motions are
considered for obtaining the response of the superstructure model.

The time histories of the two horizontal components of the twenty-one historical ground motions
are scaled in order to match the similitude requirements of the scaled superstructure model (see
Section 2.3). The scaled time histories are obtained by applying Equations (6-5) and (6-6) to the
original time histories. The corresponding acceleration response spectra are plotted assuming a
5% of critical damping. The similitude-scaled acceleration response spectra for the two horizontal
components of the ATC-63 historical records are presented in Figure 6-4 as well as, the median
horizontal acceleration response spectrum.
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Figure 6-4: Acceleration response spectra of the horizontal components of similitude-scaled ATC-63
ground motions and median acceleration response spectrum, 5% critical damping

A scaling procedure is applied to all ATC-63 similitude-scaled horizontal ground motions in
order to match the two considered seismic intensity levels of the Design Earthquake (DE) and the
Maximum Considered Earthquake (MCE) for the LAC, as defined in Figure 6-3. For each
intensity level and each record, the acceleration response spectrum is multiplied by a factor
defined as the ratio of the scaled design spectral acceleration at a target period equal to the
fundamental period of vibration of the superstructure model, over the geometric mean of the
scaled horizontal spectral accelerations at the same target period. The scaled design spectral
acceleration at a period of 0.116 seconds equals 3.380 g and 5.070 g for the case of DE and MCE,
respectively (see Figure 6-3). In addition, the geometric mean of the similitude-scaled horizontal
spectral accelerations is computed for a period of 0.116 seconds to equal 5.241 g (see Figure 6-4).

Based on the above, the similitude-scaled acceleration response spectra for the horizontal
components of the ATC-63 records should be multiplied by a factor of 0.645 and 0.967 for the
case of DE and MCE, respectively, so that their median matches the corresponding DE and MCE
acceleration design values at a period of 0.116 seconds.
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The acceleration response spectra of the original vertical ATC-63 ground motions are presented
in Figure 6-5, assuming 5% of critical damping. The corresponding similitude-scaled acceleration
response spectra are presented in Figure 6-6, assuming 5% of critical damping.
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Figure 6-5: Acceleration response spectra of the vertical component of the original ATC-63 ground
motions and median acceleration response spectrum, 5% critical damping
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Figure 6-6: Acceleration response spectra of the vertical component of the similitude-scaled ATC-63
ground motions and median acceleration response spectrum, 5% critical damping

Through comparison of Figure 6-5 and Figure 6-6, it becomes evident that the acceleration
response spectra of the similitude-scaled vertical ground motions are amplified and shifted
towards the high frequency range compare to the response spectra of the original ground motions.

The current bridge design codes provide little guidance on the development of a vertical design
spectrum. Thus, the scale factors obtained for the similitude-scaled horizontal ground motions
and the two considered seismic intensity levels — DE and MCE, were also used on the similitude-
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scaled vertical ground motions. Specifically, the similitude-scaled vertical acceleration response
spectra are multiplied by a factor of 0.645 and 0.967 for the case of DE and MCE, respectively.

Table 6-3 presents the peak ground acceleration for each of the vertical ATC-63 ground motion
considering the cases of original and similitude-scaled records as well as, the DE and MCE
intensity levels. The original and similitude-scaled duration of each record are also presented.

Table 6-3: Peak ground acceleration and duration of vertical ATC-63 ground motions

EOQ PGA (g) Duration (sec)
Original Scaled DE MCE Original Scaled
12011 0.67 1.91 1.29 1.93 29.98 11.99
12012 0.70 1.86 1.25 1.88 19.98 7.99
12041 0.34 0.90 0.61 0.91 55.89 22.36
12052 0.43 1.10 0.74 1.11 45.30 18.12
12061 0.57 1.79 1.21 1.81 99.91 39.96
12062 0.37 0.96 0.65 0.97 39.03 15.61
12071 1.66 4.16 2.81 4.21 40.95 16.38
12072 0.17 0.43 0.29 0.43 40.95 16.38
12081 0.42 1.09 0.73 1.10 27.18 10.87
12082 0.31 1.03 0.69 1.04 29.99 12.00
12091 0.37 0.96 0.65 0.97 43.98 17.59
12092 0.49 1.37 0.93 1.39 27.96 11.19
12101 1.31 6.64 4.48 6.72 39.95 15.98
12102 0.79 3.07 2.07 3.11 39.94 15.98
12111 1.11 2.86 1.93 2.89 53.40 21.36
12121 0.29 0.76 0.51 0.77 40.00 16.00
12132 0.80 2.05 1.39 2.08 35.98 14.39
12141 0.28 0.73 0.49 0.74 89.99 36.00
12142 0.54 2.10 1.42 2.13 89.99 36.00
12151 0.77 2.51 1.70 2.55 27.99 11.20
12171 1.02 3.00 2.03 3.04 36.34 14.54
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The acceleration response spectra of the vertical component of the similitude-scaled ATC-63

