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ABSTRACT OF THE DISSERTATION

The Seismic Response of Precast Segmental Bridge Superstructures
with Bonded Tendons
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Marc John Veletzos
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Professor José I. Restrepo, Chair

Precast segmental construction of bridges can accelerate construction and
minimize the cost of bridges in highly congested urban environments,
environmentally sensitive regions, difficult to access ravines, and wide river
crossings where medium to long repetitive spans are needed. Despite their proven
benefits, the use of precast segmental bridges in seismic regions of the United States
remains very limited. A main obstacle to their use is concern regarding the seismic

response of segment joints. Recent research has shown that segment joints can
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undergo very large rotations that open up gaps in the superstructure, while

maintaining its load carrying capacity, and with little, if any, damage.

This dissertation investigates the seismic response of precast segmental

bridges using detailed 2D non-linear time-history analyses and focuses on the

behavior of segment-to-segment joints constructed using the balanced cantilever

method. The joint model was calibrated using results available from experimental

work on large scale sub-assemblages. Analytical models of full scale precast

segmental bridges with geometries and characteristics, similar to the Otay River

Bridge and the San Francisco-Oakland Bay Bridge Skyway in California, were also

used in this study.

A suite of twenty near field earthquake records was used to determine the

median joint response as well as to quantify the effect of vertical motion on the joint

response. The earthquake records were scaled using two different scaling methods

and the effect on the structure response was studied. Four different pre-earthquake

stress conditions were studied to determine if the effects of creep, shrinkage and

temperature impact the seismic response of segment joints. In addition, a

preliminary investigation into the possibility of removing a portion of the
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superstructure longitudinal post-tensioning and allowing non-linear elastic response

of the segment joints during a significant seismic event was performed.

Results indicated that vertical earthquake motions and the pre-earthquake

stress-state can alter the response of segment joints. The results also showed that the

method of record scaling does not significantly alter the median response, but may

effect the variation in response. Furthermore, reducing the longitudinal post-

tensioning near the piers may be possible provided that service load cases do not

govern the design.
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CHAPTER 1. INTRODUCTION

Precast segmental construction methods can ease bridge construction costs by
reducing construction time while maintaining quality. In addition, the absence of
falsework can minimize traffic congestion and environmental impact, adding to the
benefits of this construction method. While the popularity of precast segmental
bridge construction has increased throughout the world, its use in seismic regions of
the United States has been hampered by a lack of research on the seismic response
that would lead to reliability in its use. The California Department of Transportation
(Caltrans) supported a research program to address this concern. This dissertation
investigated the seismic response of precast segmental bridges with bonded tendons
constructed with the balanced cantilever construction method, using detailed 2D non-
linear time history analyses. A number of models were developed, including a
validation model and two simulations of full scale balanced cantilever bridges. The
primary difference between the two full-scale models was their span lengths (300
feet and 525 feet) and the use of continuity tendons. The 300 foot span bridge did

not utilize continuity tendons, while the 525 foot span bridge did. The influence of



the pre-earthquake stress on the seismic response of segment joints was investigated

and a preliminary study was conducted examining the possibility of reducing the

longitudinal post-tensioning (PT) in the superstructure while allowing non-linear

elastic segment joint response.

1.1. Benefits of Segmental Construction

The primary benefit of segmental bridges is that they can be constructed

without temporary supports or falsework. Thus, segmental bridges are most

effective for locations where falsework is expensive or impractical, such as deep

ravines, wide water crossings, highly congested urban areas or environmentally

sensitive regions.

The use of precasting technology can add to the general benefits of segmental

bridge construction by improving quality control, reducing creep and shrinkage

deformations, reducing weather dependence on production rates and improving

construction speed.



1.2. Seismic Concerns

The primary seismic concerns regarding segmental construction are focused

on the behavior of joints between segments as no mild reinforcement crosses such

joints. The lack of reinforcement across segment joints allows for an increased rate

of construction, yet creates inherent regions of weakness that act as crack initiators

and can result in localized rotations. Thus, bridge owners, such as the California

Department of Transportation (Caltrans), have questioned the response of segment

joints during a seismic event in recent years. Do these joints open during an

earthquake? Do they remain open after the earthquake? Does the joint opening

affect shear transfer across the joints, thereby affecting dead load carrying capacity?

Does joint opening alter the serviceability of the bridge? Do volumetric changes,

such as creep and shrinkage, affect the joint response? These are the questions that

have hampered the use of precast segmental bridges in seismic regions of the United

States, namely California.

The seismic concerns for cast-in-place (CIP) segmental construction methods

are no different than conventional CIP construction methods, since mild steel

reinforcement crosses the segment joints, and will not be addressed in this study.



1.3. Gaps in Knowledge Identified and Covered in this Study.

Several knowledge gaps were identified in the literature and are addressed in

this study. These knowledge gaps are as follows.

e Lack of studies on full bridge systems.

e Lack of studies on the impact of volumetric changes on the seismic

response of superstructure segment joints.

e Influence of the vertical ground motion on the response of segment

joints.

e Effect of the method of record scaling on the seismic response of

segmental superstructures.

1.3.1. Full Bridge Systems

Recent research (Megally et al., 2002; Densley et al., 2003; Burnell et al.,

2005) into the seismic performance of segmental bridge superstructures has

advanced the general understanding of the characteristics of segmental bridge

segment joints. However, all previous work has been conducted on joint or joint-

column experiments. A study on the seismic response of full segmental bridge

systems has never been performed.



1.3.2. Pre-Earthquake Stress-State

It is well known that volumetric changes can have a significant influence on

the design for service load cases of prestressed concrete bridges. However, it is

common practice to ignore these effects on bridges when considering seismic load

cases. During a maximum credible earthquake, the bridge will be pushed to its

ultimate capacity, which is generally insensitive to volumetric effects. In addition,

standard practice is to capacity design the superstructure and foundations to force

inelastic behavior to occur in the columns, thus the superstructure, which is the most

sensitive to volumetric changes, will be significantly stronger than the piers,

compounding the belief that volumetric effects are unimportant for seismic

considerations. While this belief may be true for conventional cast-in-place bridges,

the effect has never been studied for segmental bridges and may be important to the

seismic response give the jointed nature of precast segmental bridge systems.

1.3.3. Vertical Earthquake Motion

Including the vertical component of earthquake ground motion is common

practice for determining the seismic demands of ‘Important’ or ‘Non-Standard’

bridges in California. This is typically accomplished with time history analysis



based on three components of earthquake ground motion (T.Y. Lin International and

Moffatt & Nichol Engineers, 2001). Seismic design codes however, provide little, if

any, guidance with regard to a vertical design spectrum. Thus the large vertical

accelerations in near field records at low periods may not be considered. In addition,

segmental superstructures are designed to remain elastic, thus they are typically

modeled with linear elements, without accurate modeling of the segment joints. A

detailed investigation into the response of segmental bridge joints due to vertical

earthquake motion has never been performed.

1.3.4. Record Scaling

A number of recent studies investigated the impact of different ground

motion scaling option on structural response (Bazzurro and Luco, 2003; Bazzurro

and Luco, 2006; Hancock et al., 2006; Watson-Lamprey and Abrahamson, 2006a).

All of these studies compared amplitude scaled time history records with spectrum

matched time history records. The amplitude scaled records were typically scaled

for a best fit to the design spectrum over a period range. The researchers used these

different ground motions on either non-linear single degree of freedom (SDOF) of

multi-degree of freedom (MDOF) buildings. A study on the effect of different



amplitude scaling procedures, such as scaling to the natural period verses scaled for a

best fit over a period range, has never been performed on detailed non-linear bridge

structures.

1.4. Objectives

The large scale experiments on the seismic response of precast segmental

bridge superstructures by Megally et al. (2002), Densley et al. (2003) and Burnell et

al. (2005) achieved their objectives and determined the crack patterns, failure modes

and ultimate behavior of precast segmental bridge superstructure joints. However a

number of issues remain regarding the expected response of precast segment-to-

segment joints during a significant seismic event and are outlined below.

1.4.1. Contribution of Vertical Earthquake Motions

Burnell et al. (2005) showed that precast segment joints open if the vertical

ground motions accelerations of 0.75g are considered and the superstructure post

tensioning is reduced by 25%, indicating that vertical motion contributes to joint

opening (see Section 3.4.3). But this contribution was not decoupled from the effect



of reducing the longitudinal PT. The research presented in this study will quantify

the impact of vertical earthquake motion on the segment joint response.

1.4.2. Joint Opening

Burnell et al. (2005) indicated that segment joints will likely open when

vertical motion is considered and when the longitudinal post tensioning is reduced

(see Section 3.4.3). But what about when the PT is not reduced? The research

presented in this study will determine if segment joints are likely to open when full

longitudinal post tensioning is considered along with vertical accelerations and will

quantify the magnitude of the crack width if they do open.

1.4.3. Performance Limits States

Burnell et al. (2005) suggested that current seismic design procedures, based

on capacity design principles, prevent residual joint opening and protect the

longitudinal post tensioning tendons from yielding when vertical earthquake motion

is not considered (see Section 3.4.3). Does this remain true when vertical earthquake

motions are considered? The research presented in this study will compare the

segment joint response to concrete and PT performance limit states, such as cracking,



crushing, and yielding, and assess the level of joint damage during a seismic event.

In addition, residual crack widths will be quantified.

1.4.4. Pre-Earthquake Stress-State

The state of stress on the segment joints changes on a daily basis due to

temperature and over the life of the bridge due to volumetric effects such as creep

and shrinkage. The research presented in this study will assess the impact of the pre-

earthquake stress-state on the response of segment joints.

1.4.5. Record Scaling

The Pacific Earthquake Engineering Research (PEER) Center approach to

record scaling is to scale the lateral ground motions to match the design spectrum at

the dominant natural period of the structure, and then use this scale factor on all

components of the ground motion (Somerville and Collins, 2002). The approach

outlined in the Uniform Building Code (UBC, 1997), however, is to scale the lateral

earthquake record to match the design spectrum over a period range rather than a

single period. The research presented in this study will assess the impact of these

two different record scaling methods on the structure response.
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1.4.6. Superstructure PT Sensitivity

The preferred seismic design practice is to ensure an elastic response in the

superstructure by concentrating in-elastic behavior in the columns (Caltrans SDC,

2004). Is it possible to remove some of the longitudinal PT in the superstructure and

allow non-linear elastic behavior in the superstructure and at the same time maintain

an acceptable level of seismic safety and serviceability? The research presented in

this study will investigate the sensitivity of the segment joint response due to

reductions in the longitudinal superstructure PT.

1.5. Outline of the Dissertation

Chapter 1 discusses the motivation for this study and outlines the benefits and

seismic concerns of segmental bridge construction methods. Chapter 2 is an

overview of segmental bridge construction and discusses the history, describes

typical design details as well as differences between various segmental construction

methods. The chapter concludes with a discussion on current seismic design

practices in California. A review of relevant literature is presented in Chapter 3.

Chapter 4 discusses the validation of the joint model and summarizes the results of

various sensitivity studies that were used to fully understand and optimize the
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segment joint model. The earthquake records used for the time history analyses are

described in Chapter 5. Chapter 6 documents the full bridge models and discusses

the discretization and characteristics for both the 300 foot and the 525 foot span

models. Chapter 7 presents the results of the two full bridge models. Chapter 8

documents the reduced PT models and presents the results of a preliminary study

into the possibility of reducing the amount of superstructure longitudinal PT. The

limitations of the models are outlined in Chapter 9. Chapters 10, 11, 12, and 13

present conclusions, design considerations, design recommendations and future

research, respectively. Additional model results, parameter studies and photos of

balanced cantilever segmental bridge construction are included in the Appendices.



CHAPTER 2. SEGMENTAL BRIDGES 101

This chapter reviews the basics of segmental bridge construction methods.
The typical details of the various bridge components are described as well as a brief
history of segmental bridge construction and a description of the different segmental
construction methods. The chapter concludes with a summary of current seismic

design practices in California.

2.1. Anatomy of Segmental Bridges

The components of a segmental bridge are for the most part the same as a
typical prestressed concrete bridge. The bridge is divided into the superstructure and
the substructure as shown in Figure 2-1. The superstructure is the portion of the
bridge that supports the roadway/railway. The substructure is the portion of the
bridge that supports the superstructure and consists of abutments and piers. The
difference between a segmental bridge and a typical prestressed concrete bridge is in
the details of these components. Typical details of the components of a segmental

bridge are described below.

12
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T T TTTT] [TITTITTINTTTTTT 7] T Superstructure

Abutment

‘Abutment

Substructure

m  m

Pier Pier

Figure 2-1 Anatomy of Segmental Bridges

2.1.1. Superstructure

In segmental bridge construction, the superstructure is divided into short
pieces or segments that are constructed one at a time. Depending on the construction
method, the superstructure segments may be cast-in-place (CIP), that is, in their final
position on the bridge, or they may be precast, that is, constructed and stored at a
fabrication facility off the bridge site and delivered as required (see Figure 2-2).
Shear keys between segments may be required to ensure adequate load transfer (see
Figure 2-3). The size of each segment will vary depending on the specific
construction method and transportation means available for the bridge site. Match
casting of precast segments, a process where the end of a previously constructed
segment is used as a form for the adjacent segment, is common to ensure proper fit

on site.
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Figure 2-2 Precast Superstructure Segments for the San Francisco-Oakland Bay Bridge

Skyway in the Stockton Casting Yard ready for Transport by Barge to the Bridge Site

Figure 2-3 Details of Surface Between Segments
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Expansions joints are discontinuity regions in the superstructure designed to

allow the bridge to move freely due to temperature changes. Typically large beams

are constructed inside the superstructure at the expansions joints to ensure moment

and shear continuity while enabling axial movement.

Superstructure \ / Thermal Expansion Joint
T - : : : | -

Expansion Joint Beam
Figure 2-4 Superstructure Expansion Joint Beam (Courtesy of International Bridge

Technologies)

2.1.1.1. Longitudinal Post-Tensioning Tendons

The post tensioning (PT) tendons in the superstructure may be either bonded

or unbonded. Bonded PT tendons are threaded through ducts that are constructed

inside the concrete portions of the superstructure (see Figure 2-3). These ducts are

then grouted after the tendons are stressed, thereby bonding the tendons to the

superstructure. Unbonded tendons are typically in ducts that are within the hollow

center of the superstructure and only attached to the concrete superstructure at the

ends of the tendons or at deviator block. Unbonded tendons are thus external to the

concrete section, yet not necessarily visible from outside the bridge.
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The PT tendons in segmental bridges are an essential part of the structural
system and serve many functions throughout the construction and service life of the
bridge. To simplify the construction process, it is common to label tendons that
serve similar functions as a group. Common tendon groups include cantilever
tendons, continuity tendons, harped tendons, top/bottom tendons, and deck tendons.
Depending on the construction method and span length, the bridge will utilize some,
but typically not all, of the tendon groups.

Cantilever tendons are used for the balanced cantilever or progressive
cantilever construction methods to attach the new segment to the previously
constructed portion of the bridge. Cantilever tendons are located in the top flange of
the superstructure to counter act the negative bending moment generated by the dead

load of the structure during construction (see Figure 2-5).

- - - - = - —~ ~ —~ —~ —~ —~
. Cantilever Tendons
Pier /’ .

Figure 2-5 Schematic of Cantilever Tendons

Continuity tendons typically run the length of a frame and are used to counter

act the live load on the structure and, as the name suggests, to ensure that the
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structure acts as a continuous frame. Bonded continuity tendons are typically located
within the web of the superstructure and are near the top flange over the piers and

near the bottom flange at midspan (see Figure 2-6).

Continuity Tendons

Wlllw

Pier Pier

Figure 2-6 Schematic of Continuity Tendons

Harped tendons are used in span-by-span construction and are used to
balance the positive moments during construction. Harped tendons are typically

external and unbonded (see Figure 2-7).

Harped Tendons

Il

Pier Pier Pier Pier

Figure 2-7 Schematic of Harped Tendons

Depending on the construction method and span length, additional tendons
may be required at various locations in the top and bottom flanges to ensure that
tensile stresses do not occur under any service load conditions (see Figure 2-8).

Finally, low stressed tendons may be placed in the deck near the roadway surface to
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ensure that the segment joints remain closed following a significant seismic event

(see Figure 2-9).

Top Tendons

p

Bottom Tendons

Pier Pier

Figure 2-8 Schematic of Top and Bottom Tendons

Low Stressed Deck Tendons

Pier Pier

Figure 2-9 Schematic of Low Stressed Deck Tendons

2.1.2. Abutments

The abutments are the end supports of a bridge, and may be constructed with

either a pile supported or a spread footing foundation, depending on the soil

conditions of the site (see Figure 2-10). The abutments will typically restrain the

superstructure from vertical and lateral translations as well as torsional rotations.

Longitudinal motions are typically not restrained to allow for thermal expansion of

the superstructure. An abutment for a segmental bridge is typically indistinguishable

from an abutment for a conventional prestressed concrete bridge of comparable span

length.
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Wing-wall

Stem wall Footing

Vertical pile
Battered pile

Figure 2-10 Elements of a Bridge Abutment (Megally et al., 2001)

2.1.3. Piers
The piers are intermediate supports of the superstructure and consist of a
number of elements, as shown in Figure 2-11: the foundation, the column(s), and a

pier table.

AREEY

Column
—

Pier Table

Pile Cap
—

Drilled Shaft Piles

Foundation

Figure 2-11 Elements of a Typical Segmental Bridge Pier
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The pier table is the top portion of the column and can be considered part of

the superstructure. The pier table is the starting point for the balanced cantilever

construction operations. It is typically cast-in-place and may be either symmetric or

asymmetric about the pier center-line. Asymmetric pier tables are used to maximize

the unbalanced cantilever moment of each segment and allow for the largest possible

segment size. This can minimize construction time by reducing the number of

segment erection operations required to complete a span.

The columns transfer the weight of the superstructure down to the

foundations. There may be more than one column in a pier depending on the

requirements of the bridge. The column for long span segmental bridges will

typically be hollow to improve the efficiency of the section. It is common practice to

design the columns to develop a plastic hinge mechanism during a maximum

credible earthquake. This design approach is intended to protect the superstructure

and the foundation from in-elastic behavior

The foundation for a long span segmental bridge is typically very large and

usually requires drilled shafts to support the forces coming in from the columns. It is

common for these drilled shafts to be six feet in diameter or larger and to extend over
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100 feet into the ground. A very large pile cap will be required to transfer the forces
between the column and the drilled shaft piles. These mass concrete foundations can
generate a large amount of heat during the curing process. Thermal blankets, ice
batching of the concrete and/or water pumped through embedded piping in the pile
cap may be required to ensure proper concrete curing and to minimize cracking

caused by large thermal gradients.

2.2. History

The roots of modern segmental bridge construction can be traced back to the
iron and steel truss bridges of the 19" century. A prime example is the Firth of Forth
Railway Bridge in Scotland, where individual truss members were erected using the
previously constructed portions of the bridge as supports, as shown in Figure 2-12.
Construction began at the piers and progressed outward toward midspan on either

side in a balanced fashion to prevent the enormous structure from tipping.
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BROYAL COMMISSION OMN THE
AMNCIENT AND HISTORICAL
MOMENTS OF SCOTLAND

Figure 2-12 Segmental Construction Methods used on the Firth of Forth Bridge, Scotland -
Constructed 1883-1890 (Murillo and Showers, 2004)

After World War II, Europe, particularly France and Germany, was in dire

need of civil infrastructure, as many bridges and roads were severely damaged

during the conflict (Murillo and Showers, 2004). In addition, factories were in

disrepair, so large fabricated steel members, for use as final bridge members or as

temporary supports during construction, were difficult to come by. It was within this

landscape of large infrastructure demands and a shortage of materials that the first

prestressed concrete segmental bridge was constructed across the Lhan River in

Balduinstein, Germany in 1951 (Murillo and Showers, 2004).
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By the mid 1960s more than 300 cast-in-place prestressed concrete segmental

bridges had been constructed. This first generation of segmental bridges typically

utilized box girder cross sections, midspan deck hinges and due to improvements in

prestressing steel technology, was able to span nearly 500 feet. The midspan deck

hinges allowed the superstructure to creep under its self-weight without developing

large internal stresses. These creep deformations, however, generated noticeable

undulations of the bridge that affected serviceability. To address this problem,

closure joints between cantilevers from adjacent piers were constructed to make the

spans continuous. The first multi-span continuous segmental bridge was the

Bouguen Bridge in France and was opened to traffic in 1963 (Murillo and Showers,

2004).

The development of precasting technology in the early 1960s allowed the

concrete superstructure segments to be fabricated away from the bridge site and then

transported to the site when required. This technology allowed for improved curing

of the concrete, reduced influence of weather on production rates, and a shorter

construction schedule as the superstructure could be fabricated and stored off site

while the foundations were being constructed. The first precast segmental concrete
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bridge was the Choisy-Le-Roi Bridge across the Seine River in Paris, which was

opened to traffic in 1964 (Murillo and Showers, 2004).

The use of segmental bridge construction methods have been spreading

around the world since the 1960s. The first precast segmental bridge in the United

States was built in 1973 in Corpus Christy, Texas. The first CIP segmental bridge in

the United States was the Pine Valley Bridge along Interstate 8 in San Diego,

County, which was opened to traffic in 1974. (Murillo and Showers, 2004)

Figure 2-13 Pine River Bridge, San Diego, CA - The First Cast-in-Place Segmental Bridge in
the United States (Opened to Traffic 1974)

Over the years alternatives to the balanced cantilever method of construction

were developed to expand the use of segmental bridges. These methods include,
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span-by-span construction, progressive placement, incremental launching and cable

stayed construction. These methods will be discussed in greater detail in Chapter 2.3

2.3. Construction Methods

The design of segmental bridges is highly dependent on the construction

method to be used. The various construction methods for segmental bridges are

discussed below.

2.3.1. Cast-in-Place vs. Precast

In CIP segmental construction, the superstructure segments are constructed

on the bridge in their final position. Mild steel reinforcement crosses the joint

between segments. Prestressing tendons are installed as needed to support the new

segments during construction. This construction method is typically cost effective

for bridges that have a relatively short total length and have easy access to a concrete

batch plant.

In precast segmental construction, the segments are fabricated and stored at a

special facility that is typically away from the bridge site. The segments are then

delivered to the site as required and installed in their final position using post-
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tensioned tendons. The surface between the segments may be covered with epoxy to

increase strength and durability and to lubricate the joints for ease of fit during

construction. The segments are often steam cured and aged for a month or more

prior to installation to minimize creep and shrinkage deformations. The precast

segments can be extremely large and will typically require heavy lifting equipment to

maneuver and install. This equipment requires a large upfront cost for the

contractor. The precast construction method can be very economical for very long

bridges where a repetitive assembly line procedure is most efficient and can offset

the upfront costs of the heavy lifting equipment. Precast methods allow for

improved quality control, reduced weather dependence on production rates and

reduced construction time as work on the superstructure and substructure can be

performed simultaneously. Precast superstructure segments do not have mild steel

reinforcement across the segment joints.

2.3.2. Balanced Cantilever

In the balanced cantilever construction method, segments are placed one at a

time beginning at the piers and proceeding outward towards midspan on both sides

simultaneously. As construction progresses the negative moment on each cantilever
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increases, thus PT tendons are required most at the top of the section near the piers.

Eventually the cantilevers from adjacent piers meet at midspan and are connected

with a closure joint or an expansion joints. The balanced cantilever method of

construction can be performed with either CIP (see Figure 2-14) or precast segments

(see Figure 2-15 and Figure 2-16) and has an economical span range of up to 750

feet (Madani, 2006). As mentioned in Section 2.3.1, precast construction methods

require heavy lifting equipment to maneuver the large segments during construction.

One way to do this is with a moveable overhead gantry as shown in Figure 2-15.

Another method utilizes span mounted lifting equipment, as shown in Figure 2-16.

For additional photos of segmental bridge construction, see Appendix E.

CIP Segment
Construction
N 2
gl g
- M T
Completed Cantilever under Pier under
Cantilever Construction Construction

Figure 2-14 Schematic of Balanced Cantilever Construction with CIP Segments
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Completed Cantilever under Pier under
Cantilever Construction Construction

Figure 2-15 Schematic of Balanced Cantilever Construction with Precast Segments and an

Overhead Gantry

Span Mounted
Lifting Rig

Figure 2-16 Lifting Operation for Balanced Cantilever Construction with Precast Segments and

Span Mounted Lifting Equipment
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2.3.3. Span-by-span

The span-by-span method, shown in Figure 2-17, typically requires falsework
to cross a full span length. Once a span is constructed, post-tensioned and self-
supporting, the falsework is release and moved on to the next span. Another
variation of the span-by-span method is to construct full spans on the bridge site and
then lift full spans in place using heavy lifting equipment. The dead load moment
diagram is similar to that of a simply supported beam, thus the PT is heaviest at the
bottom of the girder near midspan. The span-by-span method of construction can be
performed with either CIP or precast segments and has an economical span range of

up to 160 feet (Madani, 2006).

leted Precast Temporary
Coglp ete Segments Support of
/ pan

/ Full Span
I I I /

Figure 2-17 Schematic of Span-by-Span Construction with Precast Segments

2.3.4. Progressive Cantilever

The progressive placement method, shown in Figure 2-18, is similar to the

span-by-span method in that it begins from one end of the bridge and proceeds
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towards the other in a progressive manner. The difference is that segments are
placed one at a time, rather than full spans at time. A moveable temporary stay
arrangement is typically required to support the cantilever end during construction.
The progressive cantilever method of construction is typically performed with
precast segments and has an economical span range of up to 200 feet (Madani,
2006).

Temporary Moveable Tower

Stay Cables New

Figure 2-18 Schematic of Progressive Cantilever Construction

2.3.5. Incrementally Launched

The incrementally launched method of construction, shown in Figure 2-19,

typically begins at one abutment where a segment is added to the previously built

superstructure and then the entire superstructure is pushed outward towards the other

abutment, making room for the next segment. This method of construction requires

a steel launching nose at the leading edge of the superstructure to reduce the



31

variations in construction stresses. The incrementally launched method of
construction is typically performed with CIP segments and has an economical span

range of up to 240 feet (Madani, 2006).

