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Abstract

The development of accelerated bridge construction (ABC) techniques and connection
details has become a national research focus. With the aging of the interstate system and
many bridges on key routes requiring extensive rehabilitation or replacement, the
economic impact of construction time has become a key factor in the design of bridges.
Several states have successfully standardized the ABC approach with high rates of public
satisfaction. Compared to other ABC techniques, the technologies for pre-fabricated
bridge decks are relatively mature. However, this technology has not been incorporated in
Nevada. The goal of this research project is to develop design guidelines and
specifications on the use of pre-fabricated bridge decks for Nevada based on existing
techniques.

A state-of-the-art literature review summarizing existing practices for the implementation
of prefabricated deck panels was prepared. This information was used to assemble a
survey that was sent to representatives of all state DOTSs. The survey requested
information from each DOT on their experience with prefabricated deck panels,
connection details that were used, and the field performance of the panels and
connections. Information from the literature review and survey was used to develop
design specifications and recommendations for the Nevada Department of Transportation
(NDOT). These specifications were supplemented with a design aid spreadsheet and
finite element models to validate the provisions in the specifications and aid in the
implementation of this technology. As part of this implementation, two design methods
were developed: a simplified (design aid spreadsheet) method and a model based method.

Survey results showed that full-depth prefabricated deck panels performed better and
saved time compared to partial depth panels. Because of this, full-depth deck panels were
the primary focus in this project. Results from the survey showed that guidelines and
connection details developed by the Precast/Prestressed Concrete Institute (PCI)
Northeast committee (PCI, 2011a) were widely used and led to satisfactory performance.
These guidelines were used as the foundation for the proposed design specifications for
NDOT. Information from the survey and literature review were used to supplement the
PCI guidelines and add information specific to Nevada’s needs.

The guidelines were used to design full-depth deck panel systems for two existing
bridges. The simplified and model based methods were applied to both design examples
to determine whether the design specifications could be used to appropriately design full-
depth deck systems for different cases. The results from the two design examples showed
that the full-depth deck panel systems performed as expected and could be designed
using the existing AASHTO and PCI provisions. Additional modeling beyond simple
hand calculations was required for skewed and curved bridges. Based on these findings,
prefabricated full-depth deck panels are recommended for use in ABC projects in Nevada
using the assembled design specifications and design procedures created for this project.
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Chapter 1. Introduction

1.1 Motivation and Background

The development of accelerated bridge construction (ABC) techniques and connection
details has become a national research focus. Several states have successfully
standardized the ABC approach with high rates of public satisfaction. Precast concrete
deck panels are used in ABC to decrease the construction time of installing the deck. Two
different types of panels are primarily used. Full-depth panels are designed to span the
full-depth of the deck, and therefore comprise the entire deck upon installation. Partial-
depth panels are designed to span only part of the deck depth, and upon installation can
act as formwork for a cast-in-place (CIP) pour that completes the deck. Both types of
panels decrease construction time as formwork for a CIP pour does not need to be
installed along the entire length of the bridge.

Compared to other ABC techniques, the technologies for pre-fabricated bridge decks are
relatively mature. For instance, full-depth panels have been in use for over 20 years
(Culmo, 2011). Partial-depth panels are extensively used in some states; for example,
Texas first developed methods for using precast deck panels as formwork in the 1960’s
and now applies such methods to 85 percent of bridges (Merrill, 2002). Due to aging of
the national bridge inventory, many of the bridges in the United States have significant
deterioration, often centered on the bridge superstructure. Therefore, concrete deck
replacement projects are becoming increasingly common, and can be expedited
efficiently with minimal disruption to traffic using ABC.

1.2 Objectives and Scope

The main objective of this project was to develop specifications and design guidelines for
the implementation of prefabricated deck panels in Nevada. This goal was accomplished
by completing the following objectives:

1. Determining the types and applications of prefabricated deck panels that lead to
the best performance

2. Determining which connections should be used for different panel configurations

Developing construction procedures for proper deck installation

4. Developing methods to calculate panel capacity that is sufficient to handle all
sustained loads

5. Creating modeling procedures and methods for determining correct application of
deck panel design

w

This project used existing standards for prefabricated deck panels as a basis but expanded
on the results to customize specifications for Nevada. The current information and
practices were used to develop guidelines that meet Nevada’s needs. A survey was used
to collect the most up-to-date information on performance and details for nationwide use
of prefabricated deck panels. Specifications were developed based on the most commonly
used details, which were then expanded upon with the experiences of other states as



needed. This information was used to shape the provisions that were recommended for
Nevada.