ground motions corresponding to the two considered seismic intensity levels, DE and MCE, are

illustrated in Figure 6-7 and Figure 6-8, respectively, assuming a 5% of critical damping.
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Figure 6-7: Acceleration response spectra of the vertical similitude-scaled ATC-63 ground motions

for Design Earthquake (DE) intensity level, 5% critical damping
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Figure 6-8: Acceleration response spectra of the vertical similitude-scaled ATC-63 ground motions

for Maximum Considered Earthquake (MDE) intensity level, 5% critical damping

The same scaling factors are applied to the time histories of the similitude-scaled vertical ground

motions. These acceleration time histories are used for conducting non-linear dynamic analyses

of the eight-segment numerical model of the superstructure model, as presented in Section 5.4.
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Summarizing, from the original twenty one vertical ATC-63 ground motions a series of forty-two
acceleration time histories are produced considering the Design Earthquake and Maximum
Considered Earthquake intensity levels of a bridge located at the City of Los Angeles [FEMA
ATC-63, 2008]. Given that the response of the bridge superstructure differs significantly when
subjected to upward and downward vertical loading, the forty-two ground motions will be applied
to the numerical model considering both loading directions.

6.3 Seismic Response

The seismic response of the bridge’s superstructure model is obtained by subjecting the eight-
segment numerical model developed in Section 5.4 to a series of forty-two vertical ground
motions. Both upward and downward loading are considered for the analyses.

The non-linear dynamic analyses are conducted using a Rayleigh damping model which is by
definition proportional to the mass and stiffness matrix of the numerical model. Additionally,
viscous damping, which is proportional to the nodal velocities, is expressed as a percentage of the
model’s critical damping. Based on the above, high values of inherent damping combined with a
high frequency loading can result to unrealistically high values of developed damping forces.
Given that a commonly adopted value of viscous damping assigned to regular concrete structures
is in the range of 3% to 5% of the critical, a 3% of critical damping is assigned to the
superstructure bridge model. The selected value is considered to be conservative enough so to
minimize the uncertainties related to the effect of high damping forces to the structural response.

After conducting a series of non-linear dynamic analyses, the seismic response of the
superstructure bridge model is evaluated by examining the variation of four response quantities in
respect to the Design and Maximum Considered Earthquake intensity levels as well as, the
direction of the loading. The selected response quantities are: the maximum upward (top) and
downward (bottom) vertical displacement of the mid-span cross-section as well as, the maximum
top and bottom gap opening of the mid-span contact zone (maximum elongation of top and
bottom compression springs at mid-span section). The results obtained from the conducted
dynamic analyses are expressed in terms of probability of non-exceedance of the selected
response quantity versus the response quantity.

The maximum vertical displacement of the superstructure’s mid-span cross-section is an
indicative response quantity of the model’s behavior when subjected to vertical seismic loading.
Both cases of upward and downward maximum displacement are considered.

In Table 6-4, an indication of the most severe response in terms of maximum upward vertical
displacement of the mid-span cross-section is given for both considered intensity levels and
loading directions.

Additionally, the cumulative probability distribution function of the same response quantity is
presented for both considered intensities, DE and MCE. In Figure 6-9, the probability of non-
exceedance for the maximum upward vertical displacement is illustrated independently of the
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loading direction whereas; in Figure 6-10 the upward and downward loading curves are presented

separately.