Launching

Span under Completed
Nose

Construction / Span

VA/NANA AA.

a) Span under Construction

—
\WAVAVAVAVAVAVAVAVAV |

b) Launching of Superstructure

Figure 2-19 Schematic of Incrementally Launched Construction

2.3.6. Cable Stay

Cable stayed bridges are a special type of segmental bridges (see Figure

2-20). In cable stayed bridges the superstructure, or deck as it is more commonly

called, is supported from tall pylons by cables. The deck construction begins after

construction of the pylons and in a balanced fashion, one segment at a time, from

either end of the pylon moving outward. The cantilever segments are supported by

cables as they are placed. This allows for smaller deck cross sections, thus
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minimizing materials, weight and cost. The cable stayed construction method can be
performed with either CIP or precast segments and has an economical span range
from 500 to 1500 feet (Madani, 2006).

Stay
Cables

Abutment

Pier Under
Construction

Completed Pier

Figure 2-20 Schematic of Cable Stay Construction

2.4. Current Seismic Design Practice in California

The governing seismic design code in California is the Caltrans Seismic

Design Criteria (SDC) (Caltrans, 2004). The SDC divides bridges into several

classifications and requires different seismic performance and design calculations

depending on the classification. All bridges in California are classified as either

‘Important’ or ‘Ordinary’. ‘Important’ bridges are those that must remain functional

after a seismic event. This may be because they are necessary to provide access to

emergency facilities or because their loss will significantly impact the economics of

the region. All bridges that are not ‘Important’ are considered ‘Ordinary’.
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‘Ordinary’ bridges are designed for a no collapse criteria. That is they can sustain

significant damage and may require demolition following a significant seismic event,

but they must not collapse during the seismic event.

All bridges are further classified as either ‘Standard or ‘Non-Standard’. The

most common aspects of a ‘Standard’ bridge are spans less than 300 feet, normal

weight concrete, minimal skew and in-plane curvature and a balanced stiffness

distribution between piers. Examples of ‘Non-Standard’ bridge features include

irregular geometry, unusual framing, or unusual geologic conditions.

The Caltrans SDC applies to ‘Ordinary-Standard’ bridges only. All other

bridges require a project specific design criteria to address their specific needs. The

seismic demands for ‘Ordinary-Standard’ bridges are obtained using relatively

simple response spectrum analyses and are compared with capacities that are

calculated based on strain limits.

The project specific design criteria for ‘Important’ or ‘Non-Standard’ bridges

will typically outline the specific seismic design requirements, such as strain limits

and types of analyses to perform. The irregular features of ‘Non-Standard’ bridges

can lead to complex seismic response, thus time history analyses may be required
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depending on the ‘Non-Standard’ features of the bridge. Similarly, it is not

uncommon for non-linear time history analyses to be required for ‘Important’

bridges. When time history analysis is required the seismic demands are typically

based on the worst case from three different ground motion sets (T.Y. Lin

International and Moffatt & Nichol Engineers, 2001).

Bridges in California are typically designed to be flexible so that they can

withstand the displacements imposed by seismic events. This is done by designing

in a failure mechanism in the bridge by allowing the development of plastic hinges in

the columns. The columns are selected because they are typically the easiest to

inspect and repair following an earthquake. The superstructure and foundations are

designed using capacity design principles, to be stronger than the columns to force

the desired failure mechanism to occur.

Segmental bridges are considered ‘Non-standard’, and may be either

‘Ordinary’ or ‘Important’. Thus the seismic design requirements will vary

depending on the bridge. Time history analyses may or may not be required. In

general, however, the current seismic design practice is to follow capacity design
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principles, set forth in the SDC, and protect the superstructure and footing from

inelastic behavior by forcing the non-linear response into the columns.



CHAPTER 3. LITERATURE REVIEW

Several topics are relevant to the investigations presented in this dissertation.
These topics include ground motion selection and scaling, the vertical components of
ground motion, the development length of PT strands and the seismic performance of

segmental bridges. Literature regarding these topics is discussed in this chapter.

3.1. Ground Motion Selection and Scaling

It is generally understood that the earthquake ground motions used as input in
non-linear time history analyses can dramatically impact the seismic response of the
structure being studied. Thus realistic representations of the most likely earthquake
scenario (i.e. magnitude, distance, fault mechanism, soil type etc.) are critical to the
accuracy of the analyses. It is for this reason that real recordings of historic
earthquakes are commonly used as input for time history analyses. The scarcity of
naturally occurring records with site characteristics similar to the design level
seismic event, typically a 1000-2500 year return event, forces engineering
seismologists to increase the intensity of records on hand. This is commonly
achieved using one of two approaches. The records may be amplitude scaled such

36
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that they are representative of the design response spectra at a specific period or over

a period range, or the records are altered, either in the time or frequency domain, to

match the design response spectrum. Amplitude scaling preserves the naturally

occurring peaks and troughs in the response spectra while spectrum matching

smoothes the response spectrum to be compatible with the design spectrum. The

effects of these scaling methods on structural response have been studied by a

number of research teams.

A number of different techniques have been used to generate spectrum

compatible ground motions. One method alters the frequency content of white noise

to create a synthetic ground motions. This approach has been criticized for

generating ground motions that are not physical with regard to the number of cycles,

phase content and duration of the record, and are not recommended (Hancock et al.,

2006). A second technique utilizes recordings of actual earthquakes as the starting

point and alters the record in the frequency domain by adjusting the Fourier

amplitude spectrum (Rizzo et al., 1975; Sliva and Lee, 1987). While this approach is

a noticeable improvement over synthetic ground motions, this approach significantly

alters the velocity and displacement time series and can result in motions with
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unrealistically high energy content (Naeim and Lew, 1995). A third technique

modifies actual earthquake records in the time domain using wavelets (Abrahamson,

1992; Lilhanand and Tseng, 1987; Lilhanand and Tseng, 1988; Mukherjee and Gupta

2002a; Mukherjee and Gupta 2002b; Suarez and Montejo, 2003; Suarez and

Montejo, 2005). This approach tends to preserve the displacement and velocity time

series and introduces less energy into the ground motion than frequency domain

methods (Hancock et al., 2006).

Bazzurro and Luco (2003) extensively studied the non-linear response of

SDOF and MDOF buildings of different periods and strengths to real unscaled

records, amplitude scaled records, and spectrum-compatible records which were

generated using wavelets in the time domain (Abrahamson, 1993). The 31 unscaled

records were earthquakes with moment magnitude between 6.5 and 6.7 and were

within 16 km of the fault. The researchers showed that amplitude scaling tends to

make the records slightly more damaging, up to 25%, while spectrum matching

makes the record more benign, up to 30%, when compared to the unscaled naturally

occurring records. They also showed that spectrum matching reduced response



39

variability by 60%-80%, and thus needs far fewer analyses to achieve the median

response of a structure with the same level of accuracy.

Hancock et al. (2006), corroborated the findings of Bazurro and Luco and

stated that matched records exhibit greatly reduced variability, yet scaled records

may be preferable if the characteristics of real ground motions are of interest.

Watson-Lamprey and Abrahamson (2006a) studied the response of simple bi-

linear SDOF oscillators and found that the main reason for using spectrum

compatible records is that they suppress variability and reduce the number of records

required to obtain a median response.

Bazzurro and Luco (2006) reiterated their earlier findings and showed that

spectral matching has a tendency to soften the near source effect of ground motions

by smoothing out the velocity pulses, while amplitude scaled records are typically

more aggressive than naturally occurring near field records.

Bommer and Acevedo (2001) recommended limits on record scaling between

2 and 4. Watson-Lamprey and Abrahamson (2006a), however, suggested that these

limits were based on comfort level and not quantitative evaluations. They then

proposed a method of time series selection that is appropriate for non-linear systems
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and showed that large scale factors, in some cases up to 12, can produce reasonable

results provided the record is not selected solely based on magnitude and distance,

but rather selected based on the characteristics of the scaled ground motions. These

characteristics may include the shape of the scaled response spectra, the peak ground

acceleration or peak horizontal or vertical spectral accelerations. The ability to use

large scale factors increased the pool from which ground motion records may be

selected.

The research outlined above on record scaling and spectrum matching is

beginning to emerge in the bridge design codes. While the Caltrans SDC (Caltrans,

2004) is intended only for “Ordinary-Standard” bridges and thus does not discuss

record selection for time history analyses, the current AASHTO LRFD (AASHTO,

2006) requires the use of five spectrum compatible time histories. However it does

not specify whether the bridge is to be designed for the maximum or the mean of

these five time histories, and makes no mention of multiple components of ground

motion.

The proposed AASHTO Guide Specification for LRFD Seismic Bridge

Design (AASHTO, 2007), provides more guidance than the current AASHTO
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LRFD, and requires a minimum of three spectrum compatible time histories, each

with all three components of motion. The designer is required to design the bridge

for the maximum response obtained from the three time series sets. As an

alternative, bridges may be designed for a minimum of seven time histories and

designed for the mean response. In addition, the proposed AASHTO Guide

Specification (AASHTO, 2007), states that near field effects, such as fling and

forward directivity, must be considered when within six miles of a fault.

No studies were found that investigated the effect of different methods of

amplituded scaling, such as scaling the lateral motion to a single period or scaling the

lateral ground motion across a period range, on the structural response.

3.2. Vertical Ground Motion

A number of studies have investigated the impact of the vertical component

of ground motion on the response of highway bridges (Saadeghvaziri and Foutch,

1991; Broekhuizen, 1996; Yu et al., 1997; Gloyd, 1997). In general they studied

conventional prestressed concrete bridges and showed that vertical motion can
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significantly affect the axial load demand on the columns as well as the moment

demand on the superstructure.

Yilmaz et al. (2006) performed a number of analyses on the response of

typical California highway bridges to vertical accelerations. They noted the

importance of vertical acceleration, especially for near field events and commented

on the lack of guidance from bridge design codes with respect to vertical

acceleration.

The Caltrans SDC (Caltrans, 2004) requires vertical static analysis based on

0.25¢g for ‘Ordinary-Standard’ bridges where the peak horizontal rock acceleration is

0.6g or greater. It states that combined vertical and horizontal load analysis is not

required for ‘Ordinary-Standard’ bridges, however the SDC mentions that the effect

of vertical is required for ‘Non-Standard’ and ‘Important’ bridges, but provides no

guidance on how to determine the vertical component.

The current AASHTO LRFD (AASHTO, 2006) does not mention the vertical

component of ground motion. The proposed AASHTO Guide Specification for

LRFD Seismic Bridge Design (AASHTO, 2007), on the other hand, requires all three

components of motion to be used in time history analyses. The commentary
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mentions that the high short period spectral content of near-source vertical ground

motions should be considered, however guidance for obtaining a vertical design

spectrum or vertical time histories is not given.

Design codes for the building industry provide more guidance than bridge

codes with regard to vertical earthquake motion. FEMA (FEMA, 2000) recommends

determining the vertical design spectrum by scaling the lateral design response

spectrum by a factor of 2/3 over the entire period range. The vertical design

spectrum, however, is not used for time history analyses. Instead FEMA requires

scaling of the horizontal components of ground motion for a best fit with the design

spectrum over a period range. It is unclear what scale factor is to be used on the

vertical component of ground motion, but presumably it is the same as the

horizontal.

A number of studies (Niazi and Bozorgnia, 1989; Niazi and Bozorgnia, 1990;

Niazi and Bozorgnia, 1991; Niazi and Bozorgnia, 1992) showed that a constant

reduction of 2/3 is not accurate for near source events and revealed that a vertical-to-

horizontal (V/H) ratio greater than unity can occur in the low period range.

Campbell and Bozorgnia (2004) studied over 400 real accelerograms and developed



44

a near-source attenuation relationship for horizontal and vertical components of

ground motion. Bozorgnia and Campbell (2004) found that the vertical-to-horizontal

response spectral ratio is very sensitive to period, distance to fault and soil type and

somewhat insensitive to magnitude and style of faulting (see Figure 3-1).

They

proceeded to use their attenuation model, as well as other notable attenuation

relationships, to develop simple V/H ground motions models and a simple procedure

to develop a tentative vertical design spectrum.
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Figure 3-1 V/H ratio for Various Parameters (from Bozorgnia and Campbell, 2004)
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Yilmaz et al. (2006) developed an alternative method for determining a

vertical design spectrum. Their proposed method is based on a period shift and

amplitude scaling of the horizontal design spectrum. The magnitude of the

amplitude scale factor is based on distance from the fault.

3.3. Development length of Post tensioning strands

As segment joints in a precast segmental bridge open, the strain in the PT

tendons crossing the segment joints must increase to accommodate the deformations.

The increased tendon strains penetrate into the segments and will cause debonding of

the tendon strands within the grouted duct. It will be shown in Section 4.3.1 that the

length of debonding significantly impacts the rotation capacity of precast segmental

bridge joints, thus determining this length is critical to accurately estimate the

deformation capacity of segmental joints with bonded tendons.

There have been a number of studies (Ghosh and Fintel, 1986; Tabatabai, and

Dickson, 1993; Russell, and Burns, 1996; Barnes et al., 2003) that investigated the

development length of single PT strands in precast pre-tensioned beams. The

development length is defined as the sum of the transfer length, L, and the flexural

bond length, Ly (Naaman, 2004). The mechanics behind these two parameters are
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very different. The transfer length is based on bond stresses generated by the
expansion of the strand diameter as the strand withdraws into the concrete, L, after
release from the stressing rig at the ends of pretensioned beams (see Figure 3-2).
The debond length, on the other hand, is based on an expanded tendon length and

contracting strand diameter as the tendons stress increases as shown in Figure 3-3.

Concrete .
Pre-tensioned
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Figure 3-2 Transfer Length in Pre-Tensioned Beams



47

Concrete P Crack Pre-tensioned

B
/ cam / / Strand

Stress in
Pre-tensioned
Strand

A

crack

Figure 3-3 Flexural Bond Length in Pre-Tensioned Beams

The flexural bond length equation, developed by Zia and Mostafa (1977)
after extensive study of previous research, is the most appropriate estimate of the

debonded length for analysis of precast segmental bridges.

L,=125(f, /.. M, 31

Where fi, is the full design strength of post-tensioning strand, fi. it the effective
stress in post-tensioning strand and d, is the diameter of the strand. This equation is
applicable to seven wire strand and is based on an assumed bond stress of 250 psi.
While Equation 3-1 can give an estimate of the debond length on either side
of a segment joint crack, it was developed for a single seven wire strand and may be

inappropriate for multi-strand tendons. This is because the strands in a tendon tend
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to cluster together and act as a group. The effective bond surface of the group is not

a simple multiple of the strand bond area, but rather the surface are of the whole

group, as shown in Figure 3-4. Thus multi-strand tendons may show a debond length

larger than that indicated by Equation 3-1.

PT Strands

Bond Surface
for Tendon

Grout

Tendon Duct

Figure 3-4 Bond Surface Area for PT Tendons

3.4. Segmental Bridges

There is a large body of research studying segmental superstructures. These

studies investigated the shear and flexural behavior of segmental bridges with

external PT using epoxy and dry joints (Ramirez et al., 1993; Hindi et al., 1995),

shear studies on the behavior of multiple and single shear key segment joints

(Aparicio et al., 2002; Turmo et al., 2006a), modeling of unbonded PT with dry

joints (Turmo et al., 2006b), proof testing of full scale segments with unbonded PT

and dry joints (Tassin et al., 1996; Takebayashi et al., 1994), to name a few. The
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vast majority of this research, however, addressed strength considerations for service

load conditions using monotonic push testing techniques, and did not address the

cyclic response expected during a significant seismic event. The only research found

in the literature addressing the seismic performance of segmental bridge

superstructures was performed at the University of California at San Diego (UCSD)

and is outlined below.

3.4.1. UCSD Segmental Superstructure: Phase I — High Moment and Low

Shear Experiments

Four 2/3 scale test units were tested under vertical loading to failure to

investigate the performance of precast segments in superstructure regions of high

moment and low shear (Megally et al., 2002). The test set-up is shown in Figure 3-5.

The test units investigated different post tensioning layouts as shown in Figure 3-6.

In addition, one test unit was constructed with a cast-in-place deck closure and 100%

internal tendons. All test units achieved large rotations prior to failure. The Failure

modes varied from rupture of the PT, to crushing of the extreme concrete fibers to

buckling of the deck rebar and subsequent compression failure of the cast-in-place

deck.
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3.4.2. UCSD Segmental Superstructure: Phase II — High Moment and High

Shear Experiments

This phase of the research program utilized similar test units as in Phase I,

but with different PT details and test set-up (Megally et al., 2002). The test units and

test set-up are shown in Figure 3-7 and Figure 3-8, respectively. The results of this

phase are similar to the previous phase in that all test units achieved large rotations

prior to failure. In addition, no relative shear slip between segments was observed

prior to flexural failure. All test units experienced crushing of the bottom soffit

under negative bending. The final failure, however, varied from crushing of the top

flange to rupture of the PT tendons.
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3.4.3. UCSD Segmental Superstructure: Phase III — System Test

This phase of the research program looks into the performance of a half-scale

superstructure-pier system (Burnell et al., 2005). The test set-up and superstructure

cross section are shown in Figure 3-9 and Figure 3-10, respectively. The testing

program for this phase was split into two stages. The first stage achieved a column

displacement ductility of 4 and utilized 100% of the design post-tensioning as well as

100% of the superstructure dead load. The results from this stage indicate that there

is no significant opening of the segment-to-segment joints. A hairline crack was

observed at a displacement ductility of 4, but this was adjacent to the cast-in-place

closure pour, so the crack was likely initiated by shrinkage. The second stage of

testing continued from displacement ductility 4 up to ductility 8 and utilized 175% of

the superstructure dead load, to simulate the effect of vertical ground accelerations,

and approximately 75% of the longitudinal superstructure PT. The results from this

stage indicated that segment-to-segment joints open during testing, but they close

when the earthquake demands are removed.
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3.4.4. UCSD Segmental Superstructures with Lightly Stressed Deck Tendons

Densley et al. (2003) studied the performance of precast segmental

superstructure with low stressed auxiliary tendons in the deck slab. The purpose of

these tendons was to minimize the likelihood of residual joint opening following a

seismic event. The test set-up was exactly the same as the Phase I experiments by

Megally et al. (2002). The design details of the test unit were similar to those of the

San Francisco-Oakland Bay Bridge Skyway thus this test unit was also a proof test of

designs in place in high seismic zones of California.

The results from this experiment were compared with the Phase I results by

Megally et al. (2002). The results showed that continuity of precast segmental

superstructures can be achieved by the use of low-stressed auxiliary prestressing

tendons in the deck and that these tendons reduce the permanent openings of the

segment joints in the deck when compared to CIP closure joints.



CHAPTER 4. JOINT MODEL VALIDATION

To ensure that the analytical model accurately represents the physical world,
the joint model must be validated with physical experiments. Two detailed finite
element models of test unit 100-INT from the Phase I experiment by Megally et al.
(2002), were created using the computer software Ruaumoko (Carr, 2004).
Ruaumoko was selected because of its extensive library of non-linear hysteresis and
damping rules. These models were developed to capture numerous physical
characteristics of the segment-to-segment joints. These characteristics include:
crushing of extreme concrete fibers, yielding of PT tendons at the true limit of
proportionality, and energy dissipation due to bond slip of the grouted internal

tendons.

4.1. Single Joint Model

The first model, shown in Figure 4-1, captured the moment rotation response
of a single segment-to-segment joint. To concentrate deformations at the midspan
joint, the rotations of the girder nodes were slaved to the rotation at the supports.
Rigid elements between the superstructure girder elements and the PT were used to

56
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ensure accurate PT deformations. At the joint locations, however, rigid elements

were not used. Rather, the vertical deformations of the PT nodes were slaved to the

girders. This allowed for tendon slip caused by strain penetration into the segments.

6 top flange concrete springs

Girder members

(rotations slaved) 3 web concrete springs

Rigid
members

PT nodes slaved in Y to

3 parallel PT members girder

L L 6 bottom flange
concrete springs

L, = unbonded length

Figure 4-1 Single Joint Model

4.1.1. Segment Joint Concrete Elements

The compressive strength of the concrete was based on 85% of day of test £,
with crushing occurring at a strain of 0.17%. The tensile strength was based on 15%
of the modulus of rupture, f, , calculated as 3.5% to match the strength of
concrete after the onset of cracking. Thus the model did not predict the initial

cracking strength of the section. The length of the concrete joints springs were
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defined to be six inches based on estimates from photographs of the Phase I

experiments by Megally et al. (2002).

The joint was modeled with six truss elements at the top and bottom flanges

and three truss elements at the web. Each element captures concrete crushing and

tensile cracking using an origin centered hysteresis rule to capture the loss of

stiffness after cracking and crushing (see Figure 4-2).

—— Model
b —— Unconfined Concrete

Stress (ksi)

-0.004 -0.002 0 0.002 0.004
Strain (in/in)

Figure 4-2 Joint Concrete Hysteresis Model

4.1.2. Segment Joint PT Elements

It was believed that the energy dissipation observed at small joint rotations in

the Phase I experiments by Megally et al. (2002) was due to friction caused by bond
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slip between the PT strands and the grout. When a segment joint opens due to

seismic demands, the PT tendons crossing the joint must elongate to accommodate

the gap opening. As the tendons stretch and contract under cyclic seismic loading

the strands lose their bond with the grout. Thus as the joints open and close the

tendons slide relative to the surrounding grout, dissipating energy due to friction.

The energy dissipation at large rotations was believed to be dominated by

yielding of the PT tendons. The yield strain of high strength steel is often

determined using the 0.2% offset rule (Naaman, 2004). This method, however, does

not capture the true limit of proportionality of high strength steel and will not

accurately predict when inelastic behavior begins (see Figure 4-3).
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Figure 4-3 PT Tendon Modeling

To accurately capture the onset of inelastic response in the PT and friction

due to bond slip, the tendon across the joint was modeled with three separate

elements (see Figure 4-3). One element captured the early onset of yielding at the

true limit of proportionality of ASTM A416 (270 ksi) steel which was taken to be

210 ksi (=0.78 f,). A second element captured the response of PT between the limit

of proportionality and the idealized yield stress, assumed to be a strain of 1.2%, as

well as the post yield response of PT strands. The third element captured the bond

slip behavior of PT across the joint. The cyclic response of the combined PT

members is shown in Figure 4-4.
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Figure 4-4 Combined PT Hysteresis Model — Includes Bond Slip

Because of the lack of knowledge, a bond-slip relationship for multi-strand
tendons, as discussed in Section 3.3, was obtained by a trial and error process to

match the experimental data. This process is described in detail in Section 4.3.1.

4.1.3. Comparison with Experimental Results

Results from the single joint model are shown in Figure 4-5. The backbone
curve, yield rotation and energy dissipation match very accurately the experimental
results, especially in the small rotation range where seismic rotation demands were
expected to be. Differences between the model and the experiment at large rotations

are such that the residual rotations in the model are larger than observed in the tests.
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Therefore the residual rotations obtained from the analyses will be accurate if not

over-predicted.
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Figure 4-5 Moment-Rotation Diagrams of Single Joint Model
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4.2. Multiple Joint Model

The second validation model, shown in Figure 4-6, captured the response at
the multiple segment level including deformations of the precast segments and joint
opening. This model allows the superstructure girders to crack and captured shear
deformations of the girders using a concentrated flexibility approach. That is, all the
shear deformations were concentrated in two non-linear element located at segment-
to-segment joints 2 and 4. Note that shear deformations were not expected to be
significant in a full size bridge superstructure, because the shear span of a full size
bridge is much larger. These elements were added to the model to capture effects
observed in the experiment. The properties of the non-linear shear springs were

estimated using the modified compression field theory (Collins and Mitchell, 1991).

Cracking of Girders

Lumped Non-Linear
Girder Shear

/ Deformations

2 2+

L4 4 0

L4 4 0

L4 4 0

0 fi

Joint 2 Joint 3 Joint 4

Figure 4-6 Multiple Joint Model
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Results from the multi-joint model are shown in Figure 4-7 and Figure 4-8.

Figure 4-7a shows the Moment-Rotation of the midspan joint for small rotations (less

than 0.005 radians). This plot suggests that the computer model slightly under-

predicted the joint rotation. This, however, is not the case because the target

displacement for the 1 inch cycle was not reached, as can be seen in Figure 4-7b.

Figure 4-8a shows the segment-to-segment Moment-Rotation diagram for

large rotations (greater than 0.0075 radians), while Figure 4-8b shows the Girder

Shear-Midspan Deflection diagram. These diagrams indicate that the model

overestimated the midspan joint rotations while matching the midspan vertical

deformations. This suggests that the finite element model will provide conservative

joint rotation estimates and was considered acceptable.
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4.3. Sensitivity Studies

Three separate parameter studies were performed to investigate the influence

of various variables and to optimize performance. The parameters studied included

the number of concrete springs across the segment-to-segment joints, the unbonded

length of the grouted PT tendons, and the amount and type of damping.

4.3.1. Unbonded Length of the PT

The stress gradient generated along the PT tendon (see Figure 3-3) due to

friction along the tendon during joint opening was difficult to model. For simplicity,

an equivalent unbonded length, L,, was used to match the stiffness of the tendons

over the flexural bond length (see Figure 4-9). The stiffness of the segment joints

after cracking and opening is highly dependant on the unbonded length of the PT

tendon crossing the joint. Thus, to accurately estimate the rotation at which the

tendons yield, we must start with a good approximation of the unbonded length. The

unbonded length will likely be approximately 50% of the flexural bond length based

on strain energy comparisons. However, PT strands tend to group at either the top or

bottom of the duct depending on the curvature of the duct. This grouping of strands

can make it difficult for grout to penetrate between the individual strands. Thus,
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empirical equations that estimate the flexural debond length of single strands are

inappropriate for multi-strand tendons. It was for this reason that the unbonded

length of the PT tendons was determined using a trial and error approach to match

the results from the Phase I experiments by Megally et al. (2002).