Existing provisions from AASHTO and PCI were used to develop design specifications
for the various deck panel components. These provisions were used to develop two
design methods that were implemented on example bridges. The first one was a
simplified method that incorporated AASHTO and PCI provisions into a design aid
spreadsheet to assist in calculations. The second was a model based method that used
computer modeling to determine design sufficiency. The design procedures were applied
to the Mesquite Interchange and the SR 170 Bunkerville Road Bridge, both existing
bridges in Nevada. These bridges were used because they were both designed by NDOT
and resemble design cases that are anticipated for Nevada’s implementation of
prefabricated deck panels. The bridges were modeled using CSiBridge and dead and live
load analyses were completed. The results from the design aid spreadsheet were used to
determine the connection and reinforcement requirements for full-depth deck panels
under standard loads. The computer models were used to determine load and resultant
force information, which were used as inputs for the design aid spreadsheet to calculate
the capacity of each component. These calculations were used to check the design for all
appropriate load cases at each design section.

1.3 Organization of Thesis
This thesis is organized as follows:

Chapter 1 contains a summary of the background information for the project and reviews
the objectives and scope of this thesis. Chapter 2 expands on the background information
and contains a literature review that summarizes the current design and construction
practices for prefabricated deck panels.

Chapter 3 discusses the findings of the prefabricated deck panel survey. The results
received from each state DOT are summarized and the findings are discussed and used to
establish the project focus. Chapter 4 discusses how the design guidelines were
developed using the conclusions formed from the prefabricated deck panel survey.
Additional information gathered from the literature review that was added as
supplementary commentary is discussed.

Chapter 5 summarizes the design procedure used for the design of the deck panels. Both
the simplified (spreadsheet based) method and model based methods are developed. The
spreadsheet calculations for the applied loads, amount of prestressing steel, panel-to-
girder connection properties, amount of post-tensioning steel, and overhang
reinforcement designs procedures are explained. The methodology behind the model
based method is also discussed.

Chapter 6 describes the application of both design methods to the Mesquite Interchange
Bridge, which is a skewed bridge. The findings from the design procedure are used to
determine the applicability of each design method for skewed bridges. The process is
repeated in Chapter 7 for the Bunkerville Road Bridge, a three span bridge. The results
from this bridge are used to determine the applicability of each design method for
multispan bridges.



Chapter 8 summarizes the project findings and the conclusions. The recommended design
procedure based on each design example is discussed as well as the limitations for each
design method. The final design recommendations are based on combinations of the
design guidelines and the findings from the design examples.



Chapter 2. Literature Review

2.1 Introduction

This chapter contains a literature review detailing the uses and applications of
prefabricated deck panels. This literature review will discuss various precast panel
systems, development of standard connection details and construction methods, state
specific guidelines and practices, and representative and innovative bridge projects.

2.2 Overview of Prefabricated Deck Systems

2.2.1 Full Depth Deck Panel Systems

Full depth precast concrete decks are prefabricated deck panels that are installed without
needing forms. The main advantage to using full depth decks is the decrease in
construction or closure time for the deck installation (Sullivan, 2007). Full-depth precast
panels are normally produced in a controlled plant environment, which leads to higher
quality of the concrete and therefore better performance of the panels (PCI, 2011b).
Generally, full depth decks are designed as one-way slabs between the supporting beams
and girders and use either mild reinforcement or post-tensioning (Culmo, 2011).
Typically, panels span the width of the bridge and extend 8 to 12 ft in the direction of
traffic. Bridges that are wider than 50 ft are normally designed so the panels span half the
width of the bridge. Full-depth precast panels have pockets or block-outs that are used to
connect the deck panels to the girders. The deck is connected to the girder by placing
shear connectors in the pockets and filling the pockets with grout. This connection forces
the deck to act compositely with the girders. An example of a full-depth precast deck
with pockets is shown in Figure 2.1. Full-depth precast decks are typically more
expensive in material and construction costs than a conventional cast-in-place deck but
the extra cost is often offset by decreased construction time and less required
maintenance. (PCI, 2011b).

