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ABSTRACT
OPTIMAL DESIGN AND PERFORMANCE OF LONGITUDINALLY SPLICE
PRECAST/PRESTRESSED CONCRETE BRIDGES
By
Pimpida Surakomol

Design of spliced precast/prestressed concrete girder bridges through continuous
post-tensioning has gained renewed interest; however, information, as well as design and
analysis tools, to assess the feasibility of these systems during the preliminary design
phase are limited. In this study, nonlinear structural optimization analyses were
integrated with sequential time-dependent design and analysis procedures, to evaluate
the performance of single- and two-span continuous spliced precast/prestressed girder
bridges was studied and aids for their preliminary design. Common construction
methods were investigated to asses their effect on system efficiency and achievable span
lengths. Component and system optimization procedures were coupled and used as a tool
to develop optimal girder shapes for negative, or pier, segments on two-span continuous
systems. Optimal design solutions for pre- and post-tensioned strands and their locations
along the span, and maximum span lengths, were obtained and presented in the form of
design charts. The solutions satisfied a common objective of minimum construction cost
or a set multicriteria objective functions that yielded compromise solutions for different
single objective functions. Studies provided a better understanding of the issues and
parameters in this bridge design type and the developed design aids can be a great asset

to expedite their design potentially resulting in its wider use by transportation agencies.
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1 Introduction

1.1 Overview

A spliced precast prestressed girder bridge is defined as a type of superstructure in
which separate precast concrete beam-type elements are longitudinally joined, typically
using post-tensioning, to a continuous girder. Among the reasons to use spliced girders
are the reduction of substructure units due to increased span lengths, reduction of girder
units due to increased girder spacing, and functionality and aesthetic improvements by
reducing superstructure depth.

Spliced girder bridges have a proven track record, with more than 250 spliced girder
bridges having been constructed in the US, some of them dating back as early as 1952
(Castrodale and White 2004). In spite of their past and continued use, the application of
this technique is not widespread. A significant reason for limited utilization of spliced
girders is the ambiguity in their design and analysis, rooted in the consideration of
various issues with which the designer of conventional precast prestressed concrete
girders is typically not familiar. In addition, the information available in the literature
regarding the design, analysis and construction of spliced girder bridges is limited, as the
experience, information, and methods used on these projects have tended to be job-
specific, and the knowledge gained has not been made widely available for use on
similar projects (Castrodale and White 2004). A recently completed NCHRP research
program on extending the span of bridges using precast prestressed concrete girders

(Castrodale and White 2004) will certainly improve the state of knowledge on the design



of spliced girder bridges, as the effort has successfully led to recommendations on LRFD
design procedures, standard details, and design examples.

While the design requirements for spliced girder bridges are not significantly
different from conventional prestressed concrete design, the analysis procedure must
take additional considerations. Among the most relevant are staged construction,
multiple stressing stages, and combined pre-tensioning and post-tensioning. Thus, the
design of spliced girder bridges involves greater complexity than is required for
conventional precast/prestressed concrete girder designs. The design is generally
executed using a computer program or a series of spreadsheets. Unfortunately, design
guides, aides, and examples of spliced girder bridges to help designers are not readily
available or address only limited portions of the design (Castrodale and White 2004).

The design of spliced girder bridges depends on several parameters that significantly
influence performance and cost. The most relevant are time dependent effects, splicing
locations, construction sequences, girder segment geometries, number of beams, and
number or profiles of pre-tensioned and post-tensioned reinforcement. Normally most
design variables are determined based on the designer’s judgment and on a trial and
error processes. Consequently there is no guarantee of obtaining the most efficient
and/or economical design, which requires more time and effort to explore, and which
typical projects cannot afford.

Since design of spliced girder bridges involves a number of design considerations,
the use of mathematical optimization methods can provide a systematic approach to
arrive at appropriate design solutions. Computational optimization techniques (Arora

2004) can thus be used as a tool to develop the configuration and sectional optimization



of spliced girder bridges and serve as a guide to produce design aids. Design aids can
depict the relations between girder shape, girder spacing, pre-tensioning and post-
tensioning requirements, splicing locations, pier segment geometries, initial and final
concrete compressive strengths, and tendon profiles. Bridge engineers would find
benefits in design charts and tables, which are based on optimal solutions that will help
expedite the design process. As a result the system can be more widely used by state

highway agencies and bridge consulting firms.

1.2 Precast Prestressed Concrete Bridge Construction

Precast Prestressed concrete bridges have become the preferred type of bridge
construction; approximately 46% of today’s bridges are of this type, primarily for
reasons of economy, savings in life-cycle costs and their fast construction (Tanase et al.
2002). In spite of this appeal, precast bridge construction has been mostly limited to
simply supported spans primarily due to the ease of construction.

This approach, however, is not in alignment with current design trends toward
continuous systems to allow for greater span lengths, eliminate deck joints, and reduce
intermediate piers for safety and cost. The use of precast prestressed concrete bridge for
longer spans, for instance, greater than approximately 46 meters (150 feet), has been
limited due primarily to transportation constraints. Consequently, for medium span
bridges, steel plate girders are typically the favored solution, although they have the
drawback of higher material, construction, and maintenance costs. In order to overcome
these drawbacks and to have an alternative to compete with steel superstructures,
methods to achieve continuity with precast prestressed girders have become of great

interest to increase the spanning capabilities of precast concrete bridges.



Several methods have been proposed to achieve the continuity of precast
prestressed girders (Anderson 1973, Tadros et al. 1993 and Tadros et al. 1995). The most
common are the use of mild steel reinforcement in the deck, the splicing of prestressing
strands, and the use of longitudinal posttensioning (Anderson 1973). Of these methods,
splicing of girder segments through post-tensioning, commonly referred to as
longitudinal girder splicing, appears to have the greatest potential for extending span

ranges for precast prestressed concrete girder bridges (Castrodale and White 2004).

1.3 Extending the Span Ranges of Precast Bridges

Design options for extending the span lengths of conventional precast/prestressed
concrete girder bridges can be divided into groups which include material related
methods; design enhancement methods; the post-tensioning method; and spliced girder
construction.

Many options related to the enhancement of material properties have been used for
extending span length. Using lightweight concrete by reducing the density of girder and
deck concrete has been widely used to reduce the weight of concrete bridges for design
purposes as well as to minimize transportation limits. Bridge decks constructed with
lightweight concrete have been found to have equal or better durability than normal
weight concrete deck (Castrodale and White 2004). However when using lightweight
concrete girders, the increased prestress losses and the reduced modulus of elasticity
must be considered. The use of high strength concrete can also be used to extend span
length and the wdrkability of concrete. It may not directly affect the increase of span
length, but it does increase the allowable stress limits. This option has an increased cost

compared to the use of standard strength concrete. The increase in strand size can also




help increase the span length of precast/prestressed concrete girder bridges. The 42%
increase in strand area from 12.7 mm (0.5 in.) diameter to 15.24 mm (0.6 in.) diameter
strand can significantly increase the achievable maximum span length for bridge girders,
especially when use in conjunction with high strength concrete girder (Castrodale and
White 2004).

Enhancement of design parameters or procedures can also increase the span length
of bridges. Modified standard girder sections are used very often since it is less
expensive than proposed new beam sections, however, the designer should confer with
the local producer before proposing modification to standard forms. Modified girder
sections will increase the girder sectional properties. If the side forms for the standard
girders can be adjusted, all horizontal dimension changes can be easily achieved.
Besides increasing girder properties, the increase in top and bottom flange depth allows
an additional row of pre-tension strands or post-tensioning to be placed in the flanges.
These modifications are considered as economical methods since existing forms are
utilized to modify sections with minimum effort and cost. This girder modification will
help increase the section capacity dramatically and should be considered as a first
alternative to extend the span length before proposing a new girder section.

In recent years, several new girder cross-sections have been developed and used
since they have been shown to be more efficient than standard girders for project
specific needs. However, this option should be used only if many girders and many
similar projects are anticipated to use the new girder types. Otherwise formwork costs
are relative high and the producer may be reluctant to bid the job competitively.

Furthermore, design of continuous live loads on the girder and use of temporary supports




to shore the girders during deck placement can also help gain additional span lengths for
prestressed concrete bridges. Moreover, the LRFD specifications (AASHTO LRFD
2003) allow designers to use refined methods to compute live load distributions for
girder designs, which can lead to reduced live load demands and as a result an increase
in girder span length.