P

Concrete
Beam l Large Crack PT Tendon
in Beam

Members

Stress in
L L PT Tendon

A

crack

Figure 4-9 Modeling of Unbonded Length of PT Tendon

The unbonded length was increased in 5 inch increments from 10 inches up

to 45 inches, and the moment-rotation response of the joint was compared to the

experimental results. Figure 4-10 to Figure 4-12 show the comparisons of the 10

inch, 25 inch, and 40 inch unbonded lengths to test unit 100-INT of the Phase I

experiment (Megally et al., 2002). An unbonded length of 25 inches matched the

experiment best, particularly at rotations smaller than 0.01 radians and provided a

good match at larger rotations. The PT tendons of the model and the experiment
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yielded at the same rotation and the energy dissipation was comparable. The 10 inch

unbonded length was too stiff after joint opening and significantly under-predicted

the yield rotation of the tendon. Conversely, the 40 inch unbonded length was too

soft upon joint opening and significantly over predicted the yield rotation of the

tendon.
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4.3.2. Number of Joint Springs

The initial number of concrete springs across the segment-to-segment joints

was selected somewhat arbitrarily to be fifteen (i.e. six in both the top and bottom

flanges and three in the web). The intention was to capture the energy dissipation

and loss of stiffness due to crushing of the extreme concrete fibers. Using fifteen

concrete springs across each joint will result in a very large stiffness matrix in a full

bridge model. This may increase the likelihood of convergence problems and will

require significant computational effort. If the number of concrete springs can be

reduced without compromising the accuracy of the results, much time and effort will

be saved.

With the goal of optimizing the number of concrete springs across the

segment-to-segment joints, several models were developed with flange springs

ranging from one to six and web springs ranging from one to three. Comments about

each model are listed in Table 4-1.



Table 4-1 Joint Spring Parameter Study Summary

Total Joint| Flange Web
. 3 . Comments
Springs Springs Springs

15 6 3 Reference model.

14 6 2 No visible change in response.

13 6 1 No visible change in response.

11 5 1 Essentially no change.

9 4 | Essentially no change. Stable if only 2 flange
springs crush.

o 3 1 Essentially no change. Stable if only 1 flange
spring crushes.

5 ) | Slightly understimates the yield moment.
Numerical problems at large rotations.

3 | | Understimates the yield moment. No concrete
crushing
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The seven spring model (i.e. three flange springs and 1 web spring, identified

as 3-1) produced the best results as can be seen in Figure 4-13. The joint response

was nearly identical to the fifteen spring model (i.e. six flange springs and 3 web

springs, identified as 6-3), with a slight deviation at the onset of joint opening. The

yield rotation and energy dissipation were essentially identical. Further reducing the

number of flange springs increased the likelihood of numerical instability and

inaccuracies in the moment due to difficulties in modeling the centroid of the

compression toe.
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It should be noted that for tall girders, multiple web springs may be required
in order to accurately model the bending stiffness of the girder across the joints. By
using only axial springs across the joint, the moment of inertia is calculated solely
with the parallel axis theorem. For very large webs, the moment of inertia of the web
itself (i.e. bd*/12) is significant. Breaking the web up into smaller areas will reduce
the error. It is for this reason that multiple web springs were used in the full bridge

models.
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4.3.3. Damping

The type and amount of damping can play a significant role in the accuracy
of jointed models excited dynamically beyond their initial closed status. To fully
understand the role of damping in the structure we must begin with the equations of

motions

mii +cu + ku = —miig 4-1

where m is the mass matrix, ¢ is the damping matrix, k is the stiffness matrix, i is

the acceleration vector, u is the velocity vector, u is the displacement vector and i,

is the ground acceleration. The formation of the damping matrix depends on the type
of damping used in the analysis.
Rayleigh damping generates the damping matrix based on proportionality

with the mass and stiffness matrices.

c=am+ak 4-2
where ay and a; are mass and stiffness proportionality coefficients, respectively. The

relationship between the damping ratio and frequency is

a a,w
‘):Zn:_0+# 4-3
20 2

n
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where & is the percentage of critical damping of the n"™ mode and ®, 1s the circular
frequency of the n™ mode

The proportionality coefficients can be determined by solving Equation 4-3
simultaneously after defining the damping ratio for two anchor frequencies. It is
clear that the amount of damping will vary depending on frequency, as shown in
Figure 4-14, thus it is important to select these two anchor modes carefully to ensure

that critical modes are not damped out, or for that matter, underdamped.

Stiffness proportional:

Rayleigh Damping a,=0; E=oa, /2
0 Y O 1

Damping Ratio, &

/ a,=0; &=a,2m

|
|
|
: Mass proportional:
|
|
|
1

o o,
Frequency, ®

Figure 4-14 Rayleigh Damping (Clough and Penzien, 1993)
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Initial stiffness Rayleigh damping generated the damping matrix based on the

initial stiffness matrix of the structure. The damping matrix, c, remains constant

throughout the analyses and is banded.

Tangent stiffness Rayleigh damping generates the damping matrix, based on

the tangent stiffness of the structure. Thus the damping matrix, c, is changing

continually during the analyses.

Numerical problems may arise from the use of initial and tangent stiffness

Rayleigh damping for jointed structures from the fact that as segment joints open, the

frequency of the dominant mode reduces to near zero and, as shown in Figure 4-14,

the damping ratio for very low frequencies is very high. This very high damping

ratio can generate large non-physical damping forces.

The use of tangent stiffness Rayleigh damping may compensate for the

increased damping expected due to shifting of the structural period. As the segment

joint opens, the stiffness matrix reduces, thereby reducing the stiffness proportional

component of the damping matrix. However, additional numerical problems may

arise due to the use of tangent stiffness Rayleigh damping. As the segment joints

open, the stiffness matrix reduces and the damping matrix approaches a purely mass
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proportional state, where high frequency modes receive little to no damping. Impact

between segments upon closure of the segment joints can excited these higher

modes, significantly altering the joint response.

4.3.3.1. Damping Study Details and Results

To investigate and understand the effects of the damping model on a simple

segmental joint bridge subsystem, a number of analyses were performed with

different types and amount of damping. The two damping types selected were initial

stiffness Rayleigh damping and tangent stiffness Rayleigh damping as described

above. Damping levels were varied from 0.1% up to 10%.

The North-South component of the Rinaldi record from the 1994 Northridge

earthquake was used as the excitation in the damping sensitivity study. The single

joint model was used to ensure that observations were due solely to the modeling of

the joint and not due to other modeling effects. Mass was added to the model at

midspan to obtain a realistic primary vertical period of 0.4 seconds (see Figure 4-15).

The record was reduced down to a PGA of 0.7g and then further reduced by a factor

of 1/8 to account for scaling effects as this was a model of a half-scale experiment.

This reduction in the excitation produced reasonable joint rotations that ranged from
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0.005 radians (i.e. the yield rotation) with 10% damping up to 0.03 radians with
0.1% damping.

It is important to note that the integration time-step is a critical analysis
parameter. A time-step that is too large can converge on an incorrect solution. A
typical rule of thumb is to use a time step that is 1/10™ the period of interest. A time-
step of 0.001 seconds was used for all analyses in this study and was significantly
smaller than the 0.04 second time step obtained using the rule of thumb. A time step
of 0.0001 seconds was also investigated, but this reduced time step had no effect on

the results, yet increase the run time significantly.

Added Mass

g [J1 [%

Rinaldi Rinaldi
EQK T=0.4 sec EQK

Figure 4-15 Damping Sensitivity Study Model

Results from the damping study are summarized on Figure 4-16. The tangent

stiffness Rayleigh damping typically generated girder shear forces that were

significantly higher than the initial stiffness Rayleigh.
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Figure 4-16 Influence of Amount of Damping on Peak Girder Shear Force

Figure 4-17 to Figure 4-19 compare the girder shear and midspan

displacement time histories of the two damping models with damping values of

0.1%, 2%, and 10%, respectively. The initial stiffness Rayleigh and the tangent

stiffness Rayleigh show significant differences. Tangent stiffness Rayleigh exhibited

spikes in the girder shear forces as well as a markedly different displacement

response at damping ratios greater than 0.5%.

The initial stiffness Rayleigh damping model appears to be the most stable.

For these reasons, the initial Rayleigh damping model with 1% damping was

selected as the damping model of choice for all future analyses.
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CHAPTER 5. EARTHQUAKE EXCITATIONS

This chapter discusses the characteristics of the assumed site location for the
full bridge models and summarizes the ground motions records selected for the non-
linear time history analyses. Two different methods for scaling the ground motion
records to the design spectrum for the site are outlined and the characteristic of the
scaled records are presented and compared. The chapter concludes with a discussion
on the vertical to horizontal spectral response ratio for the selected earthquake

records.

5.1. Site Location and Record Selection

The assumed site location for the bridge was chosen to be 6 miles from a
strike-slip fault capable of producing a moment magnitude 8 seismic event with a
peak ground acceleration (PGA) of 0.7g. In addition, the site was assumed to be
situated on Caltrans soil type D, as this type of soil maintains frequency content at
higher periods and thus will be critical for long span bridge structures. The design

spectrum was selected from the Caltrans Seismic Design Criteria (SDC) based on the

86



87

chosen site characteristics and represented a 5% in 50 year (approximately 1000 year

return period) seismic event.

Twenty near field records were selected as input into the full scale bridge

models with the goal of obtaining the median seismic response. All records were

from stations that were within 15 miles (25 kilometers) of the fault rupture surface

and several of the ground motions included significant near field effects (i.e. fling

and forward directivity). These records were representative of a typical governing

design scenario seismic event in California and were selected because they were

from a similar earthquake scenario (i.e. magnitudes and distance) to the assumed

design event for the bridge site and because they typically exhibited a modest

amount of frequency content near the natural period of the bridge structures. Table

5-1 lists the earthquakes used and summarizes various parameters of each ground

motion. These ground motions were amplitude scaled to the design spectrum and not

spectrum matched because variability in the response of the bridge, while not the

focus of the investigation, was of some interest (See Section 3.1 for a discussion of

amplitude scaling versus spectrum matching). Two different scaling methods were
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used to investigate the effect of the method of record scaling on the response of the

bridge system.

Table 5-1 Summary of Earthquake Ground Motion Records

Closest Dist to
Rupture PGA - | PGA - | Duration
Earthquake Station Abbrev. Date Mw | Surface (mi) |horiz (g)| vert(g) sec Component
Chi Chi TCU065 T65 9/20/1999 | 7.6 0.6 0.60 0.27 71 NS
Chi Chi TCU068 T68 9/20/1999 | 7.6 0.7 0.57 0.49 71 EW
Duzce Bolu BOL 11/12/1999 | 7.1 10.6 0.74 0.21 50 NS
Erzincan, Turkey |Erzincan ERZ 3/13/1992 | 6.7 1.1 0.50 0.25 21 EW
Iran Tabas TAB 9/16/1978 | 7.4 1.8 0.84 0.70 32 NS
Irpinia, Italy Calitri CAL 11/23/1980 | 6.5 11.4 0.18 0.15 40 NS
Kobe Takarazuka TAK 1/16/1995 | 6.9 0.7 0.70 0.44 30 NS
Kobe Takatori TAT 1/16/1995 | 6.9 0.2 0.63 0.28 30 EW
Loma Prieta Gilroy Historic GIL 10/17/1989 | 7.0 0.28 0.15 30 EW
Loma Prieta Lexington Dam Abutment LEX 10/17/1989 | 7.0 3.8 0.44 0.14 30 NS
Loma Prieta Los Gatos Presentation Center LOS 10/17/1989 | 7.0 2.1 0.64 0.89 22 EW
Loma Prieta Saratoga Aloha Ave SAR 10/17/1989 | 7.0 5.0 0.51 0.40 30 NS
N. Palm Springs  [Morongo Valley MOR 7/8/1986 | 6.0 6.1 0.22 0.45 20 NS
Northridge Rinaldi RIN 1/17/1994 | 6.7 43 0.84 0.86 15 NS
Northridge Sylmar SYL 1/17/1994 | 6.7 3.8 0.61 0.55 30 EW
Northridge Sylmar Converter SCS 1/17/1994 | 6.7 3.7 0.62 0.60 30 EW
Northridge West Pico Cyn. WPC 1/17/1994 | 6.7 43 0.33 0.30 25 NS
Northridge-01 Newhall Fire Station NFS 1/17/1994 | 6.7 43 0.60 0.57 35 NS
San Fernando Pacoima Dam PAC 2/9/1971 | 6.6 1.7 1.25 0.71 20 NS
Superstition Hills |Wildlife Liquef. WIL 11/24/1987 | 6.7 14.6 0.21 0.43 42 NS

It is important to note that the duration of each record was extended by fifteen

seconds to allow the bridge response to damp out so that residual joint rotations and

pier drift ratios could be obtained. In addition, the two ground motions components

were assumed to act at all foundations simultaneously. That is, incoherent ground

motions were not considered.
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5.2. Ground Motions Scaled to Natural Period

One method of record scaling was to scale the horizontal earthquake records

to match the design spectrum at the primary natural period of the structure. This

same scale factor was used on the vertical ground motion to keep the components of

the seismic event consistent with motions that occur in nature. The period of the

primary longitudinal mode for both the 300 foot span and the 525 foot span bridge

structures was approximately 2.0 seconds. It is important to note that the

longitudinal response of the bridges may be greatly affected by the presence of the

abutments after closure of the thermal expansion gap and engaging the abutment

backwall. The period of free vibration found from the modal analysis did not

consider the bridge-abutment interaction. This record scaling approach was used by

the Pacific Earthquake Engineering Research Center (PEER) in the PEER Testbed

projects (www.peertestbeds.net).

The results of this scaling method are shown below. Table 5-2 lists the scale

factors and various properties of the ground motions after they were scaled to match

the design spectrum at the dominant longitudinal natural period of the bridge. Figure

5-1 and Figure 5-2 show the longitudinal and vertical acceleration response spectra
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for the suite of earthquakes after scaling. Note that the median spectra of the

longitudinal motion, matches the design spectra fairly well and is more evident in

Figure 5-7. Figure 5-3 shows the displacement response spectra for the scaled suite

of earthquakes.



Table 5-2 Ground Motions Parameters — Scaled to Natural Period
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Scaled to T=2 sec

Sa @
T=2.0 | Scale | PGA- | PGA -
Earthquake Station Abbrev. | sec Factor | horiz (g) | vert (g)
Chi Chi TCU065 T65 0584 | 1.240 0.75 0.34
Chi Chi TCU068 T68 0582 | 1.246 0.71 0.61
Duzce Bolu BOL 0280 | 2.592 1.91 0.54
Erzincan, Turkey |Erzincan ERZ 0378 | 1.917 0.95 0.48
Iran Tabas TAB 0534 | 1.358 1.15 0.95
Irpinia, Italy Calitri CAL 0.135 | 5.355 0.95 0.79
Kobe Takarazuka TAK | 0477 | 1.519 1.07 0.67
Kobe Takatori TAT 0.864 | 0.839 0.52 0.23
Loma Prieta Gilroy Historic GIL 0202 | 3.591 1.02 0.54
Loma Prieta Lexington Dam Abutment LEX 0.081 | 9.005 3.93 1.25
Loma Prieta Los Gatos Presentation Center LOS 0444 | 1.633 1.05 1.46
Loma Prieta Saratoga Aloha Ave SAR 0296 | 2.451 1.26 0.98
N. Palm Springs  |Morongo Valley MOR | 0243 | 2.984 0.66 1.35
Northridge Rinaldi RIN 0574 | 1.262 1.06 1.08
Northridge Sylmar SYL 0451 | 1.608 0.98 0.88
Northridge Sylmar Converter SCS 0633 | 1.145 0.70 0.69
Northridge West Pico Cyn. WPC | 0395 1] 1.835 0.60 0.55
Northridge-01 Newhall Fire Station NFS 0439 | 1.653 0.99 0.94
San Fernando Pacoima Dam PAC 0483 | 1.501 1.88 1.07
Superstition Hills |Wildlife Liquef. WIL 0348 | 2.085 0.43 0.89

It should be noted that the peak ground acceleration and the spectral response

below 1.0 seconds for one particular earthquake record was extremely high and will

likely not occur naturally. This record was selected based on its response near the

natural period of the structure. The displacement response at a period of 2.5 seconds
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was greater than the majority of other records, thus this record helped to push the

median response closer to the design spectrum at periods above 2.0 seconds.
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Figure 5-1 Longitudinal Acceleration Response Spectrum — Scaled to Natural Period
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Figure 5-2 Vertical Acceleration Response Spectrum — Scaled to Natural Period
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Figure 5-3 Displacement Response Spectrum — Scaled to Natural Period

5.3. Ground Motions Scaled to Period Range

In addition to the ground motion scaling method described in Section 5.2, the

lateral ground motions were also scaled to match a period range. This same scale

factor was then used to scale the vertical ground motion component to keep the

records consistent with nature. The lower bound of the period range was selected to

be near the period of the dominant vertical modes of the bridge models, while the

upper end of the range was selected to be above the period of free vibration of the

structure to allow for softening of the bridge due to inelastic response. This

approach is similar to the approach outlined in the Uniform Building Code (UBC
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1997). The scale factor was selected based on a least squares fit between the scaled

displacement response spectra and the design displacement spectra over a period

range of 0.5 seconds to 2.5 seconds.

The results of this scaling method are shown below. Table 5-3 lists the scale

factors and various properties of the ground motion after they were scaled for the

best fit with the design spectrum over a period range. Figure 5-4 and Figure 5-5

show the longitudinal and vertical acceleration response spectra for the suite of

earthquakes after scaling. Figure 5-6 shows the displacement response spectra for

the scaled suite of earthquakes.
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Scaled to Range (0.5sec - 2.5 sec)

Scale PGA - |PGA - vert
Earthquake Station Abbrev. | Factor | horiz (g) (2
Chi Chi TCU065 T65 1.254 0.76 0.34
Chi Chi TCU068 T68 1.145 0.65 0.56
Duzce Bolu BOL 2.649 1.96 0.55
Erzincan, Turkey |Erzincan ERZ 2.115 1.05 0.53
Iran Tabas TAB 1.487 1.26 1.04
Irpinia, Italy Calitri CAL 3.894 0.69 0.58
Kobe Takarazuka TAK 1.551 1.09 0.69
Kobe Takatori TAT 0.838 0.52 0.23
Loma Prieta Gilroy Historic GIL 3.187 0.91 0.48
Loma Prieta Lexington Dam Abutment LEX 5.742 2.50 0.80
Loma Prieta Los Gatos Presentation Center LOS 1.537 0.98 1.37
Loma Prieta Saratoga Aloha Ave SAR 2.543 1.31 1.02
N. Palm Springs  [Morongo Valley MOR 2.611 0.57 1.18
Northridge Rinaldi RIN 1.120 0.94 0.96
Northridge Sylmar SYL 1.636 1.00 0.89
Northridge Sylmar Converter SCS 1.116 0.69 0.67
Northridge West Pico Cyn. WPC 1.932 0.63 0.57
Northridge-01 Newhall Fire Station NFS 1.433 0.86 0.81
San Fernando Pacoima Dam PAC 1.412 1.77 1.01
Superstition Hills |Wildlife Liquef. WIL 2.275 0.47 0.97
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Figure 5-6 Displacement Response Spectrum — Scaled to Period Range

5.4. Comparison of Record Scaling Methods

Figure 5-7 to Figure 5-9 compare the median horizontal acceleration, vertical

acceleration and horizontal displacement response spectra for the two different

record scaling methods. It is clear from these diagrams that the method of records

scaling will not significantly alter the median structural response. On average the

scale factors for records scaled to a period range were 4% smaller than the scale

factors for records scaled to the natural period of the structure. Thus the median

response of the structure due to range scaled earthquake motions were expected to be

slightly smaller than period scaled motions.
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Figure 5-9 Comparison of Median Horizontal Displacement Response Spectrum

Figure 5-10 and Figure 5-11 show the coefficient of variation (COV) for the
horizontal and vertical ground motions respectively of the two different scaling
methods studied. The COV is defined as the standard deviation divided by the mean
and is a measure of scatter. In general, scaling to a period range reduces the COV by
as much as 30%. This in not true, however, for horizontal ground motions at periods
greater than 1.7 seconds, where scaling to the natural period exhibited a smaller

COV.



70%

60%

50%

40%

© 3%

20%

10%%

(G40

——— Scaled to Natural Period
i) — — — - Scaled to Period Range

Period (sec)

40

Figure 5-10 COV for Horizontal Ground Motions Records

80%
75%
70%
65%
0%
% 55%
o 0%
45%
40%
35%
30%%

R = Scaled to Natural Period

— — — - Scaled to Period Range

0.0 0.1 02 03 04 05 0.6 0.7 0.8 09
Period (sec)

1.0

Figure 5-11 COV for Vertical Ground Motions Records

100



101

5.5. Spectral Response at Periods above the Natural Period

The median scaled ground motions discussed in Sections 5.2 through 5.4

matched the horizontal design spectrum reasonably well up to a period of 2.0

seconds. The horizontal response at periods above 2.0 seconds, however, was

significantly below the design spectrum. This is most evident in the displacement

response spectrum shown in Figure 5-9. The primary concern with this characteristic

of the earthquake suite is that the structure will soften once yielding of the piers

occurs and will be subjected to input energy that is less than that required by the

design spectrum. This may result in displacement demands on the structure that are

smaller than specified in the design criteria. Complicating the issue is the fact that

impact with the abutment, or between adjacent frames, will stiffen the structural

response and may negate any softening effects due to pier yielding.

To study the impact of the response above 2.0 seconds, three spectrum

compatible records were developed, using the program WAVGEN (Mukherjee and

Gupta, 2002b). This program modified the time history in the time domain using

wavelets. The three ground motions with the smallest least square error with the

design spectrum of a period range from 0.5 seconds to 2.5 seconds were selected to
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minimize alterations of the original motion. The horizontal target was the median

response of the range scaled records up to 2 seconds. Beyond 2.0 seconds the target

was the design spectrum. The frequency content of the vertical motions were

modified as well and the target was the median vertical response of the range scaled

records.

Figure 5-12 to Figure 5-14 show the horizontal acceleration, vertical

acceleration and horizontal displacement response spectra, respectively, for the three

spectrum compatible motions. Figure 5-14 clearly indicates that these motions are a

better fit to the design spectrum at periods above 2.0 seconds.
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Figure 5-12 Longitudinal Acceleration Response Spectrum - Spectrum Compatible
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Figure 5-14 Longitudinal Displacement Response Spectrum - Spectrum Compatible

The results of the analyses with these input ground motions indicated that the

longitudinal response was within 2% of the response obtained by range scaled

records (see Section 7.4). Based on these results, the ensemble of scaled historical
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records discussed in Sections 5.2 through 5.3 was used to perform the majority of

analyses in this dissertation.

5.6. Vertical to Horizontal Response Spectral Ratio

The ground motion scaling methods used were based on the lateral

component of the seismic event, with the intent of developing a suite of earthquake

records that represent a 1000 year return event for the assumed bridge site. It will be

shown in Chapter 7.1 that the vertical component contributes significantly to the

seismic response for the superstructure segments joints, thus it is important to ensure

that the vertical component of the ground motion is also consistent with a 1000 year

return event.

As discussed in Section 3.2, design spectra or vertical hazard curves are

typically not generated. Rather the vertical response is best obtained based on the

vertical-to-horizontal (V/H) response spectral ratio. Figure 5-15 compares the V/H

response spectral ratio for the suite of records used in this study with the V/H

predicted by the Bozorgnia and Campbell attenuation model (Bozorgnia and

Campbell 2004), based on properties that are consistent with the assumed bridge site
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location (i.e. Soil Type D, 6 miles from fault). The median V/H ratio matched the
attenuation model very well. Thus, on average, the V/H ratio of the ground motions
selected for this study were typical of naturally occurring events for the assumed site

location, and the vertical ground motion records were consistent with a return period

of 1000 years.
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Figure 5-15 Vertical-to-Horizontal Spectral Response Ratio

It should be noted that since the ground motion records use the same scale
factor for both the vertical and lateral components of motion, for both record scaling

methods, the V/H ratio will be the same regardless of scaling method.



CHAPTER 6. FULL BRIDGE MODELS

Two full scale bridge models were developed to study the seismic response of
superstructure segment joints. One with nominal interior span lengths of 300 feet
and the other with spans lengths of 525 feet. These spans were selected because they
were considered to be within the range where precast segmental construction
methods are the most economically competitive in California. Spans less than 250
feet will likely be under bid by conventional cast-in-place methods while spans
greater than 525 feet will likely be competing with cable stayed bridges. Both bridge
models were assumed to use the balanced cantilever construction method as this
method will be the most economical for the span lengths considered.

The primary purpose of these bridge models was to obtain realistic estimates
of the effect of various parameters (i.e. vertical earthquake motion, pre-earthquake
segment joint stress-state, record scaling, etc.) on the seismic response of the
superstructure segment joints of precast segmental bridges. To that end, the models
were developed based on design and construction details from segmental bridges

currently under construction in California. These models, however, were not

106
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intended to represent the actual bridges, nor are the results presented in this

dissertation intended to be a design check of the actual bridges.

6.1. Analysis Control Parameters

All the time history analyses used the Newmark constant acceleration

integration method, large displacement theory and 1% initial stiffness Rayleigh

damping at mode 1 (i.e., a period of 2.0 seconds) and at a period of 0.1 seconds (see

Figure 6-1). Newton-Raphson iterations in Ruaumoko appeared to set-up physical

reversals during the convergence process and was deemed to be inappropriate for

these analyses. Instead the integration time step was kept small at 0.001 seconds. A

parameter study on the time step was performed and this time step was considered to

be optimal. The 300 foot span model consisted of 1228 nodes, 1637 elements and

119 member properties while the 525 foot span model consisted of 1557 nodes, 2282

elements and 210 member properties.
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Figure 6-1 Initial Stiffness Rayleigh Damping Models Used in Full Bridge Analyses

6.2. 300 Foot Span Model Discretization

The 300 foot span model was based on the Otay River Bridge, currently
under construction in San Diego County, California. The Otay River Bridge is 0.6
miles long and consists of four longitudinal frames and eleven tapered piers. The
bridge consists of two parallel precast segmental superstructures that are joined at the
top flange with a cast-in-place closure. The superstructure segments are 36 feet wide
and vary in depth from 10 feet at midspan to 16 feet at the piers. Thus the span-to-

depth ratio varies from 19 to 30.
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An analytical model of a five span frame was developed as shown in Figure

6-2. The interior spans are 297 feet and the exterior spans are 176 feet.