Figure 2.1: Full depth precast concrete deck (Culmo, 2011)
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2.2.2 Partial Depth Deck Panel Systems

Partial depth precast concrete decks are a cross between full depth decks and stay in place
forms in that a panel is used as a form for concrete but a cast-in-place pour is still
required. Partial depth decks are normally 3.5 to 4” thick, 8 ft long and are designed to
span between the girders in interior bays. The panels are placed directly on top of the
girders or on top of a sealant or backer rod barrier (Figure 2.2). The panels are used to
support the cast concrete in the same way as a stay-in-place form, and the remaining deck
is cast in place over and around the precast panels (Culmo, 2011).

Figure 2.2: artial depth concrete deck (Culmo, 2011)

2.2.3 Corrugated Steel Decks

Corrugated steel deck forms are an alternative to partial depth concrete decks. The steel
decks run in the same direction as the girders and are placed to span between girders.
CONTECH makes three different sizes of corrugated steel decks: 6”x2”, 9”x3”, and
12”x4-1/4”. These range in thickness from 12 gauge steel to 3/8” steel. Figure 2.3 shows
a cross section of a CONTECH corrugated steel deck (CONTECH, 2012). They are
similar to partial depth concrete decks in that the deck panels are installed, the
reinforcement is placed, and the concrete is poured to complete the deck. These steel
decks remain on the bridge for the life of the project (Culmo, 2011).
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I3 [ 3-3/8" 2| /4" x1-1/4"Holes**
A | "
T\‘I 5/g
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<——— 4 corrugations at 6" = 24" or 3 corrugations at 6" = 18" —

-
Laying Direction

Overall Width = 24-5/8" or 18-5/8"
Figure 2.3: Cross section of corrugated steel deck (CONTECH, 2012)

2.2.4 Steel Grids

In steel grid deck systems, a steel grid and filler concrete are prefabricated together. Steel
grid options include open grid, partially or fully filled grid, and exodermic decks. The
partially or fully filled grid and exodermic decks use concrete, while the open grid
contains no concrete and uses steel as the riding surface. The open grid has main bars that
span both directions and either diagonal or intermediate cross bars in between the main
bars. The spacing between the main bars ranges from 2” to 8”. This system is the lightest



of the steel grid options. Figure 2.4 shows a steel open grid with diagonal intermediate
bars. Partially and fully filled grid decks are steel grids with concrete poured within part
or all of the steel portion of the assembly, respectively. These decks are installed in one
piece and completed with a CIP pour on the grid to produce the final surface. Figure 2.5
shows a half-filled grid deck and Figure 2.6 shows a fully-filled grid deck. An exodermic
deck uses the same concept as a partially filled grid except the top concrete layer is a
reinforced deck that is cast on top of the steel section prior to placement of the panel
(Culmo, 2011). Figure 2.7 shows sections of an exodermic deck.

Figure 2.4: Open grid deck (BGFMA, 2015)

Figure 2.5: Half-filled grid deck (BGFMA, 2015)



Figure 2.6: Fully filled grid deck (BGFMA, 2015)

Figure 2.7: Exodermic bridge deck (BGFMA, 2015)

2.3 Terminology

Figure 2.8 shows a bridge with panels and joints labeled, and is used to define
terminology used to describe prefabricated deck panels. The longitudinal direction refers
to the direction of traffic flow, which is from top to bottom in Figure 2.8, while the
transverse direction is normal to traffic flow. Label “a” denotes a precast panel. Line “b”
designates the longitudinal joint of the deck and line “c” designates the transverse joint.
Labels “e” and “f” designate the floor beams and the longitudinal girders, respectively.