Table 6-4: Maximum upward vertical displacement of mid-span cross-section

Max Upward Vertical Displacement
Intensity Downward Loading Upward Loading
0.352 in 0.502 in
DE

(8.93 mm) (12.75 mm)

0.705 in 0.524 in
MCE
(17.91 mm) (13.32 mm)

The overall maximum response in terms of upward vertical displacement occurs for the case of

the MCE and downward loading direction. The maximum response equals 0.705 inches (17.91

mm) whereas the maximum upward vertical displacement of the mid-span section of the eight-

segment numerical model for the case of displacement-controlled loading is approximately equal

to 8.0 inches (203 mm), as shown in Figure 5-30. Consequently, the superstructure model can be
subjected to higher earthquake intensity levels that the ones specified by FEMA ATC-63 [2008]

without collapsing.
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Figure 6-9: Cumulative probability distribution function of maximum upward vertical displacement
of mid-span cross-section considering the DE and MCE intensity levels

Given that the superstructure’s behavior is affected by the presence of the unbonded tendons

lying below the center of gravity of the model’s cross-section, it is reasonable that the upward
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vertical displacement response is greater for the case of downward loading for both considered
intensity levels. However, the difference is not considered significant.
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Figure 6-10: Cumulative probability distribution function of maximum upward vertical
displacement of mid-span cross-section considering the DE and MCE intensity levels
and different loading directions

In Table 6-5, an indication of the most severe response in terms of maximum downward vertical
displacement of the mid-span cross-section is given for both considered intensity levels and

loading directions.

Table 6-5: Maximum downward vertical displacement of mid-span cross-section

Max Downward Vertical Displacement
Intensity Downward Loading Upward Loading
0.925 in 0.703 in
DE

(23.49 mm) (17.85 mm)

1.149 in 0.980 in
MCE
(29.18 mm) (24.90 mm)

Additionally, the cumulative probability distribution function of the same response quantity is
presented for both considered intensities, DE and MCE. In Figure 6-11, the cumulative
probability distribution function of the maximum downward vertical displacement is illustrated
independently of the loading direction whereas; in Figure 6-12 the upward and downward loading
curves are presented separately.
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The overall maximum response in terms of upward vertical displacement occurs for the case of
the MCE and downward loading direction and equals 1.149 inches (29.18 mm). It should be
noted that the maximum downward vertical displacement of the mid-span section of the eight-
segment numerical model for the case of displacement-controlled loading is approximately equal
to 10.0 inches (254 mm), as shown in Figure 5-30.

Through comparison of Table 6-4 and Table 6-5, it becomes apparent that the maximum
downward vertical displacement of the superstructure model is considerably greater than the
upward one. This can be attributed to the pre-stressing tendons which increase the strength of the
bottom fiber of the superstructure’s mid-span cross-section.

As for the case of maximum upward vertical displacement, the response for the case of downward
and upward loading is not significantly different but slightly lower for the case of upward
loading.

Another indicative response quantity of the model’s non-linear behavior when subjected to
vertical seismic loading is the maximum gap opening of the mid-span cross-section. The
maximum gap opening is evaluated in terms of maximum elongation of the top (spring 1) and
bottom (spring 11) compression springs of the mid-span contact zone. Both cases of upward and
downward maximum displacement are considered.

In Table 6-6, an indication of the most severe response in terms of maximum top gap opening of
the mid-span cross-section is given for both considered intensity levels and loading directions.

Additionally, the cumulative probability distribution function of the same response quantity is
presented for both considered intensities, DE and MCE. In Figure 6-13, the cumulative
probability distribution function of the maximum top gap opening is illustrated independently of
the loading direction whereas; in Figure 6-14 the upward and downward loading curves are
presented separately.

Table 6-6: Maximum top gap opening of mid-span cross-section

Max Top Gap Opening
Intensity Downward Loading Upward Loading
0.013 in 0.025 in
DE

(0.331 mm) (0.633 mm)

0.047 in 0.030 in
MCE
(1.190 mm) (0.757 mm)
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Figure 6-13: Cumulative probability distribution function of maximum top gap opening of mid-span

cross-section considering the DE and MCE intensity levels
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The shape of the probability of non-exceedance curves related to the maximum top gap opening
indicates a great variability of the obtained response values. For the majority of records, the top
gap opening is smaller than 0.01 inches (0.254 mm) for both intensity levels and loading
directions whereas a significantly higher response is observed in some cases. Given that the
behavior of the compression contact spring, which lay between two adjacent segments, is highly
nonlinear their response is significantly dependant of the intensity and characteristics of the
considered ground motion. As for the case of maximum vertical upward or downward
displacement, the maximum top gap opening of the superstructure’s mid-span cross-section is
greater for the case of upward loading as illustrated in Figure 6-14.

In Table 6-7, an indication of the most severe response in terms of maximum bottom gap opening
of the mid-span cross-section is given for both considered intensity levels and loading directions.