Approximately 40% (i.e., 11 of 29 joints per span) of all superstructure segment

joints were modeled.
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Figure 6-2 300 Foot Span Model (not to scale)

6.2.1. Boundary Conditions

The beginning and end of the frame were modeled as abutments. They were

modeled with vertical roller supports and longitudinal non-linear compression only

spring to capture the response of the soil behind the abutment, see Figure 6-3. The

abutment soil spring properties were calculated based on the Caltrans Seismic

Design Criteria (Caltrans, 2004) using an initial stiffness of 20 kips per inch and an

ultimate stress of 5 ksf. The compression only longitudinal abutment springs were

not engaged until the 9.8 inch thermal expansion gap was closed. The base of the
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piers were modeled as fully fixed with no consideration for soil structure interaction,

because the piers were tall and flexible relative to the span lengths, thus adding

additional flexibility in the foundation will not significantly alter the response of the

superstructure.
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Figure 6-3 300 Foot Span - Abutment Hysteretic Behavior

6.2.2. Piers

The top and bottom of the piers were modeled with non-linear 2-component

Giberson beam elements (Giberson, 1969).  Giberson beam elements are

computationally very effective because they can describe complex hysteretic

behavior that is typical of reinforced concrete members using lumped plasticity. The

Clough hysteresis rule was used to model the plastic hinging of the columns as
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shown in Figure 6-4. The moment capacity of the piers was determined based on
moment-curvature analyses using the program XTRACT (Chadwell and Imbsen,

2002). The plastic hinge length, L, of the piers were determined by

L, =0.08L+03D+0.15f,d,, 6-1

where L is the column shear span length, D is the depth of the column, f; is the yield
strength of the reinforcement, and dj; is the diameter of the longitudinal
reinforcement bars of the column. This equation was developed by Hines et al.
(1999) based on large scale experiments of structural wall with confined corner

elements which was part of a larger research project studying the behavior of hollow

column with confined corner elements.
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Figure 6-4 300 Foot Span - Pier Hinge Hysteretic Behavior
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The Clough hysteretic rule did not capture axial force-bending moment

coupling of the columns (see Figure 6-5). Since the focus of this investigation was

the response of segment joints, and the longitudinal moment demand on the

superstructure is generated by the moment at the top of the column, it was important

to subject the superstructure to the largest reasonable column moment. This moment

will occur when the axial load on the column is at its maximum. Thus the yielding

moments of the piers were increased by 25% above the dead load moment capacity

to account for the fact that vertical earthquake motion will increase the axial force on

the piers which will in turn increase the moment capacity of the piers. The 25%

increase was based on a preliminary run of the model using vertical and lateral

components of 100% of the Rinaldi record from the 1994 Northridge earthquake.
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Figure 6-5 300 Foot Spans — Normalized Axial Force-Bending Moment Interaction Diagram

for Piers 2/5

As a check of the amplified pier moment capacity, the normalized peak

compressive forces and the corresponding normalized yield moment capacity for all

twenty earthquake records are shown in Figure 6-6 and Figure 6-7, respectively. The

median axial compressive force during an earthquake, Pgqk, for Piers 2 and 5 was

plotted on the axial force-bending moment interaction diagram and the pier yield

moment during an earthquake, MyEQK, was determined. This moment was 19%

higher than the yield moment based on the dead load axial load, M,"", and is 6% less

than the value used in the model.

This indicated that when the column plastic
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mechanism forms, the model will subject the superstructure to a moment that is 6%

larger than the median axial force on the column predicts.
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Presland (1999) and Ang et al. (1985) noted that the nominal moment

capacity predicted by ACI-318 (ACI, 2002) typically underestimated the capacity

observed in tests on well confined columns. Figure 6-8 shows the moment capacity

enhancement observed by these researchers. This moment enhancement was due to

a number of reasons. ACI-318 does not account for strain hardening of

reinforcement or for the effect of confinement on concrete strength and strain. In

addition, the confinement effect of adjacent members, which can shift the location of

the critical section on the column and effectively increase the moment capacity, was

not considered. Presland also noted that dynamics effects can increase the actual

capacity of a column. While moment-curvature analyses can account for the strain

hardening of steel and the effect of confinement reinforcement on the ultimate

strength and strain of concrete, confinement from adjacent members and dynamic

effects on the column moment capacity were not considered in this dissertation.

Thus the increase of 6% on the yield moment was justified for these lightly loaded

well confined columns.
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6.2.3. Superstructure Joints

A typical pier cantilever for a 300 foot span is shown in Figure 6-9. Twenty-

eight superstructure segments formed the 300 foot span, thus there were twenty-nine

segment joints per span. Eleven of these segment joints were modeled, six segment

joints at each pier and five segment joints at midspan as shown in Figure 6-10 and

Figure 6-11. These joints were modeled in a similar manner as the validation models

discussed in Chapter 4 and were considered to be epoxied together and thus were

able to take tension until cracking of the section occurred. Non-linear shear

deformations of the superstructure were neglected because the shear spans were very



117

large (i.e., M/V > 70 feet) and thus shear deformations would be very small.
Cracking of the segments between joints was also neglected to simplify the model.
This approach was justified by large scale experimental results (Megally et al., 2002;
Densley et al., 2003; Burnell et al., 2005) that indicated that very little flexural

cracking occurred between segment joints.
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Figure 6-9 300 Foot Span - Segment Joint Identification
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Figure 6-10 300 Foot Span Model Adjacent to Piers
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Figure 6-11 300 Foot Span Model Near Midspan

6.2.4. Superstructure Tendons

To ensure that the forces in the tendons were realistic, the tendons were

preloaded in the model according to the jacking forces shown on the Otay River

Bridge construction drawings. The model inherently accounted for elastic shortening

losses, but not for losses due to friction or anchorage seating. To address this issue,

the PT losses due to friction and anchorage seating were estimated for all tendons,

based on the provisions outlined in Section 9.16 of the AASHTO Standard

Specification for Highway Bridge (AASHTO, 2002). A sample tendon stress

diagram is shown in Figure 6-12. Figure 6-13 summarizes the tendon losses based

on their length. The losses for all tendons crossing a joint were averaged and the

pretension load reduced accordingly. For example, 14 cantilever tendons crossed the
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joint closest to the pier (i.e. Joint D1 or Ul). The average loss in the PT member in
the model was thus the average loss of all 14 tendons and was 17.8 ksi. This
approach was used for all joints in the model. The losses range from 16 ksi to 21 ksi
depending on the joint. It is important to note that time dependant losses (i.e. creep,
shrinkage, and relaxation) were not inherently considered in the analyses. Rather

they were considered separately as discussed in Section 6.2.5.2
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6.2.5. Pre-Earthquake Segment Joint Stress-State

One of the parameters of interest is the impact of the pre-earthquake stress-

state on the response of segment joints. The pre-earthquake stress-state of the

structure depends on the construction method and on creep, shrinkage and

temperature variations. Creep and shrinkage is dependant on a number of variables,

that included the compression stress on the section, the age of the concrete when the

stress is applied, the duration of the load and the relative humidity, among other. To

accurately estimate the effect of all these variables on a structure where every

segment is constructed at different times and the loading at each segment joint

changes during the construction process, clearly requires a very detailed analysis.

Thus, the results from a full longitudinal construction staging analysis (LCA) of the

Otay River Bridge were obtained from the designers, to ensure that the pre-

earthquake stress-state of the segment joints were realistic.

6.2.5.1. Calibration Process

A comparison of the top and bottom superstructure stresses, at the end of

construction (EOC), between the analytic model developed in this study and the

designers LCA calculations are shown in Figure 6-45 and Figure 6-46, respectively.
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The model overestimated the top stress and underestimated the bottom stresses. This
difference was due to construction staging effects and indicates that the stress state in

different section of the structure is highly dependant on the method of construction.
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Figure 6-14 300 Foot Span - Comparison of Superstructure Top Stresses at EOC Prior to

Calibration
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Figure 6-15 300 Foot Span - Comparison of Superstructure Bottom Stresses at EOC Prior to

Calibration

The bridge was constructed using the balanced cantilever construction
method (see Section 2.3.2). In this method, the superstructure behaves as a
cantilever until continuity is built in at midspan. Thus, this method results in very
large negative dead load bending moments at the pier faces, see Figure 6-16. The
analytical model, on the other hand, assumes that all concrete is placed in a single
placement operation and all PT tendons are stressed simultaneously, on a fully
continuous frame structure. This will generate significantly smaller negative dead
load bending moments at the piers and positive dead load bending moments at

midspan, as shown in Figure 6-17. Clearly, such a model does not reflect the
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construction method and staging, and must be adjusted to ensure accurate

representation of the joint stress-state.

Pier

Figure 6-16 Dead Load Bending Moment Diagram for Balanced Cantilever Construction

Pier Pier

Figure 6-17 Dead Load Bending Moment Diagram for Continuous Frame Analytical Model

To more accurately represent the stress-state of the joints after construction,

equal and opposite redistribution forces (i.e. bending moments and axial forces) were

applied across each segment joint in the analytical model (See Figure 6-18). The

magnitude of these forces was iterated until convergence with the designers’s stress-

state was achieved. The iteration process is as follows.

1. Run model with current segment joint forces. On the first iteration, these

forces are zero.

2. Given the known target and current stresses at the extreme top and bottom

fibers of the section and the section properties, calculate the axial load
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and moment on the segment joints using simple solid mechanics

relationships.

3. Calculate the difference between the current and target segment joint

forces (i.e., axial loads and bending moments) at every segment joint

4. Determine the section forces for the next iteration by adding the

difference calculated in step 3 to the current forces and check for

convergence. Convergence was defined as a median change in segment

joint forces of less than 0.1% from the previous iteration. .

5. Repeat steps 1 to 4 until convergence.

The process will typically converge in five iterations. A sample iteration process is

shown in Appendix A.
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Figure 6-18 Sketch of Applied Segment Joint Forces

Figure 6-19 and Figure 6-20 show a comparison of the top and bottom

stresses at the end of construction and after the iteration process described above.

0.0
-0.2 —o— Target
—=— Updated Model
—~-04
w2
<
% -0.6
=
951
-0.8
-1.0
-1.2
0 2000 4000 6000 8000 10000 12000 14000 16000
Distance (in)

Figure 6-19 300 Foot Span - Comparison of Superstructure Top Stresses after Calibration to
EOC
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Figure 6-20 300 Foot Span - Comparison of Superstructure Bottom Stresses after Calibration
to EOC

6.2.5.2. Considerations for Variations in the Pre-Earthquake Stress-State

Numerous influences, namely creep, shrinkage, relaxation, and temperature,

will change the stress-state of the segment joints continually over the life of the
bridge. To investigate the effect of the pre-earthquake stress-state on the seismic
response, several pre-earthquake stress-states were investigated. These stress-states
were developed in a systematic fashion based on the effect of creep and shrinkage.
The changes in the stress-state due to creep and shrinkages of each segment joint was
obtained from the designer’s LCA and are summarized in Figure 6-21. On average

the top and bottom fiber stresses increased, that is, lost compression, at the piers and
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at the bottom of the midspan joints, while the compressive stresses increased in the

top fibers of the midspan joints. This change in stress was used to generate four

different pre-earthquake stress configurations that were intended to represent the

range of stresses that may occur during the life of the superstructure. The stress-state

in the piers remained essentially unchanged. These four configurations are as

follows:

—CS: The stress at end of construction minus the change in stress due to

creep and shrinkage. This stress configuration represented a potential

state of stress near the end of construction (i.e. beginning of service life)

with considerations for possible inaccuracies in the LCA as well as for

considerations for the effect of temperature, particularly temperature

gradients, on the bridge superstructure.

EOC: The best estimate of the stress-state at the end of construction and

considers construction staging effects as well as volumetric changes that

occur during construction.

+CS: The best estimate of the state of stress after the majority of creep

and shrinkage has occurred, i.e. end of service life. This stress-state also
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considered the effects of relaxation but the majority of the stress changes

occurred from creep and shrinkage.

4. +2CS: The stress at EOC plus twice the change in stress due to creep and

shrinkage. This stress configuration represented a potential stress-state

towards the end of the service life of the bridge with considerations for

possible inaccuracies in the LCA and creep and shrinkage calculations as

well as for considerations for the effect of temperature on the bridge

superstructure.
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Figure 6-21 300 Foot Span - Average Normalized Stress Change due to Creep and Shrinkage
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Figure 6-22 and Figure 6-23 show the top and bottom segment joints stresses

for the four different initial stress configurations.

dramatic at midspan and at the top of the piers.

The stress variation is most
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Figure 6-22 300 Foot Span — Top Fiber Stresses for Various Pre-Earthquake Stress-State

Configurations (Negative Stress = Compression)
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Figure 6-23 300 Foot Span — Bottom Fiber Stresses for Various Pre-Earthquake Stress-State

Configurations (Negative Stress = Compression)
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6.3. 300 Foot Span Model Characteristics

6.3.1. Dead Load Joint Stresses

The state of stress in the segment joints prior to a seismic event will likely
affect the response of the joint. The stress profiles of the segment joints at Pier 2 and
Span 3 for the four different pre-earthquake stress configurations are shown in Figure
6-24 through Figure 6-27. These profiles included dead load, PT loads, and losses
due to elastic shortening, creep, shrinkage, relaxation, friction, anchorage seating,
and the effects of construction staging. The stress profiles shown are typical of all
segment joints in the model and are considered reasonable. The peak stresses are
well below the AASHTO limit of 0.45f (AASHTO, 1999). The average
compression stresses across the joints as a percentage of f. are shown in Table 6-1.
The average compression stress for segment joints adjacent to the piers ranged from
20% to 14% of £, while the average compression stress near midspan ranged from

16% to 8%.
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Table 6-1 300 Foot Span - Summary of Average Superstructure Compression Stress (% of ﬂ)

Pre-Earthquke. Stress Adjacent to Piers Near Midspan
Configuration
-CS 20% 16%
EOC 18% 13%
+CS 16% 10%
+2CS 14% 8%

6.3.2. Mode Shapes

The period of the primary longitudinal mode was 2.0 seconds and had a

modal mass of 86% of the total bridge mass (see Figure 6-28). It is important to note

that the primary longitudinal mode at 2 seconds assumes no active engagement with

the abutments. Since the abutments will likely be engaged during strong shaking,

this mode shape is practically meaningless. The period of the dominant vertical

modes, shown in Figure 6-29 and Figure 6-30, were 0.5 and 0.3 seconds and

captured 18% and 22% of the total bridge mass, respectively.
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6.3.3. Longitudinal Pushover Analysis

A longitudinal pushover analysis was performed to understand the hinging

sequence of the frame. The results of this analysis are shown in Figure 6-31. It is

clear that the abutment soil spring is engaged prior to any column hinging. However

the short piers yield and the onset of soil non-linear response behind the abutment

occur at similar displacements. The tall piers begin to yield when the short pier has

reached a displacement ductility of about 2. Note that a 10 inch superstructure

displacement corresponds to a short pier drift of 1%.
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Figure 6-31 300 Foot Span - Longitudinal Push Results

6.3.3.1. Pier Performance Limit States

Pier performance limit states were identified based on the longitudinal

pushover and moment-curvature analyses of the pier sections using the program

XTRACT (Chadwell and Imbsen, 2002). These limits states represent crushing and

spalling of the cover concrete, first yielding of the reinforcement and full plastic

hinge development. Table 6-2 summarizes the performance limit states, outlines the

consequences of exceeding each limit state and identifies the longitudinal drift ratio

of Piers 2 and 5, for each limit state. For convenience and simplicity, the drift ratios

of the shortest pier were used to identify the limit states, because the shortest piers

tend to accumulate the most damage.
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Table 6-2 300 Foot Span — Piers 2 and 5 Performance Limit States

Limit Pier 2/5 Description Consequences
State | Drift Ratio
P-C1 1.2% Inc;g f;tccggilel?eg, of Patching of cqncrete may be
6. = -0.002 required,
Spalling of cover Patching of concrete required
P-C2 2.1% concrete, Operational performance levei
£ = -0.004 P P
Crushing of core Fracture of confinement
P-C3 5.7% concrete, reinforcement.
g.=-0.011 Life safety performance level
P-R1 0.45% F@rst yield of End of pu?ely elastic region of
reinforcement reinforcement.
Development of plastic hinge.
Idealized yield of Noticeable residual cracking.
P-R2 1.1% . . :
section Pressure grouting may be required.
Operational performance level
Buckling of long. Buckling of longitudinal
P-R3 4.3% reinforcement, reinforcement.
g = 0.04 Life safety performance level

6.3.4. Segment Joints Behavior

6.3.4.1. Segment Joint Performance Limit States

Vertical pushover analyses were performed to obtain the backbone curve for

the moment-rotation behavior of each segment joint, and to identify the rotation

where various performance limit states occurred. The limits states of interest were

cracking of the section, crushing of the extreme concrete fibers, the limit of

proportionality of the main PT tendons which was assumed to occur at a stress of
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210 ksi, and a strain of 1.2% in the main PT tendons. The crushing limit state, C2,
was defined as the strain at 85% of f’., as illustrated in Figure 4-2. The

consequences of the various performance limit states are outlined in Table 6-3.

Table 6-3 300 Foot Span — Segment Joint Performance Limit States

Limit o
State Description Consequences
C1 Concrete cracking, Onset of joint opening, no consequences
gc = 0.000012 Jotnt opening, q
Crushing of extreme Patching of concrete may be required,
C2 concrete fibers, Operational performance level
£ = -0.0016 P P
Limit of proportionality End qf purely elastic region of PT.
MT1 . . Begin to lose prestressing force.
(210 ksi) of main tendons .
Operational performance level.
Full tendon yielding. Lose significant
MT2 gpt = 0.012 in main tendons | PT force. Residual joint openings are
likely. Life safety performance level.

6.3.4.2. Vertical Monotonic Pushover Analyses

Figure 6-32 and Figure 6-33 show the backbone curves and limit states for
the segment joints near midspan and adjacent to the piers, respectively. Table 6-4
summarizes the rotations at which the limits states were met for the various segment
joints. Due to the regularity of the design and the gradual variations of the sections,
the rotation limits states of the joints near the piers show only small variations. The

same is true for the joints near midspan.
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Table 6-4 300 Foot Span - Summary of the Rotational Performance Limits States

Segment Joint

D1/U1 D2/U2 D3/U3 D13/U13 | D14/U14 | Midspan

Negative [ -0.000024 | -0.000025 | -0.000025 | -0.000033 | -0.000034 | -0.000031

% “ Positive | 0.000017 [ 0.000018 | 0.000018 | 0.000020 | 0.000020 [ 0.000019
i Negative | -0.00026 | -0.00031 | -0.00036 | -0.00059 | -0.00057 | -0.00069
"% - Positive 0.00056 0.00060 0.00065 0.00093 0.00097 0.00098
% Negative | -0.00119 | -0.00115 | -0.00098 | -0.00132 [ -0.00135 | -0.00127
§ M Positive 0.00252 0.00270 0.00269 0.00143 0.00150 0.00147
= Negative | -0.00172 | -0.00171 | -0.00159 | -0.00216 | -0.00224 | -0.00216
Mz Positive 0.00450 0.00364 0.00501 0.00232 0.00237 0.00231

All limit states above are in units of Radians

It is important to note that the pre-earthquake stress-state may alter the limit

states slightly. Creep, shrinkage and relaxation are the dominant behaviors affecting

the pre-earthquake stress-state in the long term, and will decrease the axial load on

the sections as time progresses forward. A reduced compressive force on the section

will reduce the moment capacity of the section slightly. The cracking rotation will

also reduce up to 18% as shown in Appendix B. All other limits state were governed

by the PT and remained essentially unchanged or increase up to 16%. For simplicity

the limit states presented here and used in future section were defined based on the

end of construction (EOC) stresses. For all limit states except cracking, this will be
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slightly conservative for the CS and +2CS stress-state, yet non-conservative for the —

CS stress-state.
6.3.4.3. Vertical Cyclic Pushover Analysis

A series of vertical reversed cyclic pushover analyses were performed to
verify the cyclic moment-rotation behavior of the segment joints. Results from
segment joint 1 (i.e., nearest the pier) and segment joint 15 (i.e., midspan) are shown
in Figure 6-34 and Figure 6-35, respectively. The response captures joint opening,

concrete crushing and PT yielding for both positive and negative bending directions.
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Figure 6-34 300 Foot Span - Midspan Moment-Rotation Diagram from Cyclic Analysis
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Figure 6-35 300 Foot Span — Joint 1 Moment-Rotation Diagram from Cyclic Analysis
6.3.4.4. Joint Rotation — Gap Width Relationship
The relationship between segment joint rotation and extreme fiber gap
opening was obtained from the vertical push analyses and is shown in Figure 6-36.
Positive rotations generated gaps at the bottom flange while negative rotations
created gaps in the top flange. The positive and negative rotation relationships were
essentially the same, thus only the positive rotation relationships are presented. Only

Joint D1/U1 and midspan relationships are shown to ensure readability of the figure.
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Figure 6-36 300 Foot Span — Joint Rotation vs. Gap Width Relationship

6.4. 525 Foot Span Model Discretization

The 525 foot span model is based on the San Francisco-Oakland Bay Bridge

(SFOBB) Skyway, currently under construction in northern California. The SFOBB

Skyway is 1.25 miles long and consists of four longitudinal frames and fourteen

piers. The bridge consists of two parallel precast segmental superstructures that

behave completely independent of each other. The superstructure segments are 87

feet wide and vary in depth from 18 feet at midspan to 30 feet at the piers. Thus the

span-to-depth ratio varies from 18 to 29.
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The framework for the 525 foot span model was the same as that of the 300’

span model. Thus all modeling assumptions discussed in Section 6.2 apply to the

525 foot span model as well. An analytical model of a five span frame was

developed based on details from the SFOBB Skyway as shown in Figure 6-37.

Internal spans extended 525 feet in length while external spans stretched 350 feet.

Pier heights varied from 80 feet to 110 feet. Approximately 60% (i.e., 11 of 19 joints

per span) of all superstructure segment joints were modeled.

6.4.1. Boundary Conditions

As in the 300 foot span model, the beginning and end of the frame were

modeled as abutments. The non-linear compression only longitudinal abutment

springs, were engaged upon closing of the 19.7 inch thermal expansion gap.

The pier heights were short and stiff relative to the span length. Thus, soil

structure interaction effects on the global bridge response were expected to be

significant. To ensure reasonable results, foundation soil springs were obtained

through the contractor of the SFOBB Skyway and incorporated into the model.

These soil springs were also used by the designers of the prototype bridge. Coupling

of the axial and bending springs was not considered in the model. While this is not
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strictly correct, this approach was considered acceptable for the purposes of this

investigation.
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Figure 6-37 525 Foot Span Model (not to scale)

6.4.2. Piers

The piers were allowed to develop plastic hinges top and bottom and the
moment capacity of the piers was increased by 23% to account for the axial load
effect due to vertical earthquake motion (see Section 6.2.2). As a check of this
amplified pier moment capacity, the peak normalized compressive forces and the
corresponding normalized yield moment capacity, for all twenty records, are shown
in Figure 6-38 and Figure 6-39, respectively. The median axial compressive force
during an earthquake, Pgqk, was plotted on the axial force-bending moment
interaction diagram shown in Figure 6-40 and the pier yield moment during an
earthquake, MyEQK, was determined. This moment capacity was 16% higher than the

yield moment based on the dead load axial load, MyDL, and is less than the value used
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in the model. This indicated that when the column plastic mechanism forms, the

model will subject the superstructure to a moment that is 7% larger than the median

axial force on the column predicts. This 7% increase is justified based on research

by Presland (1999) indicating 7that dynamic effects on material strength and the

confinement of adjacent members can increase the moment capacity of lightly loaded

well confined columns.
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Figure 6-38 525 Foot Span — Normalized Peak Compression Axial Forces in Piers
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6.4.3. Superstructure Joints

A typical pier cantilever for a 525 foot span is shown in Figure 6-41. Note
that the segments are not symmetric about the pier centerline to maximize
construction efficiencies by maximizing the cantilever imbalance, thus reducing the
number of segments per span. Eighteen superstructure segments were used to cross
the 525 foot span, thus there were nineteen segment joints per span. Eleven of these
segment joints were modeled, six segment joints adjacent to the piers and 5 segment
joints near midspan, shown in Figure 6-42 and Figure 6-43, respectively. To
improve numerical stability and to ensure accurate representation of the moment of
inertia across the segment joints (see Section 4.3.2), three additional web springs

were added to the joint modeling of the tall pier segment joints.

w9 ws w3 w2 w1 t

v : .
] | 1 A O P P 1
el et b et v,
Midspan \l\ﬂm ‘\ Pier Segment Midspan

Figure 6-41 525 Foot Span - Segment Joint Identification
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6.4.4. Superstructure Tendons

A typical long span precast segmental bridge utilizes various types of PT

tendons (i.e., cantilever tendons, continuity tendons, top slab tendons, bottom soffit

tendons, and auxiliary low-stressed deck continuity tendons), each with different

jacking stresses and losses. To simplify the model, these various tendons were

lumped together to generate three categories of PT; top tendons, bottom tendons and

continuity tendons. Depending on when each tendon was stressed during the

construction process, the tendon forces varied greatly. To ensure realistic modeling

of tendon stresses, calculations from the SBOBB Skyway were obtained from the

contractor. The initial jacking forces in the analytical model were adjusted until the

losses at the end of construction matched the target calculated by the contractor of

the SFOBB Skyway. The average results for all tendons at various segment joints

are shown in Figure 6-44. On average the losses from the model and those

determined by the contractors engineer were within 5%.
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Figure 6-44 Comparison of Average PT Losses

6.4.5. Pre-Earthquake Segment Joint Stress-State

As discussed in Section 6.2.5 the pre-earthquake stress-state of the segment
joints may affect the seismic response. The results from a full longitudinal
construction staging analysis of the SFOBB skyway were obtained from the
contractor to ensure that the pre-earthquake stress-state of the segment joints were
realistic.
6.4.5.1. Calibration Process

A comparison of the top and bottom superstructure stresses, at the end of

construction, between the analytical model developed in this study and the target
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from the contractor’s LCA are shown in Figure 6-45 and Figure 6-46, respectively.
The analytical model overestimated the top stresses and underestimated the bottom
stresses. As discussed in Section 6.2.5.1, this difference was due to construction
staging effects. The model does not account for the fact that the bridge behaves as a
cantilever structure for the majority of its construction, and not as a continuous
frame. Rather, the analytical model effectively placed all the concrete and stressed
all the PT tendons simultaneously, for the entire bridge. Clearly, the model is not

correct as it is and must be adjusted to ensure accurate representation of the joint

stress-state.