Utilizing post-tensioning in precast prestressed concrete girder bridges is the most
efficient way to increase the span length beyond conventional simple spans. However,
the design and construction of post-tensioned girders is more complicated and the design
and construction cost is higher. Post-tensioning can be done for a single girder
component or to longitudinally splice several girders. Post-tensioning is typically applied
to final girder cross-section (i.e., girder plus deck) where the composite section is
already achieved; therefore it is more efficient than conventional prestressed concrete

£irders where pre-tensioning is applied to the noncomposite girder section.

The combination of post-tensioning and pre-tensioning for the splicing of precast

Zirders can lead to spans that are much longer than typical simply-supported prestressed
<oncrete girders. With the use of combined pre-tensioning and post-tensioning, girder
Sections have become longer, heavier, and deeper. Consequently, their length and weight
IMnay exceed the allowable limits for shipment and/or erection. In order to overcome
thuese drawbacks and to have an alternative to compete with steel superstructures,
M ethods to achieve continuity by making smaller precast prestressed girders continuous
t1'll‘ough post-tensioning have become of great interest to increase the spanning
Capabilities of this bridge system. Thus, this method allows for longer spans and has

Tecently gained the most attention.




1.4 Spliced Precast Prestressed Girder Bridges

Longitudinally spliced precast prestressed girder bridges (SGB) have been built
since 1960. However, they are not commonly used because of limited experience,
limited information since most projects are job-specific (Castrodale and White 2004),
the added complexity in their design and analysis, and the relatively fewer available
design guidelines.

Nowadays, spliced girder bridges are primarily used only for specific projects
where the custom beam sections were used to substitute long-span structural steel
bridges due to the construction schedule, maintenance, and fabrication cost issues of
concern during the design process.

The solution of longitudinally splicing girders can be applied for single- and
multi-span bridges. Standard sections used for simply supported bridges are used for
section lengths under positive moment. These segments are thus typically called positive

or field segments. Pier or negative segments normally consist of custom-designed
s ections for segments over intermediate supports used for continuous bridge solutions.
““Drop-in” segments are usually used in long continuous spans located between the pier
S<gment and field segment (Figure 1-1). Multi-span bridges typically consist of “pier”

anda “field” segments, while single-span systems consist of field segments only.
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Figure 1-1 Components of spliced precast/prestressed concrete girder bridge Systems

All standard precast/prestressed concrete girders currently available in the market
are developed for use in simple span bridges. In general, continuous systems lead to
higher negative moment demands than simple spans. While peak moments can be
reduced by varying the pier spacing and relative span lengths (Ronald 2001), current
practice used for custom pier segments is to increase the flexural stiffness and strength in
this region by gradually thickening the bottom flange, producing a curved haunch with a
constant sized bottom flange, or using a girder with a variable web depth.
The significant form modification of custom-designed pier segments limits the
“Wide implementation of this concept due to the high cost of girder fabrication. In order
tO make spliced girder bridges more economical in comparison to steel plate girders, the
Uuse of standard precast/prestressed sections for typical pier segments needs to be
dewveloped and optimized to reduce cost. Thus, the development of standardized
haunched girders for pier segments has been identified as a research need by the
Concrete Bridges Committee of the National Cooperative Highway Research Program -

NCHRP 517 (Castrodale and White 2004).



The design of spliced girder bridges was greatly propelled forward by the work
of Tadros et al. (1992) who studied the analysis and design of two-span spliced girder
bridges using prismatic I-beams sections. Later Tadros et al. (1995) studied methods to
create continuity in precast girder bridges by using high strength threaded-rod splicing
and pretensioned strand splicing. Holombo et al. (2000) studied the performance of
precast prestressed spliced girder bridges under seismic loads and provided guidelines to

detail reinforcement at piers, bentcap, and joints; as well as discussing design aspects
relating their seismic analysis. Roland (2001) evaluated key aspects on the design and
construction of post-tensioned bulb-tee girder bridges and provided specific
recommendations for future projects. Among the information provided by Roland are
XX aterial properties for design, creep and shrinkage parameters, allowable stress and
waltimate strength design considerations, etc. In addition, several recent spliced girder
b ridge projects have been published (Caroland et al. 1992, Fitzgeral and Stelmack 1996,
Jaxryssen and Spaans 1994) providing key aspects of their design, analysis and
<O mastruction to convey knowledge on this bridge type from the experience. The state-of-
thhe-art knowledge on spliced girder design and analysis has been recently documented
tl'Tlil‘()ugh an NCHRP study in (Castrodale and White 2004) in NCHRP Report 517. This
TSI>ort summarizes current approaches to increasing the spanning capabilities of
P X estressed concrete girders and identifies longitudinal splicing through post-tensioning
AS  the most effective method. In addition, the work identified load-and-resistance-factor-

CIesign procedures for spliced girder bridges, including standard details and design

> amples.



The analysis and design tools currently available for spliced girder bridges are
limited. Most design work on these systems is made through custom spreadsheets or use
of the CONSPLICE software (LEAP 2004). The design of spliced girder bridges
depends on several design variables (e.g., time dependent effects, prestress locations and
requirements, beam spacing, etc.) that significantly influence performance and cost.
Normally, most design variables are determined based on the designer’s judgment

through a trial and error process. This approach requires considerable time and effort to
explore solutions and establish an understanding of the system parameters; something
that typical projects in a preliminary design phase cannot afford.
In spite of the design knowledge and analysis tools available for spliced girder
b ridges, no design aids that can expedite the design process are available.
Ixxaplementation of mathematical optimization algorithms can eliminate trial-and-error
design procedures and thus lead to the design of more efficient systems. Optimization
techiniques have been used effectively to develop design aids charts and design tables for
determining section dimensions and prestress requirements. Bridge engineers would find
B enefits in design charts and tables that are based on optimal solutions, to expedite the
design process. As a result spliced girder bridges can be more widely used by state
hi £ hway agencies and bridge consulting firms.
Technical research committees have also identified the need to develop standard
S<€ grments that can be used efficiently in the negative moment area of spliced post-
tensioned bridges in order to cost-effectively increase the span range for

P ecast/prestressed girder bridges. Thus, the current challenge for the industrialization of
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post-tensioned SGB is the development of analysis, design, and construction procedures

that make use of standard precast girder shapes for pier and field segments.

1.5 Structural Optimization of Civil Infrastructure

Mathematical optimization algorithms can be implemented in order to make a
system more efficient and to eliminate the trial and error design procedures. These
methods can result in significant cost savings, performance improvements and ease of

design by providing guidance and insight into optimal solutions.

Bridge systems may be associated with three levels of optimization: (1)

<o mponents, (2) transverse and longitudinal configurations, and (3) structural systems.
< omponent optimization design variables consist of cross-section dimensions of the
Zixders, slab, and diaphragms, and details for the prestressed and nonprestressed
Teinforcements. Configuration optimization design variables deal with the number of
Eixders (or girder spacing), number of spans, position of intermediate supports, and
S\ apyport conditions (simple span, continuous span, or frame). System optimization
<O masists in exploring different bridge superstructure solutions such as slab on precast

EZRA xders, cell box girder, steel girder, etc.

In general, component optimization deals with the study of optimal dimensioning
Axd section sizing of beams. Component optimization for prestressed concrete girders
hasbeen broadly studied through several efforts sponsored by state highway agencies for

cleVeloping standard positive sections in addition to the AASHTO standard sections.

The use of structural optimization for spliced girder bridge design is limited.