Table 6-7: Maximum bottom gap opening of mid-span cross-section

Max Bottom Gap Opening
Intensity Downward Loading Upward Loading
0.094 in 0.068 in
DE

(2.397 mm) (1.725 mm)

0.123 in 0.103 in
MCE
(3.133 mm) (2.625 mm)
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Figure 6-15: Cumulative probability distribution function of maximum bottom gap opening of mid-
span cross-section considering the DE and MCE intensity levels
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Additionally, the probability of non-exceedance of the same response quantity is presented for
both considered intensities, DE and MCE. In Figure 6-15, the probability of non-exceedance for
the maximum bottom gap opening is illustrated independently of the loading direction given that
the response appears to be independent of the loading direction.

Through comparison of Figure 6-13 and Figure 6-15, it becomes apparent that the maximum gap
opening of the bottom compression spring is significantly greater than the top one for all
considered cases. Moreover, the shape of the probability of non-exceedance of the bottom gap
opening of the mid-span cross-section indicates a normalized distribution of the response
quantity. It should be noted that the gap opening of the bottom fiber of the mid-span cross-section
is dominated by the response of the pre-stressed tendons.

The original vertical ATC-63 ground motions were modified in order to match the seismic
intensity levels specified by FEMA ATC-63 [2008]. Based on the results presented above in
terms of maximum vertical displacement and gap opening of the mid-span cross-section, the
Maximum Considered Earthquake (MCE) level does not cause exceedance of the structural
strength or collapse. However, the response of the superstructure model is highly nonlinear and it
is therefore significantly affected by many parameters such as the direction, the magnitude and
the frequency content of the loading as well as, the assigned percentage of critical damping. For
this reason, it would be reasonable to conduct a series of incremental dynamic analyses
considering higher seismic intensities [Vamvatsikos, 2002]. The variability of the model’s
behavior is recorded through these analyses, and the proposed structural system can be forced to
instability.
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SECTION 7
CONCLUSIONS

The use of precast segmental bridge construction has witnessed increased worldwide interest
during the last decades due to its inarguable advantages comparing to traditional cast-in-place
techniques. However, the adoption of precast segmental bridge systems in areas of moderate to
high seismicity involves uncertainties in terms of their overall behavior, that need to be
addressed.

This study focuses on designing a precast segmental bridge model, according to the Accelerated
Bridge Construction (ABC) techniques, and investigating its response under earthquake induced
loads. A key concept is introduced in the design: post-tensioned internal unbonded tendons are
used as the only continuous reinforcement between adjacent segments of the bridge’s
superstructure and substructure. The use of internal unbonded tendons in order to post-tension
precast segmental bridge superstructures has never been reported in the literature.

The bridge model described in this study was developed as part of an ongoing research project on
precast segmental bridges undertaken by the Department of Civil, Structural and Environmental
Engineering (CSEE) at the University at Buffalo and the Multidisciplinary Center for Earthquake
Engineering Research (MCEER). The Structural Engineering and Earthquake Simulation
Laboratory (SEESL), at the University at Buffalo, supports research projects pertinent to the
seismic behavior of structures, equipment and non-structural components. Along with numerous
testing capabilities, the SEESL facility is equipped with two high-performance six degrees-of-
freedom relocatable shake tables. According to the testing capabilities of the two shake tables at
SEESL, a large-scale precast segmental bridge model is designed to investigate the overall
behavior of precast segmental bridge systems under earthquake induced loads.

A prototype bridge system [Megally et al., 2002] has been selected and modified to comply with
the ABC techniques, as applied for precast segmental systems. The scaling of the prototype
segmental bridge system resulted in a 1/2.39-scale test specimen based on the performance
specifications of the dual shake tables at SEESL. The 1/2.39-scale model is then designed
according to the AASHTO LRFD Bridge Design Specifications [2007] and the PCI Bridge
Design Manual [2003]. For the design of the model’s superstructure, the case of vertical
earthquake loads is taken into account even though AASHTO specifications consider only
horizontal design seismic loads. The vertical earthquake loads are assumed to be equal to 2/3 of
the corresponding horizontal ones. Moreover, in order to account for the higher ductility and
energy dissipation capabilities of the proposed segmental bridge system with internal unbonded
tendons over the conventional monolithic systems, an overall response modification factor, R
equal to 2.50 is selected. According to AASHTO [2007], the response modification factors for the
bridge’s superstructure and substructure (‘critical’ bridges) would equal 1.00 and 1.50,
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respectively. In this report, the model’s superstructure is designed for an R-factor that equals 2.50
(2.50%1.00) and, the columns are designed for an R-factor equal to 3.75 (2.50%1.50).