0.5
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Figure 6-45 525 Foot Span - Comparison of Superstructure Top Stresses Prior to Calibration

(EOC)
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Figure 6-46 525 Foot Span - Comparison of Superstructure Bottom Stresses Prior to

Calibration (EOC)

To more accurately represent the stress-state of the joints after construction,
equal and opposite forces and moments were applied across each segment joint in the
analytical model (see Figure 6-18). The value of these forces was iterated until
convergence with the target stress-state was achieved. See Section 6.2.5 for a
detailed description of the iteration process, and Appendix A for a sample of the
iteration procedure.

Figure 6-47 and Figure 6-48 show a comparison of the top and bottom

stresses after calibration to the end of construction stresses.
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6.4.5.2. Considerations for Variations in the Pre-Earthquake Stress-State

Numerous influences will change the stress-state of the segment joints
continually over the life of the bridge. To assess the impact of the pre-earthquake
stress-state on the seismic response of segment joints, four pre-earthquake stress-
states were defined as described in Section 6.2.5.2 based on the effects of creep and
shrinkage as obtained from the contractor’s LCA. On average the top and bottom
stresses increased, that is, lost compression, at the piers and at the bottom of the
midspan joints, while the stresses decreased in the top fibers of the midspan joints,

see Figure 6-49.
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Figure 6-49 525 Foot Span - Average Normalized Stress Change due to Creep and Shrinkage
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Figure 6-50 and Figure 6-51 show the top and bottom joint stresses for the

four initial stress configurations. The largest stress variations occur at midspan.
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Figure 6-50 525 Foot Span — Top Stresses for Various Pre-Earthquake Stress-State

Configurations
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Figure 6-51 525 Foot Span — Bottom Stresses for Various Pre-Earthquake Stress-State

Configurations



157

6.5. 525 Foot Span Model Characteristics

6.5.1. Dead Load Joint Stresses

The dead load superstructure segment joint stress profiles at pier 2 and span 3
are shown in Figure 6-52 to Figure 6-55 for the four pre-earthquake stress
configurations. These profiles included the contributions of dead load, PT loads,
losses due to elastic shortening, creep, shrinkage, relaxation, friction, anchorage
seating, and the effects of construction staging. The stress profiles shown were

typical of all segment joints in the model and were considered reasonable. The peak

stresses were well below the AASHTO limit of 0.45 £, (AASHTO, 1999).
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Figure 6-52 525 Foot Span - Dead Load Superstructure Stress Profile for Typical Piers and
Spans (-CS)
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Figure 6-54 525 Foot Span - Dead Load Superstructure Stress Profile for Typical Piers and

Spans (+CS)



159

200 ——3W 80
150 o
—— W b |
£ 100 - 1| g%
< —x—2F < 0
V4 50 ——3E i V4
g — 045*'c g
g 0 ‘ : £ 40 ——gE 7
5 5 —=—OE
= -50 . 5 —&— midspan |
.‘E ;% ow
Q 'lw n Q —%— 8W
-120 _ .
-150 . 0.45*fc
200 -160
4.0 3.0 20 -1.0 0.0 4.0 -3.0 20 -1.0 0.0
Stress (ksi) Stress (ksi)
a) Pier 2 b) Span 3

Figure 6-55 525 Foot Span - Dead Load Superstructure Stress Profile for Typical Piers and

Spans (+2CS)

The average compression stresses across the joints, as a percentage of f, , are

shown in Table 6-5. The average compression stress for segment joints adjacent to

the piers ranged from 21% to 24% of f., while the average compression stress near

midspan ranged from 14% to 24%.

Table 6-5 525 Foot Span - Summary of Average Superstructure Compression Stress (% of fc )

Initial Stress Configuration Adjacent to Piers Near Midspan
-CS 24% 24%
EOC 23% 21%
+CS 22% 17%
+2CS 21% 14%
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6.5.2. Mode Shapes

The primary longitudinal and vertical mode shapes are shown in Figure 6-56

and Figure 6-57, respectively. The natural period of the primary longitudinal mode

was 2.0 seconds and engaged 93% of the total bridge mass. The period of the

dominant vertical mode was 0.66 seconds and captured 41% of the total bridge mass.
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Figure 6-56 525 Foot Span - Primary Longitudinal Mode
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Figure 6-57 525 Foot Span - Primary Vertical Mode
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6.5.3. Longitudinal Pushover Analysis

A longitudinal push-over analysis was performed in order to understand the
hinging sequence of the frame, see Figure 6-58. The top of the piers hinge first, prior
to engaging the abutment soil springs. The bottom of the piers hinged when the top
hinges reached a displacement ductility of about 5. Note that a 10 inch short pier

(i.e. Pier 5) displacement corresponds to a drift ratio of approximately 1%.
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Figure 6-58 525 Foot Span - Longitudinal Push Analyses

6.5.3.1. Pier Performance Limit States

Pier performance limit states were identified based on the longitudinal

pushover and moment-curvature analyses of the pier sections. These limits states
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represented crushing and spalling of the cover concrete, first yielding of the

reinforcement and full plastic hinge development. Table 6-6 summarizes the

performance limit states, outlines the consequences of exceeding each limit state and

identifies the longitudinal drift ratio of Piers 5 for each limit state. For convenience

and simplicity the drift ratios of the shortest pier were used to identify the limit states

as this pier accumulated the largest damage.

Table 6-6 525 Foot Span — Pier 5 Performance Limit States

Limit Pier 5 Description Consequences
State | Drift Ratio P q
Incipient crushing of .
P-C1 1.8% cover concrete, Patching (;Z ngggete may be
£c = -0.002 auiree.
Spalling of cover )
PC2 | 24% conerets Operational performance level
£ = -0.004 P P
Crushing of core Fracture of confinement
P-C3 4.1% concrete, reinforcement.
g.=-0.011 Life safety performance level
P-R1 0.9% F¥rst yield of End of pu?ely elastic region of
reinforcement reinforcement.
Development of plastic hinge.
P-R2 1.2% Ideahzed.yleld of Noticeable .r651dual cracklng.
section Pressure grouting may be required.
Operational performance level
Buckling of long. Buckling of longitudinal
P-R3 4.5% reinforcement, reinforcement.
g = 0.04 Life safety performance level
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6.5.4. Segment Joints Behavior

6.5.4.1. Segment Performance Limit States

Vertical pushover analyses were performed to obtain the backbone curve for

the moment-rotation behavior of each segment joint, and to identify the rotation of

various performance limit states. These limits states, shown in Table 6-7, were the

same as those defined for the 300 foot span model, except that two additional limit

state were required to assess the performance of the continuity tendons. It should be

noted that the crushing limit state, C2, was defined as the strain at 85% of as

illustrated in Figure 4-2. This strain is larger than the strain used in the 300 foot span

model because the concrete was assumed to be stronger, thus the strain at 0.85/”. was

also increased.
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Table 6-7 525 Foot Span — Segment Joint Performance Limit States

Limit

State Description Consequences
c1 Concrete cracking, Onset of joint opening, no major
.= 0.000010 consequences
Crushing of extreme Patching of concrete may be required,
C2 concrete fibers, Operational performance level
£ = -0.0021 P P '
.. . . End of purely elastic region of PT.
MT1 Limit of proportionality Begin to lose prestressing force.

(210 ksi) of main tendons Operational performance level.

Full tendon yielding. Lose significant
MT2 gpt = 0.012 in main tendons | PT force. Residual joint openings are
likely. Life safety performance level.

Limit of proportionality End of purely elastic region of PT.
CT1 (210 ksi)of continuity Begin to lose prestressing force.
tendons Operational performance level.

Full tendon yielding. Lose significant
PT force. Residual joint openings are
likely. Life safety performance level.

gpt = 0.012 in continuity

CT2 tendons

6.5.4.2. Vertical Monotonic Pushover Analyses

Figure 6-32 and Figure 6-33 show the backbone curves and limit states for

the segment joints near midspan and adjacent to the piers, respectively. Table 6-8

summarizes the rotations at which the limits states were met for the various segment

joints. In general, the limits states for the segment joints near midspan occurred at

rotations similar to each other, with the exception of limit state C2 at midspan. The

midspan positive rotation crushing limit state was approximately four times that of
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the adjacent joints because of reduced total PT across the section which reduced the
compression force across the joint, thereby allowing for an increased rotation to
crush the extreme concrete fibers. Similarly, the limits states for the segment joints

adjacent to the piers occurred at rotations similar to each other.
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Figure 6-59 525 Foot Span - Behavior of Segment Joints Adjacent to Piers
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Figure 6-60 525 Foot Span - Behavior of Segment Joints Near Midspan

Table 6-8 525 Foot Span - Summary of the Rotational Performance Limits States

Segment Joint
W1 W2 W3 W8 W9 Midspan
Negative | -0.000017 -0.000019 -0.000021 -0.000031 -0.000034 -0.000027
“ Positive 0.000013 0.000014 0.000013 0.000014 0.000015 0.000012
Negative -0.00022 -0.00020 -0.00019 -0.00014 -0.00013 -0.00019
% < Positive 0.00079 0.00088 0.00110 0.00189 0.00189 0.00946
2 Negative -0.00081 -0.00070 -0.00046 -0.00100 -0.00107 -0.00094
'E Ak Positive 0.00121 0.00127 0.00111 0.00040 0.00043 0.00036
g MT2 Negative -0.00106 -0.00372 -0.00714 -0.00150 -0.00164 -0.00148
é‘ Positive 0.00182 0.00195 0.00177 0.00060 0.00060 0.00053
E’ cT1 Negative -0.00053 -0.00068 -0.00092 -0.00463 -0.00731 -0.00847
Positive 0.00323 0.00206 0.00156 0.00076 0.00077 0.00076
Negative -0.00090 -0.00124 -0.00158 -0.00697 -0.01063 -0.01172
o1 Positive 0.00536 0.00367 0.00270 0.00118 0.00116 0.00115

All limit states above are in units of Radians

It is important to note that the pre-earthquake stress-state may alter the limit

states. In general progressing in time from the EOC to the CS stress-states will
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reduce the rotation at cracking up to 14%, while all other critical limits states remain

essentially unchanged or reduce slightly (up to 5%), as shown in Appendix B. For

simplicity the limit states presented here and used in future section were defined

based on the end of construction (EOC) stresses. For all limit states except cracking,

this will likely be conservative for the CS and +2CS stress-state, yet non-

conservative for the —CS stress-state.

6.5.4.3. Vertical Cyclic Pushover Analysis

A series of vertical reversed cyclic pushover analyses were performed in

order to verify the moment-rotation behavior of the segment joints. Results from

segment joint W1 (i.e., nearest the pier) and segment joint 10 (i.e., midspan) are

shown in Figure 6-61 and Figure 6-62, respectively. The response captures joint

opening, concrete crushing and PT yielding for both positive and negative bending

directions.
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Figure 6-61 525 Foot Span - Midspan Moment-Rotation Diagrams from Cyclic Push Analysis
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6.5.4.4. Joint Rotation — Gap Width Relationship

169

The relationship between segment joint rotation and extreme fiber gap

opening was obtained from the vertical push analyses and is shown in Figure 6-63.

Positive rotations generated gaps at the bottom flange while negative rotations

created gaps in the top flange. The positive and negative rotation relationships were

essentially the same, thus only the positive rotation relationships are presented. Only

Joint W1 and midspan relationships are shown to ensure readability of the figure.
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Figure 6-63 525 Foot Span - Joint Rotation - Gap Width Relationship



CHAPTER 7. FULL BRIDGE MODEL
RESULTS

The impact of various parameters on the seismic response of segmental
bridges, particularly the response of the superstructure segment joints, is presented in
this chapter. The results are organized by the parameter of interest (i.e. vertical

excitation, pre-earthquake stress-state, etc.) and by the span length.

7.1. Vertical Excitation

To quantify the contribution of the vertical ground motion on the segment
joint response, the models were subjected to longitudinal motions only, as well as
simultaneous longitudinal and vertical earthquake motions. All ground motions for
the vertical excitation study were scaled using the method based on the primary
natural period and the pre-earthquake joint stress-state was based on the best estimate
of the stresses at the end of construction. Some of the figures in this section remind
the reader of this fact with the notation “T=2" and “EOC” in the legend. The
influences of record scaling and the pre-earthquake joint stress-state will be
discussed in Sections 7.2 and 7.3, respectively.

170



171

7.1.1. 300 Foot Spans

The effect of vertical excitation on the 300 foot span model is shown in

Figure 7-1 to Figure 7-3. In these figures each vertical bar represents the median

response of the twenty earthquakes due to longitudinal only (i.e. “L_only”’)and due to

both longitudinal and vertical (i.e. “L+V”’) ground motions. Figure 7-1 summarizes

the median peak positive bending joint rotations for the six segment joints families.

D1/Ul represents the first joint down-station or up-station from the pier, while

D14/D14 is fourteen segment joints away from the pier and is adjacent to midspan,

see Figure 6-9. It is clear that adding the vertical ground motion component

significantly increases the joint rotation demand. By taking the median of the ratio

of the “L+V” and “L_only” segment joint median responses, we find that the median

positive bending rotations increased by 1000%. From similar plots, shown in Figure

7-2 and Figure 7-3, we find that median negative bending rotations increased by

250% and the residual rotations remained essentially unchanged.
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Figure 7-1 300 Foot Span — Influence of Vertical Ground Motion on the Median Peak Positive

Segment Joint Rotations
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Figure 7-2 300 Foot Span — Influence of Vertical Ground Motion on the Median Peak Negative

Segment Joint Rotations
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Figure 7-3 300 Foot Span — Influence of Vertical Ground Motion on the Median Residual

Segment Joint Rotations

The reason for such large increases in the peak rotations can be explained by
comparing the joint rotation data to the performance limits states as shown in Figure
7-4 and Figure 7-5. Each small dot represents the peak rotation from one earthquake.
The square mark represents the median rotation. The diamond marks represent the
16" and the 84™ percentiles and the vertical lines identify the various performance
limit states. These percentile marks are shown to assess relative sensitivities based
on the suite of ground motion records used in this study. It is important to note that a
different set of ground motion records, or a different record scaling method, will

likely have a different standard deviation, which can alter the variation in the joint
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response presented here. Clearly, adding the vertical earthquake ground motions
pushed the superstructure joints beyond the cracking limit state, C1, and into the
non-linear range, were a small increase in bending moment produces a large increase
in rotation.
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Figure 7-4 300 Foot Span — Influence of Vertical Ground Motion on Positive Joint D1/U1
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Figure 7-5 300 Foot Span — Influence of Vertical Ground Motion on Positive Midspan

Rotations

The influence of the vertical ground motion on the piers is shown in Figure
7-6 and Figure 7-7. Figure 7-6 summarizes the median of the peak longitudinal drift
ratios.  Clearly, adding the vertical component of ground motion does not

significantly impact the longitudinal response of the piers. Figure 7-7 summarizes
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the median residual longitudinal drift ratios. The figure suggests that adding vertical
motions reduces the residual drift ratio. However, the magnitude of the change is

very small (0.06% drift at most), and is considered negligible.
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Figure 7-6 300 Foot Span - Influence of Vertical Ground Motion on the Median Peak Pier
Longitudinal Drift Ratio
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Figure 7-7 300 Foot Span - Influence of Vertical Ground Motion on the Median Residual Pier
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7.1.2. 525 Foot Spans

The impact of vertical excitation on the 525 foot span model is shown in
Figure 7-8 to Figure 7-10. Figure 7-8 summarizes the median peak positive bending
joint rotations for the six segment joints families due to longitudinal only (i.e.,
“L_only”) and due to both longitudinal and vertical (i.e., “L+V”) ground motions.
WI1/E1 represents the first joint down-station or up-station of the pier, while W9/E9
is nine segment joints away from the pier and is adjacent to midspan, see Figure
6-41. Clearly, the vertical component significantly increased the joint response. By

taking the median of the ratio of the “L+V” and “L_only” segment joint median
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responses, we find that the median positive bending rotations increased by 500%.

From similar plots, shown in Figure 7-9 and Figure 7-10, we find that negative

bending rotations increased by 140% and the residual rotations remained essentially

unchanged.
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Figure 7-8 525 Foot Span — Influence of Vertical Ground Motion on the Median Peak Positive
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Figure 7-9 525 Foot Span — Influence of Vertical Ground Motion on the Median Peak Negative

Segment Joint Rotations
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Figure 7-10 525 Foot Span — Influence of Vertical Ground Motion on the Median Residual

Segment Joint Rotations
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The reason for such large increases in the peak rotations are the same as

described above for the 300 foot span model. That is, that the vertical earthquake

ground motions pushed the superstructure joints beyond the cracking limit state, C1,

and into the non-linear range, were a small increase in moment demand produced a

large increase in joint rotation demand (see Figure 7-11 and Figure 7-12).
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Figure 7-11 525 Foot Span — Influence of Vertical Ground Motion on Positive Midspan
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Figure 7-12 525 Foot Span — Influence of Vertical Ground Motion on Positive Joint W1/E1

Rotations

The influence of the vertical ground motion on the piers is shown in Figure

7-13 and Figure 7-14. Figure 7-13 summarizes the median of the peak longitudinal

drift ratios while Figure 7-14 summarizes the median residual longitudinal drift



180

ratios. Clearly, adding the vertical component of ground motion does not

significantly impact the longitudinal response of the piers.
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7.2. Record Scaling

One of the primary goals of this research was to study the impact of the

method of record scaling on the response of precast segmental bridge structures. The

effect on the segment joints due to the two different record scaling methods,

described in Chapter 5, was investigated. The first method scaled the lateral ground

motion to match the design spectrum at the natural period of the structure and the

second method scaled the lateral motions for a least squares fit over a period range.

Both record scaling methods scaled the vertical ground motion with the same scale

factor as the lateral ground motion. This study utilized ground motions with both

longitudinal and vertical components and were based on joint stresses at the end of

construction, i.e. prior to creep and shrinkage losses. Some of the figures in this

section remind the reader of this fact with the notation “L+V” and “EOC” in the

legend.

It is important to recall (see Section 5.3) that the scale factors for the range

scaled ground motions were generally 4% smaller than the scale factors for the

ground motions that were scaled to the natural period. Thus a small reduction in the

median response was expected in the results from range scaled excitations.
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The results of the record scaling investigation for the 300 foot span bridge

model are shown in Figure 7-15 and Figure 7-16 Figure 7-15 shows the median of

the peak negative joint rotations for the six different joint families in the model.

Clearly the median of the peak negative joint rotations does not change significantly.

On average, scaling for the best fit over a period range reduced the median by 8%.

This is slightly more than the 4% expected based on the median scale factor

reduction, but is a small difference overall.
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Figure 7-15 300 Foot Span - Influence of Record Scaling on Median of the Peak Negative

Rotations
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Figure 7-16 shows the coefficient of variation (COV) for the same set of data.
The COV is defined as the ratio of the standard deviation divided by the mean for a
set of data and is a measure of the scatter of the data. Clearly, the method of record
scaling dramatically affects the COV. This is not surprising because the variation of
the range scaled ground motions was smaller than the records scaled to the natural
period as discussed in Section 5.4 and shown in Figure 5-11. While the results vary
from segment joint to segment joint, on average scaling the record for a best fit over

a period range, reduced the COV by 34% for peak negative bending of the
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B Range - BOC-L+V
T T T T

DI/Ul  D2AR2 D33 DI3/UI3 DI4/Ul4 Midspan

superstructure joints.
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Figure 7-16 300 Foot Span — Influence of Record Scaling on COV for Peak Negative Joint

Rotations
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Similar figures of the peak positive segment joint rotations and residual
rotations (see Appendix C) show scaling to a range reduced the median by 8% and
0% respectively, while the COV reduces by 14% and 4%, respectively. Table 7-1
summarizes the change in segment joint response between scaling to the natural

period and scaling for the best fit over a period range.

Table 7-1 300 Foot Span - Change in Superstructure Response between Scaling to Natural

Period and Scaling for Best Fit over a Period Range

Peak Positive Rotations | Peak Negative Rotations Residual Rotations

Median | COV Median | COV Median | COV

D1/U1 -15% -33% -8% -32% 0% -58%
D2/U2 -32% -18% -14% -38% -1% -8%
D3/U3 -9% -4% -22% -36% 0% 21%
D13/U13 15% -8% -5% -39% 2% 19%
D14/U14 -4% -13% -5% -35% 0% 23%
midspan -6% -11% 3% -22% 0% 23%
average ==> -8% -14% -8% -34% 0% -4%

Table 7-2 summarizes the impact of the method of record scaling on the pier
response. The results for the piers were similar to that of the superstructure segment
joints. In general, scaling the records to match a period range reduced the median
response modestly (less than 4%) while the COV reduced by 13% and 29% for the

peak and residual drift ratios, respectively.



Table 7-2 300 Foot Span - Change in Pier Response between Scaling to Natural Period and

Scaling for Best Fit over a Period Range

Peak Longitudinal Drift Ratio

Residual Long. Drift Ratio

Median COV Median | COV

Pier 2 2% 1% 7% 23%
Pier 3 3% -10% 1% 27%
Pier 4 1% -16% 3% 32%
Pier 5 1% 21% -5% -35%
average ==> -4% -13% 0% -29%
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A reduction in the COV of the pier response is somewhat unexpected when

one compares the COV of the ground motions (see Figure 5-10) at a period of 2.0

seconds. If the structure responded at its natural period, the COV of the range scaled

records should have been larger than the period scaled records. This result suggests

that the abutments played a role in the longitudinal response of the bridge by

stiffening the overall structural response. This is not surprising given the fact that

the abutments were engaged at a displacement of only 10 inches (see Figure 6-31)

and the expected displacement response of an equivalent elastic structure of 2.0

second period was 30 inches (see Figure 5-9).

7.2.2. 525 Foot Spans

The results of the record scaling investigation for the 525 foot span bridge

model are presented below. Figure 7-17 shows the median of the peak negative joint
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rotations for the six different joint families in the model. Clearly, the median of the
peak negative joint rotations does not change significantly. On average scaling for

the best fit over a period range reduced the median by 7%. This is comparable to the

median reduction of the 300 foot span.
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Figure 7-17 525 Foot Span - Influence of Record Scaling on Median of the Peak Negative

Rotations

Figure 7-18 shows the coefficient of variation (COV) for the same set of data.
Clearly, the method of record scaling significantly affected the COV, as expected
based on the COV of the ground motion records themselves. While the influence of

record scaling varied from joint to joint, on average scaling the record for a best fit
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over a period range reduced the COV by 30% for peak negative bending of the

superstructure joints.
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Figure 7-18 525 Foot Span — Influence of Record Scaling on COV for Peak Negative Rotations

Similar figures of the peak positive segment joint rotations and residual
rotations (see Appendix C) show scaling to a range reduced their median responses
by 2%, while the COV reduced by 22% and 29%, respectively. Table 7-3
summarizes the change in segment joint response between scaling to the natural

period and scaling for the best fit over a range.



Table 7-3 525 Foot Span - Change in Superstructure Response between Scaling to Natural

Period and Scaling for Best Fit over a Period Range
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Peak Positive Rotations

Peak Negative Rotations

Residual Rotations

Median COVv Median COV Median COV

WI1/E1 -13% -18% 3% -24% 1% -33%
W2/E2 -11% -42% -21% 14% 1% -29%
W3/E3 21% -22% -25% 19% 0% -32%
WS8/E8 -15% -9% 1% -71% -4% -27%
WI/E9 21% -25% -5% -68% -4% -34%
midspan 24% -16% 2% -48% -3% -16%
average ==> 2% -22% -7% -30% 2% -29%

The impact of scaling the ground motions to a range is different for the piers,

as shown in Table 7-4. The median response reduced modestly (3% for the peak

longitudinal drift ratios and 5% for the residual drift ratios), as expected based on the

reduced scale factor on the ground motions. However, the COV increased by 28%

and 36% for the peak longitudinal and residual drift ratios, respectively. This is

expected based on the COV of the ground motions near the natural period of the

structure (see Figure 5-10). This result suggests that the abutments did not dominate

the longitudinal response as they did in the 300 foot span model (see Section 7.2.1)/



Table 7-4 525 Foot Span - Change in Pier Response between Scaling to Natural Period and

Scaling for Best Fit over a Period Range
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Peak Longitudinal Drift Ratio

Residual Long. Drift Ratio

Median | COV Median | COV

Pier 2 0% 39% 0% 26%
Pier 3 4% 39% -1% 21%
Pier 4 5% 24% -19% 71%
Pier 5 2% 10% 0% 28%
average ==> -3% 28% -5% 36%

It should be noted that the large percent changes in the residual longitudinal

drift ratios for Pier 4 shown in Table 7-4, were due to the fact that the residual drifts

for this pier were very small, thus any modest change generated a significant

percentage difference.

7.3. Pre-Earthquake Stress-State

The stress-state of concrete bridges fluctuates on a daily basis due to

temperature and over the service life of the bridge due to creep and shrinkage. The

pre-earthquake stress-state of the superstructure segment joints may affect the

seismic response. To investigate this effect four different pre-earthquake stress-

states were studied. These stress-states represented the possible range of stresses that

may occur during the service life of a segmental bridge and are defined and

discussed in Sections 6.2.5 and 6.4.5.
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The pre-earthquake stress-state study in this section utilized ground motions

with both longitudinal and vertical components that were scaled based on the natural

period of the bridge. Some of the figures in this section remind the reader of this fact

with the notation “L+V” and “T=2” in the legend. These ground motions were

selected because they were expected to produce the largest median segment joint

response (see Section 7.1) as well as the largest variation in joint response (Section

7.2) of the ground motions options in this study.

7.3.1. 300 Foot Spans

The seismic response of the 300 foot span model based on four different pre-

earthquake stress-states is presented below.