C omponent optimization studies for SGB have been done for prismatic I-Beam sections
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for medium span lengths as follows. Lounis et al. (1997) investigated the feasibility of
using existing I-beam sections (e.g., AASHTO-PCI standard girders, AASHTO-PCI
Bulb-Tee girders, Florida DOT standard bulb-tee girders, Nebraska university standard
girders, and Canadian prestressed concrete institute standard girders) for both pre-
tensioned and post-tensioned construction. The results showed that no single standard
section set can be considered to be optimal for all structural systems, therefore, a new set
of I-beam sections were proposed based on the optimal analyses for use in both positive
and negative segments in two equal continuous span arrangements.
In the studies by Lounis et al. (1997), only one construction sequence was
irxvestigated which is a single-staged post-tensioned applied after deck pouring. In
ad dition, the splice location was fixed. These conditions may not yield optimal system
results. For example, the positive and negative segment lengths were fixed, which
<O mnsequently restricts other possible variables such as the number and layout for the pre-
temnsioning and post-tensioning reinforcement. Also, the girder sections were considered
T  be prismatic along the span without any modification to the pier segment. Finally,
©Oxaly one post-tensioning stage was investigated, which may not be an efficient
<O astruction process.
Configuration optimization includes the effect of number of spans, pier locations,
X aamber of girders, pre-tensioning and post-tensioning requirements, and beam spacing,
In addition, configuration optimization can also include the substructure. Since the
T ammber of supports is commonly reduced for SGB, the total cost of the system

C O mnstruction will also be reduced.
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The only studies to date on configuration optimization on spliced girder bridges have
been done for simple spans using I-beam sections. This type of study has been done only
for 1.8 meter (72”) deep I-beams, which are the most widely used precast sections
throughout the country. These precast sections included the Ohio modified 1.8 meter
(72”), the New England BT1800, the AASHTO Type VI, The PCI BT 72”, and the
Caltrans BT 1850. The purpose of this study was to obtain the maximum span length of

three equal segments spliced into a simple span bridge system (Collett and Saliba 2002).
In these studies, prestressed I-beams were analyzed using a custom spreadsheet and
using the program CONSPLICE PT (LEAP 2004) to analyze the post-tensioning
Prrocess. This study was useful in providing quantifiable limits on the performance
achieved by post-tensioning and splicing for standard 1.8 meter (72”) beams used in
S tates. However, the results from this studied were based on trial and error on a custom
S P>readsheet, therefore no guarantee of obtaining the optimal solutions. In addition, the
T aximum achievable span length, which is the purpose of this study, was determined by
T3 >cing the splice locations which may not yield the optimal maximum achievable span
lengh

In spite of the analysis and design optimization work noted above, at this time there

AXe no available design aids to determine the pre- and post- tensioning requirements for
S 1iced girder bridges or ways to determine the effective configuration of girders and
S>3 stem. The use of optimization techniques can thus be used as a tool for the
de\/elopment of these design aids. Design aids can simplify the analysis and design of
SDiced girder bridges by providing guidance on variable sensitivity and reduce effort in

the design process. The availability of design aids for spliced girder bridges can be a
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great asset to bridge engineers to expedite the design process of this bridge system as an

alternative during the preliminary design phase.

1.6 Objective and scope of dissertation

The research objective pursued in this study was to understand performance of
spliced precast/prestressed concrete girder bridges (SGB) to improve their design by
means of single and multi-criteria optimization through the use of standard or new

optimal pier segments with optimal construction sequence including the time-dependent
efFects.

The research approaches used in this study can be summarized into four main parts

a s represented in the following flowchart.

Research
| Approach

1. Design and 2. Optimization and| | 3. Verification | | 4. Design Aids
L\l\nalysis of SGB Sensitivity Studies
= Construction I l
Qquence Methods Component System
I
X ime-Dependent l l
L Effects Single-Objective Multi-Objective

Figure 1-2 Summary of research approaches
The detail scope of and approach to the conducted research was as follows:

1 Investigation of design and analysis of optimal construction procedures to maximize

< Tfficiency in single- and multi-span structures.

14



Design and analysis of spliced girder bridge were investigated to study on
different construction methods to obtain optimal solutions. The three most commonly
used construction methods for SGB were considered in the studies. These construction
methods were single-stage post-tensioning after deck pouring, single-stage post-
tensioning before deck pouring, and multi-staged post-tensioning. The main difference
between these construction methods was the sequence of post-tensioning required to
achieve system continuity.

The optimal construction was also used to determine the maximum achievable

span length of single- and multi-span spliced girder bridge to investigate the viability of
xeplacing typical existing multi-span highway bridges with spliced girder bridges. Our
XEZOal is to replace existing two-span highway bridges (Figure 1-3) with the single-span

S pliced girder bridges (Figure 1-4) to eliminate the intermediate pier.

Span length between 32.3 m (106 ft) — 54.25 m (178 ft) R

Pre-tensioned Strands
L

Figure 1-3 Typical existing 2-span highway bridge
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Span length between 37.5 m (123 ft) - 64.0 m (210 ft)

Post-tensioned
Strands

Pre-tensioned Strands

Figure 1-4 Single-span spliced girder bridge

The elimination of substructure unit could reduce the construction cost
«<dramatically especially for the multi-span bridges since their intermediate piers can be
T emoved. Consequently, our objective is to study the viability of replacing existing
T3 pical existing three to four-span highway bridges (Figure 1-5) with the two-span

<ontinuous spliced girder bridges (Figure 1-6).

Span length between 54.9 m (180 ft) — 85.34 m (280 ft) 2

Pre-tensioned
Strands

Figure 1-5 Typical existing 4-span highway bridge



| Span length between 60.9 m (200 ft) — 109.7 m (360 ft)

|

Figure 1-6 Two-span continuous spliced girder bridge

2) Investigation of time-dependent effects on spliced precast/prestressed girder bridge
systems.
The objective was to investigate and compare time-dependent prestress losses on
S pliced girder bridges using the currently recommended code models. The simplified
Xxaethod from the AASHTO-LRFD specifications (AASHTO 2003) and the age-adjusted
< oncrete modulus approach of the CEB-FIP 90 recommendations (CEB-FIP 1990) were
<hosen and compared in this study.
In order to determine the best method to describe the actual behavior of time-
<Aependent losses in SGB, time-dependent effects were integrated in the finite element
Analyses. Time-dependent losses were considered and checked at each critical

Construction stage.

3) Implementation of optimization approach and sensitivity approach for spliced

precast/prestressed girder bridges.

The objective is to use structural optimization to evaluate the goodness of a

design, to study the sensitivity of different variables, to understand the system better, to



obtain the maximum achievable span length, and to study efficiency of different girders
for SGB.

Component optimization approach is used to determine the optimal dimensioning or
sizing of girders and configuration/system optimization is used to determine the best or
more efficient splice location, girder spacing, pre-tensioning and post-tensioning
requirements and profiles.

4) Development of an optimal standard negative section over intermediate piers.
The main goal of this task was to investigate the best method to obtain a standard
megative segment for system cost efficiency. New standard negative sections used for
xrulti-span bridges were developed based on an integrated component and configuration
<O ptimization approach that allowed obtaining the most efficient section. Section
<O ptimization processes were performed to obtain the dimensions of negative sections and
~ere coupled with the configuration optimization in order to obtain the best geometry
S o©lution for a given span length with the most efficient beam at the pier location.
Four methods to increase the section depth over the pier section were considered,
Taamely (1) the use of existing standard positive sections with an additional concrete
Block (soffit) attached to the underside of the beam; (2) new optimal non-prismatic
megative section with variable web; (3) new optimal non-prismatic negative section with
variable soffit and constant web; and (4) new optimal prismatic section used over
positive and negative moment regions.
5) Development of a single- and multi-objective optimization approach for spliced

precast/prestressed girder bridges.
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The bridge geometry, beam section dimensions, and material properties with
different construction sequences were selected as parameters for component and
configuration optimization of SGB. Different objective functions, such as minimum
construction cost, minimum post-tensioning, minimum concrete volume, and minimum
pre-tensioning were considered and compared through a single-objective optimization
formulation to obtain the best optimal solutions. Multicriteria optimization methods
combined all the single-objective functions as a main objective group such as economy,
safety, and geometric requirements and results were based on multi-objective
©ptimization approaches.

Time-dependent effects were part of the optimization process. Therefore, the
©O ptimized solution obtained for the SGB system included both short and long-term
< ffects. Construction sequences are not considered as a design variable in the
<O ptimization. Rather, the results from the multi-objective optimization processes for
<ach construction sequence were compared. Thus, each construction method was
Aumalyzed separately. This follows from the fact that realistic and/or practical construction
Irocedures will depend on the contractor’s preference.

) Investigation of the life-cycle-cost of spliced precast prestressed concrete bridge
structures affected by chloride ingression.