In addition to the design of the segmental bridge model according to current bridge design
specifications, a two-dimensional numerical model of the superstructure model is developed in
this study. An approach on the numerical modeling of the piers is presented by Sideris et al.
[2010] whereas; a numerical model of the complete bridge specimen will be presented in future
studies.

The two-dimensional numerical model of the bridge superstructure is developed accounting for
material and geometric nonlinearities. The seismic response of the superstructure model is
investigated considering vertical displacement-controlled loadings and, its analysis show that the
segmental superstructure with unbonded tendons behaves as a self-centering system. The model’s
response is highly nonlinear and depends on the direction, magnitude and frequency content of
the loading. Moreover, the geometry of the unbonded pre-stressed tendons along the
superstructure’s length affects the stiffness of the system and therefore, the response of the
superstructure is dependant of the loading direction. Under a vertical sinusoidal displacement-
controlled load pattern with a maximum displacement of 10.0 inches (254 mm) at the mid-span
joint, the model exhibits gap opening of the segment-to-segment joints and yielding of the
unbonded tendons.

The seismic response of the superstructure model is also investigated considering the vertical
component of the ATC-63 far-field earthquake ground motion ensemble [FEMA ATC-63, 2008].
The historical records are scaled to satisfy the adopted similitude requirements and to account for
different seismic intensity levels. The case of a prototype bridge structure located at Western
United States (Sps=0.625 g - design case) as well as, a higher seismic intensity case of a
prototype bridge located at the City of Los Angeles (Sps=1.415 g) are considered. Only the
results of the second case are presented in the report, focusing on four characteristic response
parameters: the maximum upward (top) and downward (bottom) vertical displacement of the mid-
span cross-section; the maximum top and bottom gap opening of the mid-span contact zone
(maximum elongation of top and bottom compression springs at mid-span section).

For the Maximum Considered Earthquake (MCE) level [ASCE/SEI 7-05, 2005] the vertical
displacement of the mid-span cross-section reaches up to 1.2 inches (30.5 mm) whereas; the gap
opening at the same location reaches up to 0.12 inches (3.1 mm). Comparing to the results
obtained by applying a maximum vertical displacement of 10.0 inches (254 mm) at the mid-span
joint, it becomes evident that the segmental superstructure model can sustain significantly greater
vertical seismic induced loads.

An Incremental Dynamic Analysis (IDA) of the proposed two-dimensional numerical model
would provide results on the probability of exceeding a specified limit state for given hazard
intensity levels, such as the Design Earthquake (DE) or the Maximum Considered Earthquake
(MCE) and, damage limit states could be defined. By scaling the ensemble of historical
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earthquake records, presented in Section 6.2, to higher intensity levels the stability of the
superstructure model could be monitored.

During this study, the adjacent segments of the precast bridge model are considered to be joined
together through internal unbonded post-tensioned tendons. However, a common practice for this
type of structural systems incorporates the use of internal or combination of internal and external
tendons. After post-tensioning, the tendons are grouted in order to protect the strands from
corrosion and other environmental effects. The proposed large-scale bridge specimen could be
easily altered in order to accommodate a combination of bonded and unbonded strands or solely
bonded strands by simply grouting a number or all unbonded tendons. In that case, the
experimental response of different segmental bridge systems could be investigated and, the
differences of their response under seismic induced loads could be evaluated.

The segmental precast bridge model, described in this report, was constructed and tested on the
dual shake tables of SEESL during the months of April and May 2010 [Sideris et al., 2010].
Currently, processing of data obtained from the experimental investigation is undertaken at the
University at Buffalo which will lead to robust conclusions on the behavior of precast segmental
bridges under earthquake excitation. The results on the experimental investigation of the precast
segmental bridge specimen, as conducted at SEESL, will be presented in a future study and will
be used to calibrate the system’s numerical model. The numerical model of the large-scale bridge
specimen will be presented in a future study together with results on its response under uniaxial
and multiaxial seismic excitations of various intensities. The experimental data processing and
numerical investigation of the segmental bridge system will result in providing accurate design
specifications and analysis procedures for such systems.
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APPENDIX A

Following the calculations presented in Chapter 3 and 4, detailed shop drawings of the
superstructure’s and substructure’s geometry and reinforcement details are presented hereafter.
The dimensions illustrated in the drawings are in inches.
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