7.3.1.1. Abutment Response

Based on the Caltrans SDC (Caltrans, 2004) strength and stiffness estimates

of the soil behind the abutment back wall and considering the thermal expansion

joint, the abutment soil will yield at a displacement of approximately 13 inches. The

peak abutment displacements were approximately 22 and 24 inches at Abutment 1

and 6, respectively. The unloading response of the abutment soil was assumed to be

equivalent to the initial stiffness, thus a gap of 9 to 11 inches will likely be created
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due to significant non-linear response of the soil behind the abutment back wall.

This gap will be located between the superstructure and the abutment back wall. A

gap of this size will significantly impact traffic flow and will likely require bridge

closure for repair.

7.3.1.2. Pier Response

Figure 7-19 and Figure 7-20 compare the median response of the twenty

earthquake records for the peak longitudinal and residual longitudinal drift ratios for

the four pre-earthquake stress-states. Clearly the peak longitudinal drift is unaffected

by the pre-earthquake stress-state of the superstructure segment joints. The residual

longitudinal drift, however, shows some variation in response with the 2CS stress-

state exhibiting the largest response. While there is up to a 40% variation, the

residual drifts remain very small and are of no concern from a structural point of

view.
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Figure 7-20 300 Foot Span — Influence of Pre-Earthquake Stress-State on Residual
Longitudinal Drift Ratio

Comparing the peak drifts of Piers 2 and 5 in Figure 7-19 with the
longitudinal push results (see Figure 6-31) and performance limits (see Table 6-2) it

is clear that the short piers developed full plastic hinges (i.e., exceeded performance
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limit state P-R1) and incipient spalling of cover concrete (i.e., exceeded performance

limit state P-C2). This level of damage may not require closure of the bridge as the

damage is below the roadway, but will require significant repair.

7.3.1.3. Superstructure Segment Joint Response

Figure 7-21 to Figure 7-23 compares the median segment joint rotations

among the various joint families for the four pre-earthquake stress-states. Figure

7-21 presents the median response of the peak positive bending joint rotations.

Clearly, the pre-earthquake stress-state impacts the joint response, particularly near

midspan, where the 2CS stress-state exhibited the largest rotations. This is because

the bottom of the midspan joint was under the least compression during pre-

earthquake stress-state 2CS, and was the closest of the four pre-earthquake stress-

states to opening under positive bending.
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Figure 7-21 300 Foot Span — Influence of Pre-Earthquake Stress-State on Median Peak Positive

Bending Joint Rotations

Figure 7-22 presents the median response of the peak negative bending joint
rotations. Once again the midspan joints were the most impacted by the pre-
earthquake stress-state, with the —CS stress-state generating the largest midspan
rotations. This is because the top of the midspan joint was under the least

compression for stress-state -CS, and was closest to opening under negative bending.
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Figure 7-22 300 Foot Span — Influence of Pre-Earthquake Stress-State on Median Peak

Negative Bending Joint Rotations

Figure 7-23 presents the median response of the residual joint rotations. Near
the piers there was a gradual increase in residual drift as the stress-state moves from
—CS to 2CS. This increase is relatively small indicating that the joints close
completely for all stress-states. Near midspan, the extreme stress-states (i.e. —CS and
2CS) increased the median residual rotations significantly, indicating that the

response was likely pushed beyond a limit state that generated damage.
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Figure 7-23 300 Foot Span — Influence of Pre-Earthquake Stress-State on Median Residual

Joint Rotations

Figure 7-24 to Figure 7-26 compare the peak rotations based on the four pre-
earthquake stress conditions with the performance limit states for the first joint
adjacent to the piers, i.e., Joint D1/U1l. The response of the other joints adjacent to
the piers was similar and is shown in Appendix D. Each gray dot represents the peak
rotation from one earthquake. The square marks represent the median rotation. The
diamond marks represent the 16™ and the 84™ percentiles and the vertical lines
identify the various limit states as defined in Section 6.3.4. In general, the median

response for Joint D1/Ul stayed below the crushing limits state, C2, except for
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stress-state 2CS under negative bending (see Figure 7-24 and Figure 7-25), which

exceeded C2.
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Figure 7-24 300 Foot Span — Influence of Pre-Earthquake Stress on Peak Positive Joint D1/U1
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Figure 7-25 300 Foot Span — Influence of Pre-Earthquake Stress on Peak Negative Joint D1/U1

Rotations



198

2CS o s
S - - i
EOC = - i
-CS » c1 -
0.000001 0.00001 0.0001 0.001 0.01
Residual Rotations (rad)

Figure 7-26 300 Foot Span — Influence of Pre-Earthquake Stress on Residual Joint D1/U1

Rotations

Figure 7-27 to Figure 7-29 compare the peak rotations based on the four pre-
earthquake stress conditions with the performance limit states for the midspan joints.
The response of the other joints near midspan was similar and is shown in Appendix
D.

Figure 7-27 shows the influence of the pre-earthquake stress-state on the peak
positive joint rotations at the midspan joints. The median response remained below
the C2 limit state for all stress-states except for 2CS. In this case the median rotation
approached, but do not exceed the limit of proportionality of the main tendons, i.e.,

MTI.
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Figure 7-27 300 Foot Span — Influence of Pre-Earthquake Stress on Peak Positive Midspan

Joint Rotations

Figure 7-28 shows the influence of the pre-earthquake stress-state on the peak
negative joint rotations at the midspan joints. The absolute value of the negative
rotations was taken so that the results could be plotted on a log scale. The median
response remained below the C2 limit state for stress-states CS and 2CS, while

stress-states EOC and —CS exceed the C2 limits state.
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Figure 7-28 300 Foot Span — Influence of Pre-Earthquake Stress on Peak Negative Midspan

Joint Rotations
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Figure 7-29 illustrates the impact of the pre-earthquake stress-state on the

residual midspan joint rotations. The median residual joint rotations of the extreme

stress-states, namely 2CS and —CS were beyond the cracking limit state, indicating

that the joint may maintain some amount of crack opening. The largest residual

rotation was caused by crushing of the extreme concrete fibers in compression due to

positive bending moments. At midspan the dead load of the structure generates a

positive bending moment, thus the residual crack will be below the bridge and not on

the riding surface. This residual crack width remained very small and was less than

0.01 inches. Crushed concrete, on the other hand, caused by positive bending

moments exceeding the C2 limit state, will be on the riding surface and may affect

serviceability.
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Figure 7-29 300 Foot Span — Influence of Pre-Earthquake Stress on Residual Midspan Joint

Rotations
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In summary, the pre-earthquake stress-state influenced the response of the

300 foot span segment joints and resulted in a median joint response that exceeds the

crushing performance limits states. This occurred most often near midspan where

the effects of creep and shrinkage were more pronounced. For example, cracking

and joint opening is expected near the piers due to all pre-earthquake conditions,

however crushing was observed only at the bottom flange near the piers due to the

+2CS stress-state. Similarly, cracking and joint opening was observed at midspan

due to all pre-earthquake stress-states, however, crushing of the bottom flange

occurred only due to the +2CS stress-state, while crushing of the bottom flanges

occurred only due to the EOC and the —CS stress-states.

The median response, both at the piers and near midspan, remained below the

limit of proportionality of the PT. Thus loss of prestressing force did not occur.

It is important to consider that while the results indicated that crushing of the

extreme superstructure fibers may occur (i.e. & < -0.0016), the damage in the short

piers exceeded the spalling limit state (i.e. . < -0.004) and will require more repair

than the superstructure.
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The median positive, negative and residual joint rotations, for the worst cast

pre-earthquake stress state are summarized on the monotonic push results in Figure

7-30 and Figure 7-31 for the pier and midspan joints, respectively. These figures

also indicate the performance limit states, thus the approximate level of damage is

also shown in these figures. In general, the first joint adjacent to the pier and the

joint at midspan exhibited the largest rotation demands and the most damage.

Figure 7-30 indicates that Joint D1/U1 exceeded the crushing limit state, C2,

due to negative bending, while Joints D2/U2 and D3/U3 remained below the

crushing limit state.
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Figure 7-30 300 Foot Span - Summary of Worst-Case Joint Response Adjacent to the Pier
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Figure 7-31 indicates that the joints near midspan received similar rotation
demands due to positive bending and exceeded the C2 limit state. However, only the

midspan joints exceeded the crushing limit state due to negative bending.
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Figure 7-31 300 Foot Span - Summary of Worst-Case Joint Response Near Midspan

7.3.2. 525 Foot Spans

The seismic response of the 525 foot span model based on four different pre-
earthquake stress-states is presented below.

7.3.2.1. Abutment Response

Based on the Caltrans SDC (Caltrans, 2004) strength and stiffness estimates

of the soil behind the abutment back wall and considering the thermal expansion
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joint, the abutment soil will yield at a superstructure displacement of approximately

27 inches. The peak longitudinal superstructure displacements were approximately

30 and 28 inches at abutments 1 and 6, respectively. The unloading response of the

abutment soil was assumed to be equivalent to the initial stiffness, thus a gap of

between 1 and 3 inches may be created due to failure of the abutment back wall and

subsequent soil failure. A gap of 1 inch will likely not impact traffic flow, however,

a gap of 3 inches can impact traffic flow and may require bridge closure for repair.

7.3.2.2. Pier Response

Figure 7-32 and Figure 7-33 compare the median response of the twenty

earthquake records for the peak longitudinal and residual longitudinal drift ratios for

the four pre-earthquake stress-states. Clearly the peak longitudinal drift is unaffected

by the pre-earthquake stress-state of the superstructure segment joints. This result

confirms the general understanding that volumetric changes do not impact the

response of pier. The residual longitudinal drift ratio shows some variation in

response, however, these variations remained very small and are of no concern from

structural a point of view.
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Figure 7-32 525 Foot Span — Influence of Pre-Earthquake Stress-State on Peak Longitudinal
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Figure 7-33 525 Foot Span — Influence of Pre-Earthquake Stress-State on Residual

Drift Ratio (%)
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Comparing the peak Pier 5 drifts shown in Figure 7-32 with the longitudinal

push results (see Figure 6-58) and performance limits (see Table 6-6) it is clear that
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the short pier developed full plastic hinges (i.e. exceeded performance limit state P-

R1) and will have spalling of cover concrete (i.e. exceeded performance limit state P-

C2). This level of damage may not require closure of the bridge as the damage is

below the roadway, but will require significant repair.

7.3.2.3. Superstructure Segment Joint Response

Figure 7-34 to Figure 7-36 compare the median segment joint rotations

among the various joint families for the four pre-earthquake stress-states. Figure

7-34 presents the median response of the peak positive bending joint rotations.

Clearly, the pre-earthquake stress-state affects the joint response, particularly near

midspan, where the 2CS stress-state exhibited the largest rotations. This is because

the bottom of the midspan joint was under the least compression for stress-state 2CS,

and closest to opening under positive bending.
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Figure 7-34 525 Foot Span — Influence of Pre-Earthquake Stress-State on Median Peak Positive

Bending Joint Rotations

Figure 7-35 presents the median response of the peak negative bending joint
rotations. Once again the midspan joints are the most effected by the pre-earthquake
stress-state, with the —CS stress-state generating the largest midspan rotations. This
is because the top of the midspan joint was under the least compression for stress-

state -CS, and was closest to opening under negative bending.
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Figure 7-35 525 Foot Span — Influence of Pre-Earthquake Stress-State on Median Peak

Negative Bending Joint Rotations

Figure 7-36 presents the median response of the residual joint rotations. In
general there was a gradual increase in residual rotations near the piers as the stress-
state moved from —CS to 2CS. A dramatic increase in residual rotations would
suggest that a performance limit state was exceeded. Near midspan, the extreme
stress-states (i.e. —CS and 2CS) increased the median residual rotations significantly,
indicating that the response was likely pushed beyond a limit state that generated

damage. This will be shown in greater detail later in this section.
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Figure 7-36 525 Foot Span — Influence of Pre-Earthquake Stress-State on Median Residual

Joint Rotations

Figure 7-37 to Figure 7-42 compare the peak rotations from the four pre-
earthquake stress conditions with the limit states for the joints nearest the piers, Joint
W1/E1, and for the midspan joints. These two joint families were selected because
they were representative of the response of joints adjacent to the piers and near
midspan. The response of all segment joints are shown in Appendix D.

In general, the median response for Joint D1/U1 remained well below the
crushing limits state, C2, and for positive bending the median response was near the
cracking limit state (see Figure 7-37 and Figure 7-38). This was typical regardless of

pre-earthquake stress condition. Thus joint family W1/El remained essentially
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undamaged and closed completely following the seismic event as indicated by the

very small residual joint rotation for all pre-earthquake stress conditions shown in

Figure 7-39
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Figure 7-37 525 Foot Span — Influence of Pre-Earthquake Stress on Peak Positive Joint W1/E1
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Figure 7-38 525 Foot Span — Influence of Pre-Earthquake Stress on Peak Negative Joint W1/E1
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Figure 7-39 525 Foot Span — Influence of Pre-Earthquake Stress on Residual Joint W1/E1
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Figure 7-40 shows the influence of the pre-earthquake stress-state on the peak

positive joint rotations at the midspan joints. The median response remained below

the MT1 limit state for all stress-states except for the CS stress-state which exceeded

MT1 and for the 2CS stress-state which reached CT1.
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Figure 7-40 525 Foot Span — Influence of Pre-Earthquake Stress on Peak Positive Midspan

Joint Rotations

Figure 7-41 shows the influence of the pre-earthquake stress-state on the peak

negative joint rotations at the midspan joints. The absolute value of the negative

rotations was taken so that the results could be plotted on a log scale. The median

response slightly exceeded the C2 limit state for all stress-states.
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Figure 7-41 525 Foot Span — Influence of Pre-Earthquake Stress on Peak Negative Midspan

Joint Rotations
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Figure 7-42 illustrates the impact of the pre-earthquake stress-state on the

residual midspan joint rotations. The median joint rotations of all pre-earthquake

stress conditions were below the cracking rotation indicating that the joints typically

closed completely. The variation of the median residual rotations between the pre-

earthquake stress-states was due the differences in their initial rotations prior to the

seismic event and not due to rotations caused by the earthquakes. It should be noted

that the 2CS stress-state showed significant variability in response. This was due to

the fact that the limits states for positive bending were very close to each other and a

number of earthquake records exceeded the yield point of both the main tendons and

the continuity PT.
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Figure 7-42 525 Foot Span — Influence of Pre-Earthquake Stress on Residual Midspan Joint

Rotations

In summary, the pre-earthquake stress-state influenced the response of the

525 foot span segment joints and resulted in a median joint response that reached the
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CT1 performance limits states. This occurred most often near midspan where the

effects of creep and shrinkage were more pronounced. For example, cracking and

joint opening was observed at midspan due to all pre-earthquake conditions, however

yielding of the main tendons, i.e. limit state MT2, was exceeded only due to the

+2CS stress-state.

It is important to consider that while the results indicated that crushing of the

extreme superstructure fibers (i.e. &. < -0.0021) and yielding of the main tendons (i.e.

€pt > 0.012) near midspan may occur, the damage at the top of Pier 5 developed a full

plastic hinge and exceeded the spalling limit state (i.e. €, < -0.004) and will likely

require more repair than the superstructure.

7.3.2.4. Superstructure Segment Joint Response Summary

The median positive, negative and residual joint rotations, for the worst cast

pre-earthquake stress-state are shown on the monotonic push results in Figure 7-43

and Figure 7-44 for the pier and midspan joints, respectively. These figures also

indicate the performance limit states, thus the approximate level of damage is also

shown in these figures. In general, the first joint adjacent to the pier and the joint at

midspan exhibited the largest rotational response and the most damage.
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Figure 7-43 indicates that all joints adjacent to the piers performed in a

similar manner, showing some joint opening, but not exceeding any significant

damage limit state.
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Figure 7-43 525 Foot Span - Summary of Worst-Case Joint Response Adjacent to Piers

Figure 7-44 indicates that all joints near midspan exceeded the limit of

proportionality of the main tendons due to positive bending, with the midspan and

the W8 joint families exceeding full yield of the main tendons and reaching the limit

of proportionality of the continuity tendons.

The W9 joint family showed less

damage due to a larger pre-earthquake compression stress across the joint as shown
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in Figure 6-52 to Figure 6-55. Under negative bending, only the midspan joint

exceeded the crushing limit state.
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Figure 7-44 525 Foot Span - Summary of Worst-Case Joint Response Near Midspan

7.4. Longitudinal Response Study

The median scaled ground motions discussed in Sections 5.2 through 5.4
matched the horizontal design spectrum reasonably well up to a period of 2.0
seconds. The horizontal response at periods above 2.0 seconds, however, was

significantly below the design spectrum. This was most evident in the displacement
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response spectrum shown in Figure 5-9. The primary concern with this characteristic

of the earthquake suite was that the structure would soften upon yielding of the piers

and would be subjected to input energy that was less than that required by the design

spectrum. This may result in displacement demands on the structure that were

smaller than specified in the design criteria. Complicating the issue was the fact that

impact with the abutment or between adjacent frames would stiffen the structural

response and may negate any softening effects due to pier yielding. To study the

impact of the response above 2.0 seconds, three spectrum compatible records were

developed, as discussed in Section 5.5.

7.4.1. 300 Foot Span Model

Figure 7-45 compares the median peak drift ratio of the twenty range scaled

records (i.e., “Range”) with the median of the three spectrum compatible records

(i.e., “SC”). On average the median peak pier drift ratio increased by 2% with the

spectrum compatible ground motions, indicating that the input energy above a period

of 2.0 seconds did not significantly influence the longitudinal response of the piers.
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Figure 7-45 300 Foot Span — Longitudinal Study - Peak Drift Ratio Comparison

7.4.2. 525 Foot Span Model

Figure 7-46 compares the median peak drift ratio of the twenty range scaled

records (i.e., “Range”) with the median of the three spectrum compatible records

(i.e., “SC”). On average the median peak pier drift ratio decreased by 2% with the

spectrum compatible ground motions, indicating that the input energy above a period

of 2.0 seconds did not significantly influence the longitudinal response of the piers.
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Figure 7-46 525 Foot Span — Longitudinal Study - Peak Drift Ratio Comparison
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CHAPTER 8. LONGITUDINAL PT
SENSITIVITY STUDY

The aim of the current seismic design philosophy for bridges is to prevent
non-linear behavior in the superstructure by forcing in-elastic action to occur in the
columns (see Section 2.4). Recent research, as discussed in Section 3.4, has shown
that precast segmental superstructures can experience modest non-linear elastic
behavior without effects to the service load carrying capabilities. Perhaps if the
current design philosophy is changed such that the superstructure is designed to
allow some non-linear elastic behavior, the longitudinal PT can be reduced. This
chapter investigates the response of full scale precast segmental bridges with reduced
longitudinal PT in the superstructure.

It is important to note that the design of the PT tendons for many segmental
bridges is governed by either service or construction load cases and not earthquake
load cases. Thus the results in this Chapter may not be an issue for many bridges.
For other bridges, however, earthquake load cases may govern the tendon design and
PT beyond that required for service conditions are required. For instance, the San

219
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Francisco-Oakland Bay Bridge Skyway utilized low stressed auxiliary deck tendons

in the superstructure to ensure that potential opening of segment joints remained

small and closed completely following the earthquake. This deck continuity PT can

be 10% of the total PT in the superstructure.

For simplicity and for ease of comparison between bridges of different span

lengths, discrimination between various types of superstructure tendons (i.e.

cantilever tendons, continuity tendons, deck tendons) was not done. Thus cantilever

tendons were reduced in the same proportions as deck continuity tendons. From a

practical construction point of view, it may be easier to simply eliminate all deck

continuity PT rather than reducing all PT equally.

All ground motions for the PT sensitivity study were scaled using the method

based on the primary natural period and the pre-earthquake joint stress-state was

based on the best estimate of the stresses at both the end of construction and after

creep and shrinkage losses. Some of the figures in this section remind the reader of

this fact with the notation “T=2", “EOC”, and “CS” in the legend.
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8.1. Modeling Considerations

Section 7.3 showed that the pre-earthquake segment joint stress-state can

impact the seismic response of segmental superstructures. Thus it was very

important to accurately estimate the segment joint stress-state for the reduced PT

condition. Difficulties in doing this arose from the fact that the structure was

changing during construction and different tendons were installed and stresses at

different stages during construction. For example, the cantilever tendons were

installed and stressed when the structure was a simple cantilever. However,

continuity tendons are stressed when the structure was a continuous frame. Thus,

obtaining the pre-earthquake stress-state for the reduced PT condition using the

model alone, that is based on the full PT pre-earthquake stress-state and then

removing PT in the model, was insufficient. This would be effectively removing the

tendons from a fully completed structure and not constructing a bridge with a smaller

amount of PT. The approach used to obtain the pre-earthquake stress-state for the

different span lengths is discussed below.
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8.1.1. 300 Foot Span

Recall from Section 6.2, that the 300 foot span bridge was based on select

details from the Otay River Bridge and to accurately consider construction staging

effects on the pre-earthquake stress-state, the results of a full longitudinal

construction staging analysis were obtained. These results were broken down into

the contributions of various load cases, including dead load, superimposed dead load,

PT, creep and shrinkage, and PT losses, to name a few. The pre-earthquake stress-

state for the reduced PT models was obtained simply by multiplying the PT load

cases by a scale factor. All other load cases were kept unchanged. The LCA

considered the state of the bridge when the PT was stressed, thus a simple scale

factor on the components of the LCA was reasonable. While this approach does not

consider interactions between PT and creep and shrinkage, it was considered to be an

acceptable approximation.

The PT was reduced in 10% increments until a tension stress-state was

observed. It is important to reiterate that service load cases were not checked. In

effect it was assumed that seismic governed the design of the PT. Tension was
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observed near the piers when 70% of the full PT was used. Thus 80% of the full PT

was investigated further.

Two different pre-earthquake stress-states were studied. These were at the

end of construction and after creep and shrinkage losses occurred. These two stress-

states were investigated because they were considered the most realistic, given the

assumptions on determining the effects of reduced PT on the superstructure. The

procedure for determining these pre-earthquake stress-states is described below.

1. Reduce PT axial force and PT bending moments from LCA by 20% (see

Figure 8-1 and Figure 8-2)

2. Reduce PT area and pre-tension force in the model

3. Iterate on joint stresses until convergence with target EOC stresses based on

reduced PT (see Figure 8-3 and Figure 8-4) For a description of the iteration

process see Section 6.2.5.1.

4. Run earthquakes and vertical monotonic push-over analyses.

5. Repeat steps 1 to 4 using CS stresses.
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Figure 8-4 300 Foot Span - Reduced PT Bottom Fiber Stress Comparison

The average effect of the reduced PT on the extreme fiber stresses is shown
in Figure 8-5. Reducing the PT reduced compression at all locations except at the
bottom fibers near the piers, with the top fibers near the pier showing the largest
compression reduction. It is interesting to recall that the effects of creep and

shrinkage exhibited similar stress changes (see Figure 6-21). However, the behavior
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was different. Creep and shrinkage impacted the stress near midspan most while the

stresses adjacent to the piers were most sensitive to reduction in the PT.
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Figure 8-5 300 Foot Span - Average Normalized Stress Change due to Reduced PT

8.1.2. 525 Foot Span

The LCA results obtained from the contractor for the 525’ span bridge were
not broken down into components, thus estimation for the reduced stress-state, was
not as straight forward as the 300 foot span model. The main difficulty arose from
the fact that the structural state of the bridge changed during construction. The
model developed for this study was able to accurately estimate the effect of the
reduced PT tendons that were stressed when the bridge was a continuous frame,
however, it could not accurately estimate the effects of the reduced cantilever

tendons. Thus, effects of reducing the cantilever tendons were determined based on
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hand calculations and the calibration process described in Section 6.2.5.1. The

procedure is described below.

1. Calculate axial force and bending moments due to cantilevers PT only, as all

other PT was stressed on the completed bridge structure.

2. Determine the difference in axial force and bending moment due to reduced

PT.

3. Subtract out the difference calculated in step 2 from EOC axial forces and

bending moment diagrams (See Figure 8-6 and Figure 8-7).

4. Calculate reduced PT EOC stresses.

5. [Iterate until convergence. In the model use reduced cantilever PT (i.e. cross

section area and pre-tension force) but 100% of non-cantilever PT.

6. After convergence with the extreme fiber stresses, reduce the non-cantilever

PT (i.e. cross section area and pre-tension force) in the model to obtain the

stress-state based on the reduced PT (See Figure 8-8 and Figure 8-9).

7. Run earthquakes and vertical monotonic push-over analyses.

8. Repeat steps 1 to 7 for the CS stress-state.
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Figure 8-10 indicates the average effect of the reduced PT on the extreme
fiber stresses. Reducing the PT reduced compression at all locations except at the
top fibers near midspan, with the bottom fibers near midspan showing the largest

compression reduction. It is interesting to recall that the effects of creep and
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shrinkage exhibited a similar behavior (see Figure 6-49). This behavior is not the
same as the 300 foot span model, likely due to the influence of the continuity PT on

the response of the structure.
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Figure 8-10 525 Foot Span - Average Normalized Stress Change due to Reduced PT

8.2. Longitudinal PT Sensitivity Study Results

The results of a longitudinal PT sensitivity study are presented below. The
models were subjected to a suite of 20 earthquake records with both longitudinal and
vertical components of ground motion. The records were scaled to match the design

spectrum at the natural period of the structure. Two different pre-earthquake stress-
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states and two different PT configurations were considered for both the 300 foot and

the 525 foot span models.