The aim here was to investigate the durability and life-cycle cost of spliced girder
bridges under chloride attack, and describe the importance of considering durability at
the design stage. Parametric studies to increase the concrete clear cover of the precast
prestressed concrete girder were used to evaluate the service life of the structure.

Strength requirements and durability were simultaneously considered during the design
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process. Thus a compromise between the strength and serviceability requirements versus

the life-cycle-cost of spliced girder bridges was achieved.

7) Verification of optimal results obtained from the optimization studies
The objective was to verify obtained optimal results from the optimization
process compared with the results of a documented design in NCHRP 517 Report and
published journal papers. This result verification is used to proof that optimal solutions
are acceptable and can be used to develop design aids for the preliminary design of
spliced girder bridges.
&) Development of design aids for the preliminary design of spliced girder bridges.
The objective was to use optimal results from the above-mentioned analyses to
<reate simplified design aids for the preliminary design of single-span and two-span
<ontinuous spliced precast/prestressed girder bridges. The design aids are in the form of

Table and graphs that indicate the best parameter values for minimum construction cost.

"X he organization and outline of the dissertation is as follows:

Chapter 1 provides an introduction to precast/prestressed concrete bridge
<onstruction and spliced precast/prestressed concrete girder bridges (SGB). Current
Application of structural optimization in precast/prestressed concrete and SGB are briefly
reviewed. Outstanding research needs and the motivation behind this work are
discussed, and followed by the research scope and approach.

Chapter 2 presents the design and analysis approaches for spliced precast/prestressed

concrete bridges. The major design criteria used for the analysis and construction
sequence of SGB are briefly presented. The approaches and models currently

recommended for time-dependent prestress losses as well as the identification of critical
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construction stages are reviewed. The available standard section and non-standard
section are evaluated for use in SGB construction. Finally, the analysis of durability in
combination with the life-cycle cost of spliced prestressed girder bridge structures
attacked by chloride is presented.

Chapter 3 reviews the optimization approaches used for single- and multi-objective

optimization of SGB. An overview of the mathematical algorithms used for solving
constrained optimization problems is presented. The weighted objective approach and ¢-
constraint method for solving multi-objective optimization problems are reviewed. The
concept of generating the pareto optimum set as well as compromise programming to
s elect the best solution in multi-objective problems are presented. Descriptions of single-
and multi-objective functions are discussed in general. Lastly, the implementation of the
©O ptimization process for SGB in this study is briefly discussed.

Chapter 4 describes the optimal system design of single-span SGB. The optimization
>roblem formulation for different construction sequence methods of SGB for single- and
Tmulti-objective optimization are demonstrated to obtain optimal solutions for maximum

Achievable span lengths. Parametric studies on material unit weights of the concrete deck
and concrete girder are investigated to determine their influence in increasing span
length. The durability of SGB due to the chloride ingress is evaluated in terms of
concrete cover and then used to determine the service life and life-cycle-cost of the
bridge system.

Chapter 5 focuses on the investigation of optimal system designs for two-span

continuous SGB. Component optimization formulation for new pier segments are

implemented and evaluated to obtain a new pier/negative segment for overall cost
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efficiency. Optimal pier segments are used in single- and multi-objective optimization
problems to obtain optimal solutions for maximum achievable span lengths. Sensitivity
analyses on material unit weight of the concrete deck and concrete girder were
investigated to determine the best method to increase span length.

Chapter 6 presents the development of aids for the preliminary design of spliced
girder bridges consisting of documented design examples and design charts. Design aids
were developed by using the nonlinear structural optimization analyses implemented in a
custom automated program written in Matlab (Mathworks 2004). Both single- and multi-
oObjective optimization formulations were used to obtain the optimized solutions. Design

and construction limit state requirements were used as constraints in the optimization

prrocesses.

Chapter 7 summarizes and concludes the current research efforts for the single- and
xxulti-objective optimization for spliced girder bridges and provides recommendations

fTor future research.
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2 Design and Analysis of Spliced Precast/Prestressed

Girder Bridges

2.1 Introduction

Design of longitudinally spliced precast/prestressed concrete girder bridges through
continuous post-tensioning, or spliced girder bridges (SGB), has gained renewed interest
since their spanning range can exceed 48.77 m (160 ft) and are more efficient and cost-
effective than steel plate-girder designs. Additionally, using SGB can reduce total

Poroject cost due to substructure reduction, fewer number of girders, and increased safety
By elimination of shoulder piers and minimization of superstructure depth.

Spliced girder bridges have been constructed in the US since 1952 (Castrodale and
“\White 2004), however their use are very limited and not common. A significant reason
Tor their limited use is the ambiguity in their design and analysis, additional issues with
~which the designer of conventional precast/prestressed concrete girders is typically not

Kamiliar. In addition, the information available in the literature regarding their design,
analysis and construction is limited; as the experience, information, and methods used on
these projects have tended to be job-specific and the knowledge gained has not been
made widely available for use on similar projects (Castrodale and White 2004).

This chapter presents an overview on the design and analysis approaches for spliced
precast/prestressed concrete bridges. The major design criteria used in structural
analyses and construction sequence methods of SGB are briefly presented. Issues related

to equivalent post-tensioning loading, time-dependent losses and construction sequence
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methods are reviewed. Lastly, durability issues in combination with the life-cycle cost of

spliced prestressed girder bridge structures attacked by chloride are presented.

2.2 Spliced Precast Prestressed Girder Bridge Systems

Girder splicing is a method in which more than one pre-tensioned precast
concrete segment is longitudinally spliced to produce span lengths greater than the girder
segments. Each segment is connected by full-length post-tensioning. The series of
girders are temporarily simply supported between the piers and the abutments and

connection, or splicing, is achieved in the field.

The splicing solution can be applied for single-span and multi-span bridges.
Typical standard sections used for simply supported bridges are used for section lengths
under positive moment. These segments are thus called “positive” or “field” segments. A
single-span spliced-girder bridge (SSSGB) system is normally composed of three
conventional positive girder segments as shown in Figure 2-1, where the end girder

segments may have different lengths depending on the splicing location.

CL Abutment
CL Abutment Total Span Length
End Span l Midspan | End Span
Splicing Joinfx'\ l /_DGCK
L) I

\1-/— CL Splice
& CL Temp Support

Figure 2-1 Three-segment single-span spliced precast/prestressed girder bridge
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Multi-span continuous spliced girder bridges (CSGB) consists of positive/field
segments and “negative” or “pier” segments. Negative segments can be either prismatic
segment as shown in Figure 2-2 or nonprismatic segment as shown in Figure 2-3. A two-
span CSGB system is normally consisted of custom-designed sections used for
continuous bridge solutions for segments over intermediate supports. The nonprismatic
segment has a deeper section over the pier location and is tapered down to match the

positive standard section at the splice location.

CL Abutment Total Span Length (L) CL Abutment
End Span (L) | Midspan “—2) | End Span (L)
Splice joi nfv'_\ L Tler /—Deck
|
I Ul ) [ Prestressed Beoms
A —— N
& Positive segment or \—Prlsmo.hc
(Field Segmnf) Nego*lve Segmnf
or Pier segment
(S H_L, I‘_Ll

Figure 2-2 Two-span spliced precast/prestressed bridge with prismatic pier segment

CL Abutment Total Span Length (L) CL Abutment
End Span (L)) Midspan (L)) I End Span (L))
Splice joi n'rx"\ e lPi er I Deck
F
| U ) lllPrestressed Beams |

Nonprismati ¢
Negative segment
or Pier segment

\—Posiﬂve segment or
(Fiel d segment)

Figure 2-3 Two-span spliced precast/prestressed bridge with nonprismatic pier scgment
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2.3 Girder Cross-Sections

There are several types of standard and newly developed girder cross-sections used
for spliced precast/prestressed girder bridges. Some of them are chosen and set by local
practice or project-specific requirements. Normally the deeper standards girder sections,
i.e., AASHTO type VI, PCI-BT-72, and NEBT 1800, are used in spliced systems since
they can span longer distances than shallow sections. Some states, i.e., Florida,
Washington, and Nebraska, have developed their own sections for job-specific projects

in order to accommodate their span length needs.

2.3.1 Standard sections

Currently, only standard precast/prestressed concrete girders are used under
positive moments in simple spans. While these sections can be utilized in spliced girder
construction, some researchers have developed new standard sections to be used more
efficiently in both positive and negative regions in continuous SGBs. However, there is
no evidence that these new standard sections are being commonly made.