Figure A 2 4 6-2 Top view of the new Bill Emerson Memorial Bridge
(a) Typical Precast Panel (b) CIP Longitudinal Jomt, (c) Transverse CIP Joint, (d) Short CIP
Cantilever, (e) Typical Floor Beam and (f) Longitudinal Girders
Figure 2.8: Definition of terms for prefabricated deck panels (Badie and Tadros, 2008)

2.4 NCHRP 12-65 Project

2.4.1 Project Overview

The NCHRP 12-65 project was conducted to develop, test, and make design
recommendations for full-depth precast panel systems with no overlays and no longitudinal
post-tensioning (Badie and Tadros, 2008). Both measures were intended to speed the
construction or deck replacement process and cost by eliminating field work. During this
project, the researchers conducted a comprehensive literature review on bridges
incorporating full-depth, precast panel systems and a national survey to document available
specifications and policies developed by highway authorities experienced with precast
panel systems. The main goal of the project was to develop guidelines and LRFD
specifications for design fabrication and construction of full-depth, precast-concrete
bridge deck panel systems without the use of post-tensioning or overlays and to develop
connection details for new deck panel systems. Information was collected on all full
depth deck projects, but emphasis was placed on projects that did not use longitudinal
post-tensioning.

A 14 question survey was distributed to all state and Canadian provincial DOT’s,
members of the PCI Bridge Committee, and members of the TRB A2C03 Concrete
Bridges Committee; totaling 110 requests. Respondents were asked whether full depth
precast deck panels had been used within the past 10 years, and if so to evaluate their
experience with the panels. Survey respondents that indicated no recent use of full-depth
deck panels were asked if there were any reasons why they had not been used.
Information was requested on project size, reinforcement and connection type, overlay

8



type, and the grouting method used for connections. An evaluation of the panel systems
was requested based on the experience of each respondent. The respondent was also
asked if guidelines on full-depth precast concrete panels systems had been developed by
their organization, and if so a copy was requested. The original survey questions are
included in Appendix A. 32 responses were received, of which 10 reported application of
a full depth precast deck panel system in the prior 10 years.

2.4.2 Survey Results

In the survey, 22 of 32 total respondents reported not using full-depth precast deck
panels. The 22 states/provinces were the following: Alberta, Arizona, California, Florida,
Hawaii, Kansas, Massachusetts, Maryland, Minnesota, Mississippi, North Carolina,
North Dakota, New Jersey, New Mexico, Nevada, Ohio, Ontario, Oregon Tennessee,
Washington, Wisconsin, and Wyoming all indicated they had not used full-depth
prefabricated deck panels but would be interested in the findings of the survey. Reasons
for not using full-depth precast deck panels included: cost, questions about construction
issues, lack of specifications or guidelines, long-term durability questions, riding surface
concerns, and concerns about joint issues. Each DOT indicated they were interested in
the results of the survey and requested to be informed of the findings.

9 states and 1 province responded that full depth precast deck panel systems had been
used in the past 10 years. The respondents were: Alaska, California, Colorado, Illinois,
Kentucky, New Brunswick, New York, Texas, Utah, and Virginia. All of the state DOTs
reported using full depth deck panels that were constructed to act compositely with the
girder for every bridge project except one. All but one respondent rated the overall
performance of the deck panels to be good, and the remaining rated the performance as
excellent. Of the states that responded, Alaska, Illinois, New York, Texas, Utah, and
Virginia reported that guidelines and specifications for design, fabrication or construction
of full depth precast concrete panel systems had been developed.

Alaska used full depth panels on two bridges within the prior 10 years of the study, but
had constructed about 20 total bridges using the panels in the prior 20 years. Neither of
the two most recent bridges used post-tensioning in the longitudinal direction or had an
overlay. Both bridges used a female-to-female shear key for the panel connections and
shear pockets with connectors to make the deck composite with the steel girders.
Inspections to date indicated that the joints and deck were performing satisfactorily and
were in very good condition.

Colorado used full depth panels for a deck replacement and widening project on an arch
bridge. The deck was supported by cross piers, which were supported by vertical posts
that extended to the arch. The panel design included eight total panels with a thick asphalt
overlay applied on the panels. This bridge was post-tensioned in the longitudinal
direction. A CIP concrete side barrier was connected to the deck using a shear connector.
The transverse joint was created by extending conventional reinforcement and placing a
CIP closure pour between the panels.

Illinois completed a full depth project, where the deck panels were made composite with
the 6 steel girders by using shear pockets and shear connectors. Conventional



reinforcement was used in both directions and post-tensioning was applied in the
longitudinal direction. Barriers were connected to each side panel by threading bolts
through the panel into nuts seated within the barriers.