8.2.1. 300 Foot Span

8.2.1.1. Vertical Monotonic Pushover Analysis

Vertical monotonic pushover analyses were performed to obtain the

backbone curve for the moment-rotation behavior of each segment joint, and to

identify the rotation where various performance limit states occurred. The limits

states were defined per Table 6-3. The results of these vertical monotonic pushover

analyses for Joint D1/U1 and midspan are shown in Figure 8-11 and Figure 8-12,

respectively. The results from only these two joints are presented as they were

considered to be representative of the response adjacent to the piers and near

midspan as shown in Section 7.3.1.4. In general, the rotations at which the limits

states occurred reduced slightly with the reduced PT, except for the crushing limit

state, C2, which increased slightly.
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8.2.1.2. Pier and Abutment Response

Figure 8-13 shows the median value of the peak longitudinal drift ratio from
the twenty earthquake records. It is clear from this figure that neither the
superstructure PT nor the superstructure pre-earthquake stress-state affected the
longitudinal response of the bridge. Thus, the pier and abutment damage presented
in Sections 7.3.1.1 and 7.3.1.2 apply here as well. Piers 2 and 5 developed full
plastic hinges and experienced spalling, while a gap of 9 to 10 inches may be

generated at the abutment due to yielding of the soil behind the abutment back wall.
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Figure 8-13 300 Foot Span - Reduced PT - Longitudinal Pier Drift Ratio
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8.2.1.3. Superstructure Segment Joint Response

Figure 8-14 to Figure 8-19 compare the rotations from the 100% and 80% PT

models with their respective limit states for the first joint adjacent to the piers, i.e.

Joint D1/U1, and the midspan joint. The response of the reduced PT models at both

the end of construction and after creep and shrinkage has occurred are compared

with the 100% models. Each gray dot represents the peak rotation from one

earthquake. The square marks represent the median rotation.

Figure 8-14 shows the positive bending joint response for Joint D1/U1. This

figure indicates that the median response of the reduced PT models remained below

the crushing limit state and was similar to the 100% PT response.
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Figure 8-14 300 Foot Span - Reduced PT - Joint D1/U1 Positive Rotations

Figure 8-15 shows the negative bending joint response for Joint D1/U1. This

figure indicates that the median response of the reduced PT models exceeded the
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crushing limit state, yet remained below limit of proportionality of the main tendons.

This was different from the 100% PT response where the median did not exceed

crushing.
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Figure 8-15 300 Foot Span - Reduced PT - Joint D1/U1 Negative Rotations

Figure 8-16 shows the residual joint response for Joint D1/U1. This figure

indicates that the median response of the reduced PT models exceeded the cracking

limit state, C1, after creep and shrinkage occurred. However the rotations were very

small and residual cracks widths will be on the order of 0.003 inches (see Figure

6-36). This response was different from the 100% PT response where the median

did not exceed C1.
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Figure 8-17 shows the positive bending moment response for the midspan

joint. This figure indicates that the median response of the reduced PT models

remained below the MT1 and C2 limit state and was similar to the 100% PT

response.
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Figure 8-17 300 Foot Span - Reduced PT - Midspan Positive Rotations

Figure 8-18 shows the negative bending joint response for the midspan joint.

This figure indicates that the median response of the reduced PT models exceeded

the crushing limit state, yet remained below the limit of proportionality of the main
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tendons when EOC stresses were considered. This response was similar to the

response of the 100% PT response.
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Figure 8-18 300 Foot Span - Reduced PT - Midspan Negative Rotations

Figure 8-19 shows the residual joint response for the midspan joint. This

figure indicates that the median response of the reduced PT models remained below

the C1 limit state and was similar to the 100% PT response.
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Figure 8-19 300 Foot Span - Reduced PT - Midspan Residual Rotations

In summary, the reduced PT joint median response of the 300 foot span

model was similar to the 100% PT response except due to negative bending near the

piers, where crushing of the bottom flange was observed. This crushing of the
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bottom flange generated residual rotations that were slightly larger than the cracking

limit state, indicating that the extreme top fibers exhibited a very small residual

crack. This crack width was on the order of 0.003 inches (0.08mm).

It is important to consider that while the results indicated that crushing (i.e. &

< -0.0016) of the extreme superstructure fibers may occur, the damage in the short

piers exceeded the spalling limit state (i.e. . = -0.004) and required more repair than

the superstructure.

8.2.2. 525 Foot Span

8.2.2.1. Vertical Monotonic Pushover Analyses

As discussed in Section 8.2.1 above, vertical monotonic pushover analyses

were performed to obtain the backbone curve for the moment-rotation behavior of

each segment joint, and to identify the rotation where various performance limit

states occurred. The limit states were defined per Table 6-7. The results of these

vertical monotonic pushover analyses for Joint W1 and midspan are shown in Figure

8-20 and Figure 8-21, respectively. The results from only these two joints are

presented as they were considered representative of the response adjacent to the piers

and near midspan as shown in Section 7.3.2.4. In general the rotations at which the
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limits states occurred reduced slightly with the reduced PT, except for the crushing

limit state, C2, which increased slightly.
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Figure 8-21 525 Foot Span - Reduced PT — Midspan Joint

8.2.2.2. Pier and Abutment Response

Figure 8-22 shows the median value of the peak longitudinal drift ratio from
the twenty earthquake records. It is clear from this figure that neither the
superstructure PT nor the superstructure pre-earthquake stress-state affected the
longitudinal response of the bridge. Thus, the pier and abutment damage presented
in Sections 7.3.2.1 and 7.3.2.2 apply here as well. Pier 5 developed a full plastic
hinge near the superstructure and exceeded the spalling limit state, while a gap of 1
to 3 inches may be generated at the abutment due to yielding of the soil behind the

abutment back wall.
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8.2.2.3. Superstructure Segment Joint Response
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Figure 8-23 to Figure 8-24 compare the rotations from the 100% and 90% PT

models with their respective limit states for the first joint adjacent to the piers, Joint

W1 and the midspan joint. The response of the reduced PT models at both the end of

construction and after creep and shrinkage has occurred are compared with the 100%

models.

Figure 8-23 shows the positive bending joint response for Joint W1. This

figure indicates that the median response of the reduced PT models slightly exceeded

the cracking limit state yet remained well below the crushing limit state.

behavior was the same as that observed in the 100% PT models.

This
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Figure 8-23 525 Foot Span - Reduced PT — Joint W1 Positive Rotations

Figure 8-24 shows the negative bending joint response for Joint W1. This

figure indicates that the median response of the reduced PT models exceeded the

cracking limit state, yet remained below the crushing limit. This behavior was the

same as that observed in the 100% PT models.
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Figure 8-24 525 Foot Span - Reduced PT - Joint W1 Negative Rotations

Figure 8-25 shows the residual joint response for Joint W1. This figure

indicates that the median response of the reduced PT models remained below the C1

limit state and was similar to the 100% PT response.
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Figure 8-26 shows the positive bending joint response for the midspan joint.

This figure indicates that the median response of the reduced PT model based on the

CS stress-state exceeded the both the MT1 and the CT1 limit state, and approached

the MT2 limits state. This response was similar to the 100% PT models where the

EOC stress-state remained below the MT1 limit sate and the CS stress state exceeded

the MT1 limit state.
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Figure 8-26 525 Foot Span - Reduced PT - Midspan Positive Rotations

Figure 8-27 shows the positive bending joint response for the midspan joint.

This figure indicates that the median response of the reduced PT models exceeded

the crushing limit state and was similar to the 100% PT response.
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Figure 8-27 525 Foot Span - Reduced PT - Midspan Negative Rotations

Figure 8-28 shows the residual joint response for the midspan joint. This

figure indicates that the median response of the reduced PT models remained below

the C1 limit state. The median response was similar to the 100% PT response,

however the reduced PT models exhibited significant variability of response.
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Figure 8-28 525 Foot Span - Reduced PT - Midspan Residual Rotations

In summary, the reduced PT joint median response of the 525 foot span

model was similar to the 100% PT response except near midspan due to positive

bending, where the limit of proportionality of both the main tendons and the

continuity tendons was exceeded.
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It is important to consider that while the results indicated that crushing of the

extreme superstructure fibers (i.e. & <-0.0021) and the limit of proportionality (f, >

210 ksi) of the main tendons and continuity tendons near midspan was exceeded, the

damage at the top of Pier 5 developed a full plastic hinge and exceeded the spalling

limit state (i.e. . < -0.004) and required more repair than the superstructure.



CHAPTER 9. MODEL LIMITATIONS

The results presented in this dissertation are better understood when one fully

comprehends the limitations of the model. The limitations are as follows.

3D effects were not considered at this time. It is important to first understand

the 2D response before looking into the contributions of transverse

earthquake motions on the segment joint response.

The unbonded length of the PT tendons was based on large scale experiments

with 16 — 0.6 inch strand tendons (Megally et al., 2002). This may be similar

to the number of strands in bridges with 300 foot span, but is likely much

smaller than tendons used in larger spans. Thus the unbonded length for

larger tendons will likely be larger than that of the 16 strand tendons used in

the model. This underestimate of the unbonded length will underestimate the

yield rotation of the segment joints, thus the rotation capacity of the 525 foot

spam bridge presented herein, are likely underestimated.

Both the 300 foot span and 525 span bridges were modeled with longitudinal

abutment soil springs. Most segmental bridges are very long, thus the
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contribution of the abutment to the global response of the bridge will likely

be very small. Instead there may be interaction between adjacent frames, in

the form of pounding. In the end the response is expected to be similar, since

the vertical component of the ground motion governed the segment joint

response (see Section 7.1).

The focus of this investigation was limited to segmental superstructures with

bonded tendons. Megally et al. (2002) showed that the rotation capacity of

unbonded tendons is larger than bonded tendons, thus their seismic response

is expected to exhibit less damage than that presented in this study.

The pier foundations for the 300 foot span model were assumed to be

completely fixed, thereby neglecting soil-foundation structure interaction.

The piers for this model were tall and flexible relative to the span length, thus

adding additional flexibility in the foundation will likely not significantly

alter the response of the superstructure. In addition, the vertical earthquake

motion dominated the bridge response and soil structure interaction will

predominately affect the longitudinal bridge response, thus the general

conclusions presented in this will likely remain unchanged.
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e The models were subjected to coherent earthquake excitation. Given the long

spans of the bridges investigated herein, and the possibility for varying soil

conditions at a given site, the seismic waves may not enter the base of the

piers in a synchronized manner. Thus the assumption of coherent earthquake

motion may not be correct. Incoherent ground motions may increase the

demands on the segment joint.



CHAPTER 10. CONCLUSIONS

This dissertation studied the seismic response of precast segmental bridges
with an emphasis on the behavior of superstructure segment joints constructed using
the balanced cantilever method. The primary research tool used in this investigation
was detailed 2D non-linear time history analyses. The approach to modeling the
segment joints was calibrated with experimental results on large scale sub-
assemblages. Analytical models of two full scale precast segmental bridges were
developed based on select details from the Otay River Bridge and the San Francisco-
Oakland Bay Bridge Skyway, in California. The span-to-depth ratios of the two
bridge models were similar, with the 525 foot span bridge being slightly more
slender and the superstructure axial load ratio, due to longitudinal PT, of the 525 foot
span model was greater than the 300 foot span model by 23% adjacent to the piers
and 69% near midspan.

The full bridge models were subjected to a suite of twenty near field
earthquake records. These records were scaled to the design spectrum using two

different methods and the effect on the bridge response was quantified. The

249
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influence of the vertical earthquake motion was studied as well as the impact of the

pre-earthquake stress-state on the seismic response of segment joints. In addition, a

sensitivity study into the effect of reduced longitudinal PT on the segment joint

response was performed.

10.1. Contribution of Vertical Earthquake Motions

The full bridge models were subjected to longitudinal ground motion only, as

well as simultaneous longitudinal and vertical ground motions, to quantify the

contribution of the vertical ground motion on the segment joint response. The

models for this study were based on end of construction joint stress-states and

utilized earthquake motions that were scaled to match the natural period of the

bridge.

The results presented in Section 7.1 indicated that vertical earthquake

motions significantly contributed to the joint response, and increased the peak

negative moment joint rotations by over 500%, the peak positive moment rotations

by at least 140%, yet did not affect the residual rotations. Segment joints in positive
y y g J

bending near midspan experienced the largest rotation increases due to vertical

ground motions. These large increases were generated because the vertical ground
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motion pushed the joints beyond the cracking limit state and into the non-linear

range.

In general, the influence of vertical motion on the joint response decreased as

span length increased. This is due to the fact that the superstructure of the 300 foot

span model was stiffer than the 500 foot span model and consequently was subjected

to larger vertical excitation due to the large amount of energy at low periods in near

field vertical records. The effect of the vertical ground motions on the segment joint

response will likely reduce significantly if the bridge site is not in close proximity to

the fault, because the vertical accelerations attenuate rapidly with distance.

10.2. Joint opening

The median results presented in Section 7.3 showed that the segment joints

exceeded the cracking limit state and opened gaps at the extreme fibers of the

superstructure during a significant seismic event. In general, the first joint adjacent

to the pier and the joint at midspan exhibited the largest rotation demands. The 300

foot span model indicated that peak gap widths adjacent to the piers and near

midspan may be up to 0.05 inches and 0.15 inches, respectively. The gap widths of
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the 525 foot span model were slightly smaller and were up to 0.02 inches adjacent to

the piers and 0.1 inches near midspan.

10.3. Performance Limit States

Vertical pushover analyses were performed to identify the rotations where

various performance limit states occurred (see Sections 6.3.4 and 6.5.4). The limits

states of interest were cracking of the section (C1), crushing of the extreme concrete

fibers (C2), the limit of proportionality of the main/continuity PT tendons (MT]I,

CT1), defined as a stress of 210 ksi, and full yielding of the main/continuity PT

tendons (MT2, CT2), defined as a strain of 1.2%.

The time history results presented in Section 7.3 showed that the response of

the segment joints relative to the performance limits states varied depending on the

pre-earthquake stress-state. The performance limits states that were exceeded are

summarized in Table 10-1. This table was generated based on the worst case pre-

earthquake stress-state. In general, the first joint adjacent to the pier and the joint at

midspan exhibited the largest rotational response and the most damage.
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Table 10-1 Summary of Exceeded Performance Limit State

Bridge Model
300 Foot Span 525 Foot Span

Pier Positive Rotations Cl1 Cl1

Pier Negative Rotations C2 Cl1

Pier Residual Rotations Below C1 Below Cl1
Midspan Positive Rotations C2 MT1
Midspan Negative Rotations C2 C2
Midspan Residual Rotations Above C1 Below C1

In the 300 foot span model, crushing of extreme concrete fibers occurred,

which generated residual rotations at midspan that were larger than the cracking limit

state, however these residual rotations remained very small creating crack widths of

less than 0.01 inches.

The 525 foot model exceeded the cracking limit state near the piers, but did

not crush the extreme concrete fibers. At midspan, however, the main tendons

exceeded the limit of proportionality. All residual rotation, however remained below

the cracking limit state, thus all joints closed completely after the earthquake. This

was due to the fact that the majority of tendons near midspan were continuity

tendons, thus serviceability was unaffected by exceeding the MT1 limit state.
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The expected superstructure damage of both full bridge models was

considered repairable. It is important to note that while the damage observed in the

superstructure was relatively light and repairable, the damage at the piers was

significantly more severe, exceeding the full plastic hinge limit state, and the

concrete spalling limit state (g, = 0.004).

10.4. Pre-Earthquake Stress-State

The stress-state of concrete bridges fluctuates on a daily basis due to

temperature and over the service life of the bridge due to creep, shrinkage, and

relaxation. The full bridge models were calibrated with four different pre-earthquake

stress-states to investigate the influence of the pre-earthquake stress-state on the

seismic response of superstructure segment joints. These stress-states represented

the possible range of stresses that may occur during the service life of a segmental

bridge and are defined and discussed in detail in Sections 6.2.5 and 6.4.5.

The results presented in Section 7.3 indicated that the pre-earthquake stress-

state can influence the seismic response of segment joints. This finding is contrary

to common knowledge that volumetric changes have negligible effects on a

structure’s response to earthquakes. The extreme stress-states (i.e. -CS and +2CS)
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generated the most damage as summarized in Table 10-1. In fact the central stress-

states (i.e. CS and EOC) remained elastic except at midspan of 300 foot model, due

to positive bending where crushing of the extreme fibers occured. This was because

the extreme stress-state required the smallest seismic rotation demand to exceed a

performance limit state.

10.5. Record Scaling

The influence of two different record scaling methods on the response of

precast segmental bridge structures was studied. One method scaled the horizontal

ground motion to match the design spectrum at the natural period of the structure.

The other method scaled the horizontal motions for a least squares fit over a period

range.

The results presented in Section 7.2 indicated that, while the impact varied

from joint to joint and for positive and negative bending, on the whole, the two

methods produced a similar median result. In addition, scaling to a range reduced

variation in response. Thus, if only the median response is desirable, either method

is acceptable.
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10.6. Superstructure PT Sensitivity

The response of the full bridge models with reduced longitudinal PT in the

superstructure was investigated to study the sensitivity of the segment joint response

due to variations in the longitudinal superstructure PT and to see if it is possible to

achieve the same level of seismic performance with less longitudinal PT. The

reduced PT 300 foot span bridge utilized 80% of the full PT, while the 525 foot span

model utilized 90% of the full PT. The reduced PT models were subjected to a suite

of twenty near field earthquake with two different pre-earthquake stress-states. It is

important to note that the conclusions presented here assumed that service load cases

did not govern the design of the longitudinal superstructure PT.

The results presented in Chapter 8 showed that reducing the longitudinal PT

reduced the rotation at which all the limit states occurred, except for crushing of the

concrete. The performance limit states that were exceeded are summarized in Table

10-2. In general, the response of the 300 foot span model with reduced PT was

similar to the 100% PT models except at the bottom fibers near the pier, where

crushing generated residual rotations that were above the C1 limit state. The residual

rotations were very small and created residual cracks that were less than 0.002
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inches. The response of the 525 foot span model with reduced PT was similar to the

100% PT models except near midspan where both the main and continuity tendons

exceeded the limit of proportionality. The results also indicated that reducing the

superstructure PT did not alter the response of the abutment or piers. The piers will

likely develop full plastic hinges and exceeded the spalling limit state.

Table 10-2 Summary of Peak Performance Limit State for Reduced PT Models

Bridge Model
300 Foot Span 525 Foot Span

Pier Positive Rotations Cl1 Cl1

Pier Negative Rotations C2 Cl1

Pier Residual Rotations Above C1 Below Cl1
Midspan Positive Rotations C2 MTI, CT1
Midspan Negative Rotations C2 C1
Midspan Residual Rotations Below Cl1 Below C1

In conclusion, the response near midspan was more vulnerable to reduced PT

than regions adjacent to the piers. Given the concurrent damage in the piers, and

assuming service load cases do not govern the PT design, it may be possible to

reduce the longitudinal PT in segmental bridge superstructures. This is particularly

true for bridges at far field sites where the contribution of vertical earthquake motion
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is significantly reduced. One way to reduce the PT is to eliminate the low-stressed

auxiliary deck tendons which do not alter the pre-earthquake stress-state.



CHAPTER 11. DESIGN CONSIDERATIONS

Chapter 7 showed that the jointed nature of precast segmental bridges makes
them susceptible to the effects of vertical earthquake motion. In addition, Chapter 7
indicated that the pre-earthquake segment joint stress-state can alter the response of
segmental bridges. Thus the near field effects on vertical ground motion and the
superstructure pre-earthquake stress state should be considered during the design
process. This chapter investigates various methods in which these effects can be

considered during the design process.

11.1. Pre-Earthquake Stress-State Design Considerations

The stress-state of pre-stressed concrete bridges changes on a daily basis due
to temperature effects, particularly temperature gradients, and over the bridge service
live due to creep, shrinkage and relaxation. The superstructure pre-earthquake
stress-state can affect the response of segmental bridges as shown in Chapter 7. The
extreme pre-earthquake stress-states (i.e. at end construction plus temperature
gradient or after creep and shrinkage plus temperature gradient) typically exhibit the
largest superstructure demands. However, the temperature gradient is caused by

259
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solar radiation which heats the top of the bridge superstructure while the shaded

webs and bottom soffit remain cool. This effect is increased when the bridge crosses

low over water which can further cool the bridge soffit. In addition, this temperature

gradient is typically largest during the hottest part of summer days, i.e. for about six

hours per day during 3 months of the year. Thus combining the full temperature

gradient with earthquake will result in a design combination with a return period

significantly larger than the design earthquake alone is likely over conservative.

However, neglecting pre-earthquake stress-states may result in undesirable

superstructure damage during a design level earthquake scenario. Therefore, some

consideration of these load cases is required and is discussed further in Section 11.3.

11.2. Vertical Earthquake Demand Considerations

The vertical earthquake demands can be estimated a number of ways. The

demand can be approximated using an equivalent static load based on the dominant

vertical modes, or using a vertical modal analysis along with a vertical design

spectrum, or from a time history analysis using ground motions that are consistent

with a vertical design spectrum. These different linear elastic methods are discussed

and compared in greater detail below.
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11.2.1. Equivalent Static Analysis

One method of approximating the vertical earthquake demands is through the
use of equivalent static loads. The static loads considered here were developed based
on a simple modal combination of the two dominant vertical modes of the 300 foot
span model, shown in Figure 11-1. This span length is expected to be representative
of future segmental bridge spans in California. Modes with less than 10% mass
participation were neglected as they will not contribute significantly to bending of
the superstructure. A sinusoidal equivalent static load, q, was generated based on a

simple modal combination shown in Equation 11-1.
2 2

G (X) = Zl q;(x) = Zl @, (X)Im(x)S,, 11-1
where, @, is the i™ mode shape, I, is the participation factor of the i"™ mode, m(x) 1is
the unit mass at location x, and S, is the vertical spectral acceleration of the it
mode. It should be noted that the mass distribution along the 300 foot span model
and used in this calculation was such that the unit mass at midspan was 81% of the
unit mass at the piers. For simplicity and to ensure a general approach that is
applicable to bridges of various lengths, stiffnesses and mass distributions, the

vertical spectral acceleration for all modes was assumed to be equal to the peak
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vertical ground acceleration. This approach is justified because the dominant modes

of future bridges are likely to be above 0.3 seconds where the vertical spectral

acceleration is on the order of the peak ground acceleration. The relative sign of the

modes was selected to produce the largest distributed load for the end spans (see

Figure 11-2) and the interior spans (see Figure 11-3).
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Figure 11-1 Dominant Vertical Mode Shapes
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Figure 11-2 Equivalent Static Sinusoidal Loads for End Spans
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Figure 11-3 Equivalent Static Sinusoidal Loads for Interior Spans

A uniformly distributed load (UDL) is more desirable than a sinusoidal

distributed load because a UDL is easier to implement in a model. A UDL that

produced equivalent midspan and end moments was generated by multiplying the
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sinusoidal load by 0.81 and is shown in Figure 11-4 and Figure 11-5 for the end and

interior spans, respectively.
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Figure 11-4 Equivalent Static Uniform Distributed Loads for End Spans
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Figure 11-5 Equivalent Static Uniform Distributed Loads for Interior Spans

This equivalent static approach was intended for use with ‘Ordinary’

segmental bridge designs of various span lengths that will have different mass and

stiffness distributions along the span. The equivalent static loads from Figure 11-4

and Figure 11-5 were generalized for use on future bridges as shown in Figure 11-6

and 11-7, where Wy is the weight of the end span, Wiy is the weight of interior

spans and PGA, is the vertical peak ground acceleration. PGA, should be less than
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the peak spectral acceleration as illustrated in Figure 11-8. It may be the case that
PGA, is not indicated in this manner on the design spectrum. If this occurs,
designers can determine PGA, based on V/H spectral ratios per Bozorgnia and
Campbell (2004) and shown in Figure 3-1. Multiple frame continuous bridges with
midspan expansion joints that are designed to carry moment and shear across the
expansion joint, similar to the detail shown in Figure 2-4 should be treated as interior
spans. It should be noted that this equivalent static approach is similar to the current
recommendations in the Caltrans Seismic Design Criteria (Caltrans, 2004) for
‘Ordinary’ bridges with horizontal peak ground accelerations greater than 0.6g (see
Section 3.2), although the loading outlined above is approximately three times more

severe.
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Figure 11-6 Generalized Equivalent Static Loads for End Spans
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11.2.2. Vertical Modal Analysis
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Vertical earthquake demands can be approximated based on a vertical modal

analysis using the complete quadratic combination (CQC) modal combination

method. Modal analysis is generally considered an acceptable tool for linear elastic

structures only and thus will likely not be appropriate if non-linear response in the

superstructure is anticipated. A vertical design spectrum based on recommendations

by Bozorgnia and Campbell (2004), was developed, as shown in Figure 11-8. Figure

11-8 also shows the median vertical spectral acceleration of the twenty earthquake

ground motions that were scaled to a period range (see Section 5.3) for comparative

purposes. It is important to note that these spectra were calculated based on 5%

damping.
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Figure 11-8 Vertical Design Spectrum

This approach is very simple to implement as modal analysis is a common
option in bridge finite element software packages and the finite element model of the
bridge is typically required to estimate lateral earthquake demands. All that is
required is an appropriate vertical design spectrum which can be easily determined
based on the horizontal spectral acceleration at a period of 0.1 seconds and an
estimate of the vertical-to-horizontal spectral ratio per Bozorgnia and Campbell

(2004).

11.2.3. Time History Analysis
A time history analysis is generally considered the most accurate way to

estimate earthquake demands. Common practice is to use three sets of spectrum
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compatible ground motions and to design the bridge for the envelope of these three

motions. To this end, three vertical spectrum compatible ground motions were

generated using the program WAVGEN (Mukherjee and Gupta, 2002b) and are

shown in Figure 11-9 along with the target vertical design spectrum. The target

spectrum was the same as the design spectrum for the vertical modal analysis shown

in Figure 11-8. Time history analysis can be used for both linear and non-linear

superstructure response if the superstructure segments are modeled appropriately.
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Figure 11-9 Response Spectrum of Spectrum Compatible Vertical Ground Motions

11.2.4. Comparison of Vertical Earthquake Demand Methods

The three different vertical earthquake demands methods, outlined above,

were applied to a linear elastic 300 foot span superstructure model. The envelope
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superstructure bending moment demands from each method are compared in Figure

11-10. The envelope of the three spectrum compatible elastic time history analyses

are identified as “TH” and are considered to be the most accurate estimate of the

vertical earthquake demands. These demands were determined using a Rayleigh

damping model with 2% damping at the period of the two dominant vertical modes

(see Figure 11-1). The envelopes of the static and modal results were amplified by

33% because they were based on a design spectrum with 5% damping. This 33%

increase was based on recommendations by Kawashima and Aizawa (1986) for

enstimating the spectral response for damping ratios other than the standard 5% of

critical damping. The negative bending envelope for the modal analysis, identified

as “Modal” in the diagram, was developed by simply multiplying the positive

envelope by -1.0. The equivalent static analysis, identified as “Static” in the

diagram, typically overestimated the vertical earthquake demands, while the modal

analysis slightly underestimated the demands
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Figure 11-10 Comparison of Vertical Elastic Demand Options

The ratio of the bending moment diagrams between the equivalent static
loads and the time history records as well as between the modal analysis and the time
history records are shown in Figure 11-11. The modal analysis typically generated
moment demands that were on average 84% of the time history demands with small
variations along the span. This difference was likely due to inaccuracies in the
modal CQC combinations and the fact that modal analysis is intended to estimate the
average response while Figure 11-10 shows the envelope of the three spectrum
compatible ground motions. The equivalent static approach overestimated the
superstructure moment demands by 20% on average, with peak differences of up to

70%. These discrepancies were likely due to the assumptions that the two dominant
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modes were in phase and that the spectral accelerations of these modes were equal to

the peak ground acceleration.