Available standard sections in the market used for SGB include AASHTO I-
girders and PCI-Bulb Tee girders. Normally, standard sections used in SGB should not
be too shallow in order to benefit from the eccentricity effects of post-tensioning
tendons. In addition, the dimension of standard sections may need to be modified to
accommodate post-tensioning ducts (i.e., widening of the web). In spite of the
combination of pre-tensioning and post-tensioning, the sizes of flanges are not

necessarily large. Generally, the bottom flange of the spliced prestressed section is used
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to accommodate the pre-tensioning strands for positive segments, while the top flange is
used to accommodate pre-tensioning strands for negative segments.

Several standard sections have been specifically developed by some states for
their particular design and construction requirements. These sections include the
modified Washington WS2400 girder, the modified Florida bulb-tee PCI-BT 78 and
PCI-BT 96 girders, and trapezoidal box beams. These new standard sections were
developed to increase the span length for job-specific projects.

I-girder and Bulb-Tee girders are used in SGB more often than box beams due to
their lighter weights. Box beams have two webs, thus their sections are very heavy.
Consequently, their span lengths are much shorter than I-girders or PCI Bulb-Tee girders

for the same girder depth.

2.3.2 Non-standard sections

For multi-span spliced girder bridges, additional moment and shear resistances at
interior supports is required. Segments over the interior supports are called negative or
pier segments. These segments can be custom-designed with deep sections using
haunches or can be of constant depth girders to carry the high negative bending moments
and high shear demands.

Use of constant depth girder sections for the entire bridge span length is more
economical. However, when the bottom flange compressive stresses, or web shear
stresses at interior supports are not very high, modified standard girder sections can be
used. Modifications of standard girders include thickening the web at locations of high

moment and shear, using the benefit of end-block sections, or adding an additional slab
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to the bottom flange at interior support locations. These modifications still maintain a
constant section depth.

When design requirements are very high the modifications of the cross-section
usually demand having a deeper section (haunched) over the interior supports
(Castrodale and White 2004). Increase in girder depth at interior supports provides
additional moment and shear capacity that help satisfy the design requirements.
However, these increased depth haunched pier segments might become very heavy for
highway transportation.

The construction cost of a haunched section is higher than that of a standard
girder. Typically, haunched sections have a linear taper due to ease of construction.
Curved, or parabolic, haunches can also be used but they require more intricate
formwork, which can dramatically increase construction cost.

Currently, there are several available options for achieving haunched sections for

I- and Bulb-Tee girders. These options are listed in the following.

a) Haunched section with constant web

Existing standard girder forms can be used with slight modifications on the slope
of the existing bottom flange. The haunched section is accomplished by varying the
bottom soffit flange from the standard bottom flange thickness at the splice location to
its deepest section over the interior support, or pier.

This method allows the fabricator to utilize existing forms as part of the
haunched section, thus fabrication is less complicated than other haunching approaches.
However, the increased height of a haunched bottom flange adds significant weight to

the section and the deep flange thickness may not be attractive.
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b) Haunched section with constant bottom flange

This approach requires using special formwork and the girders are normally
custom fabricated. Web height is varied along the haunched section while the bottom
flange remains of constant depth along the length of the segment. Even though the
bottom flange has a constant depth, it must be large enough to resist the large negative
bending moments over interior supports.

The most attractive feature of this option is the reduced weight of the haunched
segment. This can lead to savings in transportation costs. The girder segment weight is

much lighter since only the web height is varied.

2.4 Splice Location

The location of splices generally depend on site characteristic, maximum limits for
girder shipping weight and segment length, fabrication, erection, and/or structural issues.
When the girders are transported through several states they have to satisfy the shipping
weight and length limits of all states on the route. Some states limit the weight of the
girder not to exceed 587 kN (132 kips), in addition to weight limits of 89 kN (20 kips)
for the axles of trucks (Castrodale and White 2004). In addition to limits on
transportation shipping weight and length, available lifting equipment limits should also
be considered.

Splice locations should not be located near mid-span, but rather towards the end of
the span. Splice locations can yield different maximum achievable span lengths for the
same beam type with different splice locations. Thus, the splice location should be

carefully considered in the design phase.
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2.5 Structural Loads

The analysis and design of post-tensioned spliced girder bridges is very similar to the
analysis and design of segmental bridges. However, it is different from conventional
precast/prestressed concrete girder bridges primarily in terms of its staged construction.
A time-dependent analysis of the spliced girder system is required to properly
accumulate the actions and reactions at each stage of erection. Additional issues that are
required differently from conventional prestressed concrete design are multiple stressing
stages, combined pre-tensioning and post-tensioning, and time-dependent losses. Thus,
the design of spliced girder bridges involves greater complexity than for conventional
precast/prestressed concrete girder designs. Their design is thus generally executed using
computer programs, such as the commercial program CONSPLICE PT (LEAP 2005), or
a series of custom spreadsheets developed by design offices.

The loads in the spliced precast/prestressed girders are a consequence of the
construction stages. Each load case is considered individually and accumulated, and

loads on the structure are thus classified as non-composite loads and composite loads.

2.5.1 Non-composite loads

Non-composite dead loads include the weights of girders, deck, optional stay-in-
place deck forms, and construction loads. Beam spacing has a direct influence on the
deck, haunch, and construction loads. All distributed loads are assumed to be applied
over the effective tributary area for each girder. Girder and haunch loads are taken as

beam line loads. The weight density of normal-weight concrete for girders and deck are

assumed to be 2400 kg/m3 (150 1b/ﬁ3). For sensitivity analyses, light-weight concrete
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was considered, with weight densitics of 1762 kg/m> (110) to 2243 kg/m° (140 Ib/f).

Uniform 50 mm (2-in.) girder/deck matching haunches are assumed over the top flange

width for construction tolerance and variation in road camber. Corrugated metal stay-in-
place deck forming is assumed to be 0.77 kN/m? (16 lb/ﬁz). Construction design loads

were thus resulting from temporary loading during placement of the concrete deck and

taken as 0.96 kN/m? (20 b/ ft?).

2.5.2 Composite loads

Composite dead loads included the weight of the girder splice joint, the weight of
intermediate diaphragms, the removal of temporary supports, the weight of barriers, the
weight of future wearing surface, and vehicular live loads. Composite dead loads were
assumed to be equally distributed to all girders in the superstructure cross-section.

Loads from splice joints and temporary diaphragms are not immediately transferred
to the superstructure during construction since they are supported by temporary supports.
After post-tensioning is applied and the temporary supports are removed, these loads are
applied to the composite beam. These “support loads” are based on the assumption that
the bridge is lifted off the temporary supports after post-tensioning.

For a single-span SGB, the three continuous segments are thus analyzed as a simple
single-span system with two point loads applied at the temporary support locations.
Temporary support reactions include all non-composite dead loads and the splice joint
weight. These are calculated as half of the weight from the end and middle girder

segments.
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For a multi-span continuous SGB, the spliced segments are analyzed as a continuous
system with point loads applied at the temporary support locations. Reactions at the
temporary supports depend on the construction sequence. Secondary reactions due to the
continuous system will be induced at the intermediate pier. Temporary support reactions
include all non-composite dead loads and the splice joint weight. For a two-span
continuous system, these are calculated as half of the weight from the end together with
a quarter of the weight of the middle girder segment.

Design live loads are based on the ASSHTO-LRFD bridge design specifications
(AASHTO 2003). Design live loads are selected from either the design HL-93 truck
loads in combination with the design lane load or the design tandem loads in
combination with a design lane load (ASSHTO 2003). The live load used in the design is
based on the maximum load combination effect. The dynamic allowance impact factor
(IM) is only applied to the design truck as specified in the AASHTO specifications. Live
load demands are based on the load distribution factors for either exterior or interior

beams as given in the AASHTO-LRFD specifications.

2.5.3 Post-tensioning loads

Normally, post-tensioned tendon profiles are arranged in the form of parabolic
curves, therefore their eccentricity (distance measured from the girder neutral axis to the
post-tensioning cable) changes along the span length. To simplify the calculations of the
loads introduced by these curved cables, the forces caused by post-tensioning and their
eccentricity profile along the length can be represented by equivalent loads.

Equivalent loads for prismatic sections are commonly available and defined in

multiple references. However, much less information is available on equivalent loads for
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nonprismatic sections. In the following sections the equivalent loads of post-tensioning
loads on prismatic and nonprismatic sections are outlined for documentation purposes.

a) Single-span girder using a prismatic section

The post-tensioning profile of a single-span girder is defined by a single quadratic
curve (see Figure 2-4) and the resulting load from the post-tensioning cable can be
modeled by the equivalent loads shown in Figure 2-5. Equivalent loads include
horizontal forces, vertical forces, and moments at the external supports; and uniformly
distributed transverse forces along the tendon profile. The uniformly distributed

transverse forces are generated by the curvature in the tendon profile.
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Figure 2-4 Post-tensioned profile of single-span using prismatic section
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Figure 2-5 Equivalent loads and fixed end moments of single-span using prismatic
section

Uniform loads w; represent transverse forces that occur along the span as shown

in Figure 2-5. The distance measured from the neutral axis to the lowest point of tendon
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profile is defined as d. The angle between the horizontal reference line and the post-
tensioning strand location at x = 0 is defined as 6. The magnitude of the equivalent
uniform load due to the post-tensioning cable curvature is given by:

Wy = &(“’2‘_@, @-1)
L

b) Two-span continuous girder system using a prismatic section
The two-span continuous spliced girder system dealt with in this dissertation is
composed of two continuous spans and is assumed to be symmetry about the center of
the pier. Therefore only one half of the system is dealt with herein. The symmetric
profile of a post-tensioned tendon along three prismatic continuous girders in the two-
span system is assumed to be made of three different quadratic curves as shown in
Figure 2-6. The first curve (Curve 1) is measured from the end span to a distance al.
The second curve (Curve 2) is defined between the location at al, measured from the
endspan, and the location at «;L, measured from the center of the pier. The third curve
(Curve 3) is defined along the segment a distance a,;L from the pier to pier location
itself. Assuming quadratic parabolic curves for all parts, the eccentricities of post-
tensioning strands are used to define the locations of the quadratic curves. The
eccentricity at X = 0 is defined as e(X = 0) = feps. The eccentricity at X = al is defined
as e(X = al) = Biepp. The eccentricity at X = L is defined as e(X = L) = epg. The
terminology used for the post-tensioning parabolic curve profiles is illustrated in Figure

2-6.
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Figure 2-6 Post-tensioned profile of two-continuous span using prismatic section

The equivalent distributed loads and fixed-end moments of the post-tensioning
profile of a two-span continuous system using a prismatic beam is illustrated in Figure
2-7. Three uniform transverse loads (w;, w; and w;) represent the pressure from the
quadratic tendon profile on the symmetric portion of the two-span girder system. The
angle between the horizontal reference line and the post-tensioning strands at X = 0 is
defined as 6. This @ angle is used to determine the vertical end force (FSinf ) and

horizontal end force (FCos€ ) due to the post-tensioning forces at the end of the spans,

while the end moments (mg4 and Fp,,p) are determined by multiplying the horizontal

end force with the eccentricity at each of the end spans.
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Figure 2-7 Equivalent loads and fixed end moments of two-continuous span using
prismatic section

The magnitude of the equivalent distributed loads and moments can be shown to
be given by the expression in Equation (2-2) through Equation (2-5) below:

W = 2F(ﬂ“ﬂ1)eOB,

> (2-2)
(al)
2Fe, -
wy = 2OB [ B zﬂl -1, 2-3)
L (1-2a-2a) +a” +2aa) +a;’)
_2Fegp(fr -1 (2-4)
2,2 ’
o L
mpy =—Feppl-fa’ +(1+a+a))? —aj(l-a) - fj(3-3a; +
alz +2a -aa )]0'25 , (2-5)

where F = total post-tensioning force; f = coefficient of eccentricity at the end of the

positive segment; f3; = coefficient of eccentricity at the mid-span of the positive
segment; egp = vertical eccentricity at the center of the pier segment; a = coefficient of

horizontal distance from span end to the mid-span of the positive segment; a; =

coefficient of horizontal distance from splicing location to the center of the pier.
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The sign convention for the eccentricity values assumes that they are positive
below the neutral axis. The coefficients of £ and S, are between 0 and -1 while ey is a
negative value. Consequently, the uniform loads w, and w; are oriented upward and w; is
oriented downward (see Figure 2-7). Finally the value of | #, | must be greater than | £ |
to satisfy the requirements for a quadratic curve requirement.

¢) Two-continuous span using nonprismatic section

Pier segments are increased in height for larger negative moment capacity,
consequently a continuous system is typically composed of prismatic positive segments
and non-prismatic negative segments. The profile for the post-tensioning tendon along a
non-prismatic continuous girder is also assumed to be made of three different quadratic
curves on one half of a symmetric structure as shown in Figure 2-8. At the haunched
section the neutral axis is assumed to shift in proportion to the height/depth of the
haunched section. The tendon profile is defined by three continuous quadratic curves as
shown in Figure 2-8. The eccentricity at X = 0 is defined as e(X = 0) = e,. The
eccentricity at X = al is defined as e(X = al) = e>. The eccentricity at X = (1-a,L) is
defined as e(X = (1-a;L)) = e3 The eccentricity at X = L is defined as e(X = L) = ey,
Finally, the angle between the horizontal reference and the haunch neutral axis is defined

as y.
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Figure 2-8 Post-tensioned profile of two-continuous span using a non-prismatic section

The equivalent transverse loads and fixed-end moments for the post-tensioning
of a two-span continuous girder using a non-prismatic pier segment is illustrated in
Figure 2-9. The distance measured from the lowest point of the haunched neutral axis of
the pier segment to the prismatic neutral axis is represented by d in Figure 2-8. The angle
between the horizontal reference line and the post-tensioning strands at the beam end is

defined as @ (see Figure 2-8). This angle @ is used to determine the vertical end force

(FSin6), horizontal end force (FCosf)) and segment end moments (mps and Fge,p),

similar to the end forces in the prismatic section. Three uniform transverse loads (w;, w;,
and w;) represent the pressure from the post-tensioning strand onto the beam as shown
in Figure 2-9. The values for the uniform loads are given by:

2F(e1 —e))
w = 2F@-e)

(aL)z (2-6)
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= > N 2-7)
L” (1-2a-2a1 +a” +2aa) +a))

2F(eq —e
wy = A 3) (2-8)
a;L
where e; = eccentricity at the end of the positive segment; e, = eccentricity at the mid-
span of the positive segment; e; = eccentricity at the splice location; and e, = eccentricity
at the center of the pier segment measured from the centroid of the prismatic section.
It should be noted that that the post-tensioning strand in the non-prismatic segment

leads to two additional concentrated forces (2FSiny and FSiny) at the ends of this

element as shown in Figure 2-9.
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Figure 2-9 Equivalent loads and fixed end moments of two-continuous span using a
non-prismatic section

The sign convention for the eccentricity values is positive below the N-A line.
Therefore, the uniform loads w; and w, are oriented upward and w; is oriented
downward. Notations for all other variables are the same as described in Section

2.5.3(b).
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2.6 Flexural Criteria

2.6.1 Service limit state

Service limit states include checking concrete stresses in the girder, deck and
splice elements. These stresses are calculated from the applied moments on individual
girder segments, the moment applied to the entire spliced girders, and the forces caused
by prestress loads.

Flexural limit states for both tension and compression stresses are provided in the
AASHTO-LRFD specifications (AASHTO 2003) for conventional prestressed concrete
and segmental construction. Limit stresses on joints are defined according to segmental
construction while limit stresses at all other locations follow conventional prestressed
concrete construction.