1.8
1.6 ‘
1.4 4 !

124

1.0 - -
0.8 —/\,A I‘l

0.6

Moment Ratio

0.4

0.2

= = = . Static/TH

= Modal/TH|

0.0 \ T
0 2000

12000

14000 16000

Figure 11-11 Comparison of Vertical Elastic Demand Options

Figure 11-12 shows the Fourier amplitude spectrum of the superstructure

bending moment time histores at select nodes of the interior and end spans. It is

clear from this diagram that two modes dominate the superstructure moment

response. The period of these two modes match the primary vertical mode shapes

shown in Figure 11-1. This result validates the assumption that only two modes are

required for the equivalent static approach outlined in Section 11.2.1.
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Figure 11-12 Fourier Amplitudes Spectrum of Superstructure Bending Moment Time Histories

11.3. Earthquake Load Combinations

The peak vertical and horizontal earthquake demands are not likely to occur
simultaneously due to the differences between the periods of the dominant modes
and between the characteristics (i.e. frequency content) of the vertical and horizontal
input motions. Thus, it is reasonable to consider the two effects independently. The
horizontal earthquake combinations are addressed adequately in the Caltrans Seismic
Design Criteria (Caltrans, 2004) and will not be discussed herein. However, vertical
earthquake combinations are not sufficiently addressed and should include
considerations for the pre-earthquake stress-state of the superstructure. The vertical

earthquake demands should be combined with dead load demands as obtained from a
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longitudinal construction staging analysis at end of construction and after creep and

shrinkage has occurred, as well as a fraction of the temperature gradient load case.

11.4. Superstructure Capacity

The capacity of superstructure segment joints can be determined by a number

of different methods, such as simple hand calculations, moment-curvature analyses

or detailed local non-linear finite element models. These different methods are

discussed below.

Simple hand calculations can generate very good moment capacity estimates

and should always be used as a check of other methods. Detailed hand calculations

can also account for the unbonded length of PT tendons and can be used to

approximate the rotation capacity, although the calculations can become

cumbersome when multiple tendons, with different jacking loads, are used.

Moment-curvature analyses are advantageous because there are many readily

available and easy to use programs with excellent graphical interfaces that can

generate accurate moment capacities. The disadvantage of this tool is that it cannot

consider the unbonded length of the PT tendons. Thus, the rotation capacities will be

incorrect.
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Local non-linear finite element models of the superstructure segment joints

are advantageous because they can simulate the unbonded length of the PT tendons

and will produce the most accurate joint rotation capacities. The disadvantage is that

they require significant effort to develop and should be calibrated with experimental

data.

In summary, all methods should generate similar moment capacities at

cracking, yield and ultimate. However hand calculations and moment-curvature

analyses will not accurately estimate the rotation capacity because they cannot

account for the unbonded length of the PT tendons.

11.5. Vertical Collapse Mechanisms

The default seismic design requirement in California is a no collapse criteria.

Vertical superstructure collapse mechanisms can be used as a means of satisfying the

no collapse criteria. The most likely vertical collapse mechanisms for end and

interior spans are shown in Figure 11-13 and Figure 11-14, respectively. The

uniform distributed load, w,,; and w;,, that will develop these collapse mechanisms

are shown in Equation 11-2 for both end and interior spans.
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where M, 1s the ultimate negative bending capacity of the segment joint adjacent
to the pier, M, ., is the ultimate positive bending capacity of the midspan segment
joint of interior spans, M,,, .., is the ultimate positive bending capacity of the
middle segment joint of end spans, L., is the clear end span length and L;, is the

clear interior span length.
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Figure 11-13 End Span Collapse Mechanism
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Figure 11-14 Interior Span Collapse Mechanism

These uniform distributed loads can be divided by the average unit weight of
the superstructure for the span of interest to determine the capacity of the collapse
mechanism in terms of multiples of the bridge self weight. Subtract unity from this
ratio to obtain the capacity, S., of the collapse mechanism in terms of vertical

earthquake accelerations as shown in Equation 11-3.

w.
=—-m ] 11-3a

S =
" VVint / L int

Interior Spans

Wend

S, =——ed 11-3a
VVend /Lend

End Spans

where, W, and W,,,; are the total weights of the interior and end span segments,

respectively. This value can be compared with the peak vertical ground acceleration,
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PGA,, as defined in Section 11.2.1, to determine if the superstructure is likely to

collapse during a significant seismic event.



CHAPTER 12. DESIGN
RECOMMENDATIONS

Based on the results, limitations and conclusions presented in the previous

chapters of this dissertation, the following design recommendations are proposed.

12.1. Flange Thickness

The top and bottom flange thickness must be large enough to ensure that the
neutral axis of the superstructure does not migrate into the webs upon joint opening
and crushing of the extreme concrete fibers. In other words, the top flange at the
piers must be able to take the jacking force of the top and continuity tendons plus the
yield force of the bottom tendons. Similarly, the bottom flange at the piers must be
able to take the jacking force of the bottom tendons plus the yield force of the top
and continuity tendons. Likewise for the midspan joints. This may be especially
relevant under 3D loading and confinement of the corners should be considered, see

Figure 12-1.

278
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Figure 12-1 Schematic of Neutral Axis Depth due to 3D loading

12.2. Future Post-Tensioning Tendons

While the results indicated that critical PT tendons were unlikely to exceed

the full yield limit state, the possibility of loss of prestressing due to yielding of

tendons warrant the recommendation that new segmental bridges allow for the

possibility of future tendons in the design. The AASHTO Guide Specifications for

Design and Construction of Segmental Concrete Bridges (AASHTO, 1999) requires

provision for access and anchorage attachment of future tendons with a PT force not

less than 10% of the positive and negative moment primary PT forces. While this

provision was intended to be an allowance for the addition of future dead load or to

adjust for cracking or deflection of the bridge, it will likely be acceptable for seismic

concerns as well.
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12.3. Capacity Design

Continue using capacity design principles to design precast segmental

superstructures as this approach appears to prevent permanent joint opening and

yielding of the PT tendons adjacent to the piers. Capacity design principles are

essential to control the seismic performance of the column-superstructure

connection. The current capacity design approach considers over-strength of the

column in the design of the superstructure but does not consider the column axial

force increase due to vertical excitation and the corresponding increase in the column

moment capacity. This approach is thus not a truly rigorous capacity design

approach, but it appears to be acceptable and considerations for the effects of vertical

earthquake motion on the column moment capacity are not recommended for the

capacity design of the superstructure. It is important to note that capacity design

principles will have no effect near midspan, thus additional design requirements are

required and outlined in Section 12.4.

12.4. Seismic Design Framework

A two level design approach is recommended in which different performance

limits are required for different levels of earthquakes as shown in Table 12-1. The
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recommended return period of these earthquake events varies depending on the

bridge classification. This approach is compatible with current seismic design

practice for ‘Important’ bridges.

Table 12-1 Recommended Seismic Design Framework

Bridge Functional Evaluation Safety Evaluation
Classification Earthquake (FEE) Earthquake (SEE)
) No joint opening No collapse
‘Ordinary’

(100 year return period) (1000 year return period)

.. . Non-linear elastic joint
No joint opening
‘Important’ 500 " iod responsc
(500 year return period) (2500 year return period)

For the lower level functional evaluation earthquake (FEE), it is
recommended that the superstructure be designed such that the segment joints
remained closed.

For the safety evaluation earthquake (SEE), the recommended design
approach varies depending on the classification of the bridge. It is recommended
that ‘Ordinary’ bridges be designed for a no collapse criteria and ‘Important’ bridge
structures be designed to remain undamaged. The superstructure of ‘Important’
bridges should be designed to allow joint opening but ensure that the PT tendons
remain elastic, i.e., f; < 0.78f, = 210 ksi, and that the concrete does not crush, i.e., &

<0.002.
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Recommendations for the appropriate method to determine the vertical

earthquake demands, segment joint capacity and load combinations that consider the

pre-earthquake stress state are discussed below

12.4.1. Pre-Earthquake Stress-State and Load Combinations

Chapter 7 indicated that the superstructure pre-earthquake stress-state can

affect the response of segmental bridge superstructures and should be considered

during the design process. It is recommended that the superstructure dead load

demands at end of construction and after the majority of creep and shrinkage has

occurred, as determined from a full longitudinal construction staging analysis, be

combined with a fraction of the temperature gradient and the vertical earthquake

demands per Section 12.4.2. 25% of the temperature gradient is considered

appropriate at this time given the likelihood of the extreme temperature gradient

occurring simultaneously with a design level earthquake. The recommended load

combinations are as follows.

DLeoc & 0.25T & EQKyert 12-1a

DLcs & 0.25T & EQKyer 12-1b
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The peak vertical and horizontal earthquake demands are not likely to occur

simultaneously, thus horizontal earthquake demands are not included in these load

combinations.

12.4.2. Vertical Earthquake Demands

Chapter 7 showed that vertical earthquake ground motion can significantly

increase the demands on segmental superstructures and should be considered in the

design process. The recommended method to estimate the vertical earthquake

demands depends on the design level (i.e., FEE or SEE) and the importance

classification of the bridge as summarized in Table 12-2.

Table 12-2 Recommended Modeling Approach for Vertical Earthquake Demands

Bridge Classification

Functional Evaluation

Safety Evaluation

Earthquake (FEE) Earthquake (SEE)
‘ . R . . Check Collapse
Ordinary Elastic Modal Analysis Mechanism
‘Important’ Elastic Modal Analysis Non-Linear Time

History Analysis

12.4.2.1. FEE Design Level of ‘Ordinary’ Bridges

It is recommended that the vertical earthquake demands for the FEE design

level of ‘Ordinary’ bridges be determined from a vertical modal analysis based on a
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design spectrum per Bozorgnia and Campbell (2004). Sufficient number of modes

should be considered in the modal analysis to capture at least 90% of the total bridge

mass in the vertical direction. Preliminary results indicated that modal analyses

generated lower elastic demands than elastic time history analysis. Thus, it is

recommended that the demands from a modal analysis be increased by a factor of

1.15 (~1/0.84).

It is recommended that these vertical earthquake demands be combined with

dead load and temperature gradient demands per Equation 12-1.

12.4.2.2. SEE Design Level of ‘Ordinary’ Bridges

It is recommended that designers satisfy the no collapse criteria for

‘Ordinary’ bridges by checking the capacity of all vertical collapse mechanisms

relative to the vertical design spectrum. Designers should determine the capacity of

the collapse mechanism for both interior and end spans based on Equation 11-3.

This capacity, S, must be greater than the vertical peak ground acceleration, PGA,,

in the vertical design spectrum. PGA, should be less than the peak spectral

acceleration as illustrated in Figure 11-8. It may be the case that PGA, is not

indicated in this manner on the design spectrum. If this occurs, designers can
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determine PGA, based on V/H spectral ratios per Bozorgnia and Campbell (2004) as

shown in Figure 3-1.

Pre-earthquake stress-states do not need to be considered in the capacity of

the collapse mechanisms as they will not significantly affect the ultimate capacity of

the superstructure.

12.4.2.3. FEE Design Level of ‘Important’ Bridges

It is recommended that the vertical earthquake demands for the FEE design

level of ‘Important’ bridges be determined from a vertical modal analysis as outlined

in Section 12.4.2.1. Since a full 3D non-linear time history analysis is recommended

for the SEE design level of ‘Important’ bridges (see 12.4.2.4), in practice, it may be

easier to use 3D time history analysis for the FEE runs as well. Time history

analysis is considered to be more realistic than modal analysis and is considered

appropriate for the FEE design level as well.

12.4.2.4. SEE Design Level of ‘Important’ Bridges

It is recommended that the vertical earthquake demands for the SEE design

level of ‘Important’ bridges be determined from 3D non-linear time history analysis,

based on appropriate horizontal and vertical ground motions. Appropriate vertical
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ground motions are considered to be ground motions that exhibit V/H ratios per

Bozorgnia and Campbell (2004). It is recommended that the superstructure be

modeled with non-linear elastic moment-rotation hinging elements at select segment

joints. At a minimum two segment joints adjacent to the piers and three segment

joints near midspan should be modeled. The moment-rotation characteristics of each

joint should be determined from local finite element models as outlined in Section

12.43.2. Extreme pre-earthquake stress-states of the segment joints must be

considered based on the end of construction stresses with 25% of the temperature

gradient and the stresses after creep and shrinkage losses with 25% of the

temperature gradient. Thus, it is recommended that forces be applied across the non-

linear segment joints members to calibrate the model to these extreme pre-

earthquake stress-states. See Section 6.2.5.1 for additions details of this model

calibration process.

12.4.3. Segment Joint Capacity

12.4.3.1. ‘Ordinary’ Bridges

Moment-curvature analysis is recommended to determine the vertical

capacity of the segment joints of ‘Ordinary’ bridges at cracking (i.e., joint opening)
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for the FEE design level, and at ultimate for the SEE design level. Expected

concrete and pre-stressing material properties should be used in these calculations as

outlined in the Caltrans Seismic Design Criteria (Caltrans, 2004). The preload in the

tendons should be based on the average tendon force expected over the life of the

bridge (i.e., the average of the tendon forces at EOC and CS).

12.4.3.2. ‘Important’ Bridges

It is recommended that the vertical capacity of segment joints of ‘Important’

bridges be determined using detailed local non-linear finite element models based on

the expected concrete and prestressing material properties. These models must

capture the non-linear characteristics of the extreme concrete fibers in both tension

and compression. In addition, the model must capture the non-linear characteristics

of the PT tendons with accurate estimates of the pretension forces. It is

recommended that these models be subjected to monotonic rotational push analyses

to determine the moment-rotation characteristics of the segment joints. Cyclic push

analyses are not required, thus the hysteretic rules used for the concrete and PT

members are unimportant. The unbonded length of the PT tendons should be

determined based on 50% of the length obtained from Equation 3-1, because the
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unbonded length will be approximately half of the debond length based on a strain
energy comparison. Since Equation 3-1 was determined based on tests of single
strand tendons, this approach will likely be a lower bound for multi-strand tendons,

thus ensuring lower bound rotation capacities.



CHAPTER 13. FUTURE RESEARCH

Possible avenues for further study are briefly outlined in this chapter.

The research presented herein focused solely on the two dimensional
response of segmental superstructures. It is possible that the transverse
earthquake response may increase the demands on the segment joint and the
PT tendons. Since yielding of the PT and the subsequent loss of prestressing
force can have a significant influence on the serviceability of bridges, the 3D
response of precast segmental superstructure warrants further study.

The detailed analysis presented herein utilized a joint model that was based
on an unbonded length from a 16 strand tendon. Most segmental bridges
utilize larger tendons. The debond length of multi-strand tendons has never
been investigated, and warrants further study, in the form of large scale
testing, to more accurately assess the response of segmental bridge joints.
Long span bridges are susceptible to increased seismic demands caused by
incoherent ground motion. It has been shown that segment joints of precast

segmental bridges are sensitive to coherent vertical ground motion.
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Incoherent ground motion may excite anti-symmetric modes that may

increase segment joint demands and influence the serviceability of the bridge

after a significant seismic event. Thus further research into this effect is

warranted.

This dissertation focused on the response of segmental bridges with bonded

tendons. The use of external unbonded PT tendons may increase the

possibility of reducing the amount of PT required in the superstructure as

unbonded tendons have significantly larger rotation capacity. Thus further

studies into the response of unbonded tendons are warranted.

The vertical earthquake load combinations recommended herein were

determined based on engineering intuition and comfort level and not from a

thorough probabilistic analysis. In addition, the load combinations assumed

that the peak vertical and horizontal earthquake motions did not occur

simultaneously. Therefore, a thorough study of vertical earthquake load

combinations from a probabilistic point of view is warranted.

The scaling of the vertical ground motions utilized the same scale factor for

both the horizontal and vertical components of motion. While this approach
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was used based on recommendations from experts in the engineering

seismologist field, it may not be the most appropriate for structures that are

susceptible to vertical accelerations. The dominant horizontal period for the

segmental bridges considered was very different from the dominant vertical

periods. Scaling records to match the horizontal design spectrum at or near

the dominant horizontal period and using the same vertical and horizontal

scale factors will result in ground motions that represent the vertical design

spectrum only near the period of the dominant horizontal mode. The vertical

response at the period of the vertical modes will likely exhibit significant

scatter and may not accurately match the vertical design spectrum.

Therefore, scaling methods that minimize the scatter in the vertical ground

motions should be developed.



APPENDIX A - SAMPLE ITERATION
PROCEDURE FOR CONVERGENCE
WITH LCA
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Initial Condition
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Figure A-13-1 Initial Top Stresses

Stress (ksi)

0 2000 4000 6000 8000 10000 12000 14000 16000
Distance (in)

Figure A-13-2 Initial Bottom Stresses

Based on the top and bottom stresses and section properties of the

superstructure, segment joints differential axial forces and bending moment are

calculated.
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f;\ m n T m ~
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S 1000 & " 1300000 §
= Ny, =]
= 500 -y + 200000 &
2 0 X( e 100000 =
-500 0
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Figure A-13-3 Initial Differential Axial Forces and Bending Moments
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Iteration #1

Apply differential forces to segment joints. New stresses are obtained.
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Figure A-13-4 Iteration #1 Top Stresses
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Figure A-13-5 Iteration #1 Bottom Stresses
Updated joints differential forces are calculated by adding the differential

forces obtained from the new stresses to the previous differential forces.
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Figure A-13-6 Iteration #1 Differential Axial Forces and Bending Moments

The median change in the force differential is -0.66% => try again.
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Iteration #2

Apply differential forces to segment joints. New stresses are obtained.
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Figure A-13-8 Iteration #2 Bottom Stresses
Updated joints differential forces are calculated by adding the differential

forces obtained from the new stresses to the previous differential forces.
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Figure A-13-9 Iteration #2 Differential Axial Forces and Bending Moments

The median change in the force differential is 0.08% =2 Convergence!



APPENDIX B - EFFECT OF PRE-
EARTHQUAKE STRESS-STATE ON

LIMIT STATE

Table A-13-1 300 Foot Span — Comparison of Limit State for Joint D1/U1 based on EOC and

CS
C1 C2 MT1 MT2
Negative Positive Negative Positive Negative Positive | Negative | Positive
EOC -0.000024 | 0.000017 -0.00026 0.00056 -0.00119 0.00252 -0.00172 | 0.00450
CS -0.000023 | 0.000016 -0.00028 0.00059 -0.00127 0.00252 -0.00188 | 0.00450
CS/EOC 0.94 0.93 1.10 1.05 1.07 1.00 1.09 1.00
All limit states above are in units of Radians
500,000 —
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0 T g’_ﬁ = I T T T T } T T T
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Rotation (rad)

Figure A-13-10 300 Foot Span —Joint D1/U1
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Table A-13-2 300 Foot Span — Comparison of Limit State for Midspan based on EOC and CS

C1 C2 MT1 MT2
Negative Positive Negative Positive Negative Positive Negative | Positive
EOC -0.000031 0.000019 -0.00069 0.00098 -0.00127 0.00147 -0.00216 | 0.00231
CS -0.000027 | 0.000016 -0.00080 0.00110 -0.00125 0.00145 -0.00214 | 0.00228
CS/EOC 0.87 0.82 1.16 1.11 0.99 0.99 0.99 0.99

All limit states above are in units of Radians

1,200,000
1,000,000 1 - E
~ 800,000 -
=
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£ 400,000 1 S
g e
=)
= A @
o MTl |
O M2
-0.002 -0.001 0.000 0.001 0.002 0.003
Rotation (rad)

Figure A-13-11 300 Foot Span — Midspan Joint
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Table A-13-3 525 Foot Span — Comparison of Limit State for Joint W1 based on EOC and CS

Cl1 C2 MT1 MT2 CT1 CT2
Negative | Positive | Negative | Positive | Negative | Positive | Negative | Positive | Negative | Positive | Negative | Positive
EOC -0.000020 | 0.000017 [ -0.00028 | 0.00077 | -0.00096 | 0.00133 [ -0.00123 | 0.00194 | -0.00056 [ 0.00346 | -0.00092 | 0.00553
Cs -0.000019 | 0.000015 [ -0.00030 | 0.00107 | -0.00091 | 0.00130 | -0.00118 | 0.00190 | -0.00055 [ 0.00332 | -0.00091 | 0.00541
CS/EOC 0.93 0.89 1.07 1.39 0.95 0.97 0.96 0.98 0.98 0.96 1.00 0.98
All limit states above are in units of Radians
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Figure A-13-12 525 Foot Span —Joint W1
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Table A-13-4 525 Foot Span — Comparison of Limit State for Midspan based on EOC and CS

Cl1 C2 MT1 MT2 CT1 CT2
Negative | Positive | Negative | Positive | Negative | Positive | Negative | Positive | Negative | Positive | Negative | Positive
EOC [ -0.000034 | 0.000014 | -0.00022 [ 0.00856 | -0.00100 | 0.00040 [ -0.00154 | 0.00060 | -0.00924 [ 0.00084 | -0.01253 | 0.00118
CS -0.000029 [ 0.000013 | -0.00032 | 0.01495 [ -0.00097 | 0.00041 | -0.00147 | 0.00055 | -0.00883 | 0.00083 [ -0.01210 | 0.00116
CS/EOC 0.86 0.93 1.43 1.75 0.97 1.03 0.96 0.92 0.96 0.99 0.97 0.99
All limit states above are in units of Radians
8,000,000
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— FOC
~ 6,000,000
= o
o
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-
2 4,000,000 O MIl 1
-
- X CI1
s O MI2
£ 2,000,000 X CIo -
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Figure A-13-13 525 Foot Span — Midspan Joint



APPENDIX C - RECORD SCALING DATA
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Figure A-13-14 300 Foot Span — Influence of Record Scaling on Positive Joint Rotations
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Figure A-13-15 300 Foot Span — Influence of Record Scaling on Negative Joint Rotations
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Figure A-13-16 300 Foot Span — Influence of Record Scaling on Residual Joint Rotations
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Figure A-13-17 300 Foot Span — Influence of Record Scaling on Pier Longitudinal Drift Ratios
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Figure A-13-18 300 Foot Span — Influence of Record Scaling on Pier Residual Drift Ratios
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Figure A-13-19 525 Foot Span — Influence of Record Scaling on Positive Joint Rotations

b) Coefficient of Variation
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Figure A-13-20 525Foot Span — Influence of Record Scaling on Negative Joint Rotations
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Figure A-13-21 525Foot Span — Influence of Record Scaling on Residual Joint Rotations
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Figure A-13-22 525Foot Span — Influence of Record Scaling on Pier Longitudinal Drift Ratios
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Figure A-13-23 525Foot Span — Influence of Record Scaling on Pier Residual Drift Ratios



APPENDIX D - JOINT ROTATION DATA

Legend

Red Square =» Median

Pink Diamond = 16"/84™ percentile

Gray Dots =» Rotation from one earthquake

T=2 =» Ground motions scaled to natural period of 2 seconds

Range =» Ground motions scaled to period range

L only = Longitudinal ground motion only

L+V =>» Longitudinal and vertical ground motions

-CS =>» see Section 6.2.5.2
CS = see Section 6.2.5.2
2CS =» see Section 6.2.5.2
EOC =» see Section 6.2.5.2
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Figure A-13-24 300 Foot Span - Joint D1/U1 Rotations
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Figure A-13-25 300 Foot Span - Joint D2/U2 Rotations
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Figure A-13-26 300 Foot Span - Joint D3/U3 Rotations
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Figure A-13-27 300 Foot Span - Joint D13/U13 Rotations
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Figure A-13-28 300 Foot Span - Joint D14/U14 Rotations
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Figure A-13-29 300 Foot Span - Midspan Rotations
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Figure A-13-30 525 Foot Span — Joint W1 Rotations
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Figure A-13-31 525 Foot Span — Joint W2 Rotations
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Figure A-13-32 525 Foot Span — Joint W3 Rotations
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Figure A-13-33 525 Foot Span — Joint W8 Rotations
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Figure A-13-36 SFOBB Deck Reinforcement and PT
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Figure A-13-38 SFOBB - Segment Storage
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Figure A-13-39 SFOBB - Segment Lifting Operation
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Figure A-13-40 SFOBB - Pier Table

Figure A-13-41 SFOBB - Looking West
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Figure A-13-42 SFOBB - Typical Pier
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Figure A-13-43 Otay River Bridge - Segment Forms (Courtesy of International Bridge

Technologies)

Technologies)
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Figure A-13-45 Otay River Bridge - Transport of Segment (Courtesy of International Bridge

Technologies)

Figure A-13-46 Otay River Bridge - CIP Pier Table (Courtesy of International Bridge

Technologies)
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Figure A-13-48 Otay River Bridge - Segment Installation (Courtesy of Parsons)



332

Figure A-13-49 Otay River Bridge - Segment Installation (Courtesy of International Bridge

Technologies)

Figure A-13-50 Otay River Bridge - Application of Epoxy to the Segment Joints (Courtesy of

International Bridge Technologies)
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Figure A-13-52 Otay River Bridge (Courtesy of International Bridge Technologies)
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Figure A-13-53 Otay River Bridge (Courtesy of International Bridge Technologies)
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Figure A-13-54 Personal Advisory Committee
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Figure A-13-55 The Family Consigliore
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