There are two load combinations considered for full service loads after final
construction; these are the Service Limit State I (SLS-I) and Service Limit State III
(SLS-III) conditions. The difference between these limit states is the live load factor,
which is equal to 1.0 for SLS-I and 0.8 for SLS-III. Service limit state I is used to check
the concrete compression stress limit while service limit state III is used to check the
concrete tension stress limit under full service loads. Full service loads include the girder
self-weight, deck load, non-composite dead load, temporary pier removal, construction
dead load, and live load. Top deck stresses, and top and bottom girder stresses at these
limit states are checked against allowable concrete stress as defined in Table 2-1

(AASHTO 2003).
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Table 2-1 Allowable concrete stress limits for critical construction stages

Cntical Construction Stress Type Girder concrete Deck
Stages concrete
Pre-Tensioning Strand  Compression 0.6/
Release
Tension -200 psi
Deck/Splice Concrete ~ Compression 0.6/
Tension -200 psi
Post-Tensioning/Barriers Compression 0.6/, 0.6fcq
Tension -0.0914Vf-(MPa) -0.0914\f.4 (MPa)
024V, (ksi)  -0.24Vf'oq (ksi)
Final Condition — after =~ Compressionl 0.60,f, 0.60.fcq
losses
Compression 2 0.45f, 0.45fcq
Compression 3 0.4f", 0.4fcq
Tension 1 -0.0724\f". (MPa)
-0.19Vf", (ksi)

Two additional flexural limit states for spliced girder bridges were recommended in
the recent NCHRP 517 Report (Castrodale and White 2004) that deal with compression
stress limits for partial service load at the final construction stage. These two limit states
differ in the load combination to be considered. The first one, referred to as Compression
2 in the NCHRP 517 Report, considers all the loads from the SLS-I except the live load
with all other loads using a unit load factor. The second additional limit state, named
Compression 3, considers all the SSL-I loads but with a unit load factor for the live load
and a load factor of 0.5 for all other loads. The limit stresses for the Compression 1 and
Compression 2 checks (see Table 2-1) are those recommended by the NCHRP 517

Report.
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2.6.2 Strength limit state

The design of spliced girder bridges is typically controlled by the service limit
state. However, the strength limit state still needs to be checked. Spliced girders should
be checked at critical sections for their flexural and shear capacities. The strength limit
state is checked at final conditions.

Assessment of strength limit state is based on the AASHTO-LRFD
recommendations in Article 5.73 (AASHTO 2003) using the simplified strain-
compatibility analysis approach provided in the PCI Bridge Design Manual (PCI 2002).
Girders for spliced systems tend to have large amounts of post-tensioning strands.
Consequently, the compression zone might extend into the web of the girder. Current
AASHTO-LRFD specifications (AASHTO 2003) do not consider the different strength
of concrete in the deck and in the girder properly. Therefore, a simplified strain-
compatibility analysis is best suitable to evaluate the flexural capacity of spliced girder
bridges (Castrodale and White 2004).

Strain compatibility analysis is an iterative approach that can be used to determine

the flexural capacity of a cross-section at its normal strength limit state. First, the depth of

the flexural compression zone, c, is assumed. Decompression strain ¢, is the difference
in strain between the concrete and prestressed reinforcement and can be defined as ¢, =
Sfpo/Ep- The prestressing strain is computed from the curvature 6 = eq/c plus the
decompression strain. The value of f;,, should be less than the value of the jacking force

fpj- The ultimate compressive strain, &, in the concrete at the top of deck is assumed

equal to 0.003 (see ASSHTO-LRFD Article 5.7.2.1). The total depth of concrete
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equivalent stress block is computed as a = f8,/c, where f; is the factor based on the
concrete compressive strength. The stress in the prestressing steel is computed using the
modified Ramberg-Osgood equation:

1-4
fPS =EP8Pf{A+ 1 }Sfpu’ (2-9)

[1+(Bepr)€1C

where Ej, is the elastic modulus of the prestressing steel; £,y is the strain corresponding to

the computed stress; and parameters 4, B, and C can be varied to define the shape of the
stress-strain curve. For example, 4 = 0.0334, B = 116.4 and C = 12 when the stress is
equal to 1675 MPa (243 ksi) at 1% strain and equal to 1862 MPa (270 ksi) at 3.5 %

strain.
The location of effective depth, dp, of the total prestressed reinforcement, which
includes the pre-tensioned and post-tensioned strands, is estimated by

dpopTApT +d pPRETAPRET
ApT + APRET

p (2-10)

The total compression force in the top flange, web and deck are compared with
the tension force. The depth of the compression zone, c, is adjusted until the compression
and tension forces are equal, i.e., until section force equilibrium is satisfied.

When the concrete stress block extends into the web, all of the flange and part of

the top web are in compression. The tension force in the section is then calculated by:

T =(Apr + ApRET ) ps> (2-11)
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where Apger is the area of pre-tensioned strands; 4pr is the area of post-tensioned strands;
and f,s is the prestressing steel stress. The compression force in the deck, Cy, is
calculated as:

Cp = 0.85f,qbeh s, (2-12)
where f’¢4 is the deck compressive strength; b, is the effective bridge width; and Ay is the
slab thickness. The compressive force, Cy, in the girder flange is defined as:

Cy =085f:brh,, (2-13)
where /¢ is the girder concrete compressive strength; by is the beam flange width; and

h,, is the girder web height. The nominal design moment, M, for the section is then

defined as:
M, =085f.4bohr(d —-f—f— 0.85f.brh —-h —ﬂ 2-14
n =Y Cdef(p 2)“’- fcfw(dp f 2)- (2-14)

There is no reduction factor (¢= 1) for the factored moment, see AASHTO-
LRFD Article 5.5.4.2.1 (AASHTO 2003). The maximum reinforcement limit needs to be
checked to satisfy c¢/d, <0.42according to AASHTO-LRFD Article 5.7.3.3.1
(AASHTO 2003). Normally the minimum reinforcement requirement is satisfied since
there is a large amount of reinforcement provided in the section. Finally, according to the
NCHRP 517 report (Castrodale and White 2004), the fatigue limit state does not need to
be considered since the member is designed to satisfy the limiting tensile stress at the

Service III limit state according to AASHTO-LRFD Article 5.5.3.1 (AASHTO 2003).



2.7 Shear Criteria

The shear forces on the system include those from the girder, deck, haunch, future
wearing surface, removal of temporary supports and live load including impact factor.
Factored shear loads are determined from service loads multiplied by the appropriate load
factors. Load factors for composite live load and composite dead load are 1.75 and 1.5,
respectively. The load factor for all other dead loads is 1.25. There are several critical
shear sections needed to be checked, which include the end block and the splice
locations. The considerations and relevant formulation for these shear checks are

presented in the next senctions.

2.7.1 Vertical shear at splice location

Shear at the spliced locations must be considered since the sections at the faces of
the splice are weak. The shear capacity of the splice is determined by using the interface
shear method outlined in AASHTO-LRFD Article 5.8.4 (AASHTO 2003). The nominal

shear resistance of the interface is computed as:

Vin =cAey + plAye fyy + B, (2-15)
where A, is the area of concrete in the shear transfer zone, which is defined as the web
width multiplied by the difference between the total section depth and the section depth

in tension; A,r is the area of all shear reinforcement including post-tensioning strands

and mild reinforcement crossing the shear plane; p is the friction coefficient = 0.6x 4,

where A = 1 for normal weight concrete; ¢ is the permissible pressure at the splice contact
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area = 0.075; P, is the permanent net compressive force normal to the shear plane and is

defined as fpo4ps; and f,, is the yield strength of reinforcement.

The nominal shear resistance must be greater than the factored shear demand, or
oV, 2V, , where ¢ =0.9. Since spliced girder bridges contain large amounts of post-
tensioning strands in their section, the shear resistance of the splice is normally adequate.
Although other reinforcement in the section is typically neglected, the post-tensioning
strands usually provide more than the needed resistance. Thus, most of the time, a shear
key is not required to provide additional shear resistance at the splice location (Castrodale
and White 2004). In addition, the inclination of the post-tensioning tendon force crossing

the splice helps increase the shear capacity of the section as defined by the shear

resistance component V7, (AASHTO 2003).

2.7.2 Vertical shear at end blocks

The shear capacity at the end blocks for the spliced girder bridge is calculated in
the same way as for conventional prestressed concrete bridges. The shear capacity is thus

defined as (AASHTO 2003):
Vn =V +V stV p). (2-16)
The component ¥, = Fsina is the shear force provided by the post-tensioning with a

being the angle between the effective post-tensioning strands and the horizontal reference
of the lowest post-tensioning strand profile, and F being the total post-tensioning force in

the section.
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The component V. is the shear strength provided by concrete and shall be taken as

the lesser of the values of V; or V,,,. The shear strength, V_; is computed by:

T ViM
Vei =06y fcbd +Vq +-1=, (2-17)

max

but need not be less than 1.7 fclb'd (psi) and d need not be less than 0.84. The distance

d is that from the extreme compressive fiber to the centroid of the prestressing force in
inches. The vanable &' is the width of a web of a flanged member in inches. V; is the
factored shear force at the section due to exterally applied loads occurring

simultaneously with M,,,.. M, is the maximum factored moment at the section due to

externally applied loads. V; and M,,,, are computed from the load combination causing
maximum moment at the section. The moment causing flexural cracking at the section

due to externally applied loads, M,,, is computed by:
I :
Mcr=7(6 fc"'fpe_fd)’ (2-18)
t

where I is the moment of inertia about the centroid of the cross-section, Y, is the distance
from centroidal axis of the gross sections, f, is the compressive stress in the concrete due
to effective prestress forces at the extreme fibers, f; is the stress due to unfactored dead
load at the extreme fiber; and f”. is the compressive strength of concrete at 28 days.

The shear strength, V,,,, is computed by:

Vew =35y fe +0.3fp)b'd +V ), (2-19)
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where f,. is the compressive stress in concrete at‘the centroid of cross section resisting

externally applied loads The shear strength provided by web reinforcement is taken as:

Avfsyd
S ,

(2-20)

s

where A, is the area of web reinforcement within a distance s . The total nominal shear
strength can then be determined by adding the components of post-tensioning

contribution (¥,) with the shear web reinforcement capacity (¥;), and the shear capacity

from the concrete (V,;or V,,).

2.8 Construction Sequence Methods

Construction process is an important element in the design of spliced girder bridges
since the application of post-tensioning to the structure at different stages can yield
different stress requirements and thus result in different component and system
dimensions and/or arrangements.

The two most common construction methods currently used for spliced girder
bridges are single-stage post-tensioning and multi-stage post-tensioning. The main
difference between these two construction methods is the sequence of post-tensioning
application required to achieve system continuity.

In traditional spliced girder bridges, prestressing forces are applied once at the
beginning stage of the construction to balance the self-weight of the girder. The amount
of prestressing forces are usually determined to make sure that the total concrete top and
bottom fibers stresses on the girders should be less than the allowable values. When the

deck load is applied prior to continuously post-tensioning the girders, the prestressing
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forces should be ample enough to balance this additional deck load. Post-tensioning
forces can be applied in single or multiple stages depending on the sequencing of the

deck casting.

2.8.1 Single-span system with single-stage post-tensioning construction
method

In this method, the precast/prestressed beams are first installed on temporary
supports at the site. Spliced joints and diaphragms are then poured and cured. Either a
cast in place deck or a precast deck can be added once the splice and diaphragms have
developed enough strength to resist partial loads. Full longitudinal post-tensioning is
applied to connect all segments. The temporary supports are removed once the deck
develops enough strength to achieve composite action with the beams. Wearing surfaces
and barriers are then added prior to traffic opening.

Two separate analyses were used to evaluate stress demands from this
construction process. The first analysis considered non-composite girder sections hinged
at closure joints. The second analysis considered the composite girder with first-stage
post-tensioning and live load demands. The results from these analyses were
superimposed to approximate ultimate structural behavior. Stresses were calculated for

each stage of erection and accumulated.

2.8.2 Single-span system multi-stage post-tensioning construction
method

For this construction process the precast/prestressed beams are again assumed to
be installed on temporary supports at the site. Spliced joints and diaphragms are then

poured and cured. Partial longitudinal post-tensioning is applied to make the girders

49



continuous prior to the addition of a composite deck. A second stage of post-tensioning
is applied after the deck is cast to provide residual compression in the deck for
serviceability and deflection control. Temporary supports are removed once the deck
develops enough strength to become composite with the beams. Superimposed dead
loads are applied prior to the application of live loads.

Three separate analyses were used to determine demands from this construction
process. The first analysis considered the non-composite section hinged at closure joints.
The second analysis considered the non-composite girder in a continuous system with
equivalent externally applied loads to represent the first post-tensioning stage. The third
analysis considered the composite girders with second stage post-tensioning equivalent
forces and live load demands. Analysis results were superposed after each stage to
obtain the total stress state at each stage.

2.8.3 Two-span continuous system with single-stage post-tensioning
construction method

Single-stage post-tensioning has been the favorable construction method for
spliced prestressed girder bridge since it is faster and less complex (Lounis et al 1997).
Only one stage of post-tensioning forces are applied after pouring the deck. This permits
construction to be faster since there is no need to apply additional post-tensioning forces.
However, this construction method does not consider for the case of future deck
replacement. Since all the girders are subjected to the entire post-tensioning forces in a
single event after casting the deck, they will likely be overstressed if the deck is

removed.
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This construction method is done by applying a single post-tensioning operation
after the deck has been cast. The prestressed beams are first placed on temporary
supports at the site. Spliced joints and diaphragms are then poured and cured. Either a
cast in place deck or a precast deck can be added once the splice and diaphragms have
developed enough strength to resist partial loads.

Temporary supports are used to hold the girders during placement of the deck
concrete and before all segments are longitudinally connected. After the girders are
erected, the support towers are adjusted to touch the bottom of each girder without
applying any significant force to them. Temporary supports will resist the partial deck
weight until full longitudinal post-tensioning is applied to connect all segments.

Once the deck concrete reaches enough strength to achieve composite action with
the beams the temporary supports are removed. The force that was carried by the
temporary supports (i.e., reactions) are then resisted by the continuous full-span
structure. The total stresses caused by dead loads together with the support loads are less
than in systems without temporary supports. Therefore, the structure requirements are
expected to be less. Wearing surfaces and barriers are then added prior to traffic
opening.

To evaluate stress demands resulting from this construction process, two separate
analyses were performed. The first analysis considered the non-composite girder
sections hinged at closure joints. The second analysis considered the composite girder
with first-stage post-tensioning and live load demands. The results from these analyses

were then superimposed to obtain the total structural response. Load patterns and
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moment diagrams for the single-stage post-tensioning construction precess are illustrated
in Table 2-2.

Positive segments were analyzed as simple spans while negative segments were
analyzed as cantilevers from the pier, even though in reality they will most likely be
supported from a temporary support close to the pier center line. This assumption was
made in order to obtain the maximum negative moment over the pier. Temporary
supports were assumed to be unconnected to the beam, thus serving as compression only
supports. Girder pre-tensioning forces were selected between the range of zero allowable
tension and allowable compression at the bottom fiber of the girder section.

Additional deck and joint loads are assumed to be superposed to the system after
the beams are erected. Stresses in the deck were not considered at this stage since the
slab has not developed enough strength. Therefore, top and bottom stresses in the precast
girders are based on noncomposite section properties.

Post-tensioned splicing forces will induce secondary moments at the pier location. Once
the temporary supports are removed, the released reactions will create additional
demands on the system. Top and bottom stresses on the precast girders and the cast-in-
place deck were determined using composite section properties. Different live load
patterns need to be explored to obtain the maximum positive and/or negative moments at
the desired locations. Truck and lane loads also need to be compared against the effects

caused by tandem and lane loads to obtain the maximum live load demands.
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Table 2-2 Load patterns and moment diagrams of single-stage post-tensioning

construction method
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1 TTaqsﬂﬂ'Pre- Temporary Pier 1
tension/ Girder Ref Line A Support  Symm
Self Weight & | u | a5
Pre-tensioning I | | -
loads :
Wbeam Wbeam j
S S S S S S S N U S S
[ 1 | 1
& 25 3
Girder 1
Dead Load + :
i
Pre-tensioning i
Pe r//r - \\\1 J
+ i
30 Set Girderson | SAME AS ABOVE
Falsework
50| Poursplice, | g A\E AS ABOVE
diaphragms
80 Pour CIP deck/
giléi:l weight of TeSmpor ar;'g Pier 1
u or
Ref Line A PP SH“T
| L1 | | 0.5(L2) |
| !
|
Wdeck Wdeck :
I T 1T 1T 1 7 1T 3C 1T 1T
) A5 2
Deck !

Dead Load + ;
i

53



Table 2-2 Load patterns and moment diagrams of single-stage post-tensioning
construction method (Cont...)
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