Kentucky completed one project that used full depth deck panels. The bridge was
conventionally reinforced with no post-tensioning. A unique feature about this bridge was
that shear connectors between the deck and girders were only applied at exterior girder
locations. This eliminated the need for shear pockets. The sides of the exterior panels had
a female shear key that allowed a CIP parapet to be installed.

New York used full depth panels on a deck replacement project for a large interstate
bridge with a 32 degree skew. The bridge had 9 spans and six steel open box girders and
was constructed in three sections. Each section was constructed and post-tensioned
separately so that the bridge could be kept in service. Because of the high skew a CIP
pour was made at each abutment.

The report included project details from Missouri, Nebraska, New Hampshire, Texas,
Utah, Virginia, Wisconsin, and Ontario. These bridges mentioned above are
representative of the projects described in the report.

2.4.3 Findings from NCHRP 12-65 Project

Many of the example bridges discussed within the report had similar specifications.
Almost all bridges developed composite action between the deck and the girders through
shear connectors. Some of the bridges took advantage of the deck configuration and
connected the deck to the girders along the outside perimeter of the deck panels so that
shear pockets were not needed in the deck. This allowed the deck panels and the girder to
be connected with one CIP pour. Every bridge used a female-to-female connection for the
panel-to-panel connection. Many of the bridges used leveling screws during construction
to allow the decks to be centered upon placement.

The results of the survey were compiled to list common practices for prefabricated full-
depth deck panels and incorporated into a design guide (Badie and Tadros, 2008).
Suggestions for modifications to the AASHTO LRFD code were also developed (Badie
and Tadros, 2008). The connection details developed as part of the research from this
project are discussed in Section 2.5.4.

2.5 Current Practice, Standards and Specifications for Full Depth Deck
Panels

2.5.1 General Guidelines

The PCI NE chapter is one organization that has taken the lead on developing
specifications and recommendation for use of full-depth deck panels. Two documents
have been developed: (1) “Full Depth Deck Panels Guidelines for Accelerated Bridge
Deck Replacement or Construction” (PCI, 2011a) provides general guidelines and
specifications, and (2) “State-of-the-Art Report on Full-Depth Precast Concrete Bridge
Deck Panels” (PCI, 2011b) is a more extensive reference with background information
and commentary. These two documents serve as general guidelines for the use of full-
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depth deck panels, and are the primary sources for the general information presented in
this section.

Full depth precast concrete deck panels are normally made of high strength (f':>6 ksi),
high quality concrete as they originate from a precast concrete plant. Typically, the
panels are prestressed in the transverse direction during the fabrication process. PCI
recommends that the deck panel width in the longitudinal direction be specified in
increments of 2 ft, with a maximum of 12 ft to facilitate shipping (PCI, 2011b). A
common method for assembling full depth panels is to post-tension the entire deck once
all of the panels are in place during construction. To accommodate the post-tensioning,
2” diameter post-tensioning ducts are commonly included in deck panels. The post-
tensioning ducts are normally placed in the center of the cross-section of the panel with
no eccentricity to prevent deflection in the panels prior to placement (PCI, 2011a).
Bridges with curved geometry or skew can still accommodate prefabricated full depth
deck panels. If the bridge has a curved profile, the decks can be fabricated with curved
ducts to incorporate post-tensioning. PCI has developed separate recommendations for
bridges with both large and small skew. If the bridge is skewed less than 15 degrees, the
panels are recommended to be designed as trapezoids to match the bridge profile. A
typical layout for a skewed full depth deck is shown in Figure 2.9. If the skew is greater
than 15 degrees, the panels are recommended to be set straight but the panels on both
sides have to be trimmed down to meet the abutment. A typical layout for a full depth

deck with skew greater than 15 degrees is shown in Figure 2.10.
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Figure 2.9: Skewed profile of bridge with skew <15° (PCI, 2011a)
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2.5.1.1 Deck-to-Girder Connection Details

A deck that is composite with the girder is considered an essential component for a
precast deck system to work. Without the composite action, joint leakage occurs
commonly (Badie and Tadros, 2008). Section 3.11 of PCI (2011a) titled Composite Deck
Design recommends that deck panels should be made composite with the supporting
members. Composite action can be achieved by placing steel shear studs or channels into
prefabricated pockets, welding the studs/channels to the girder, and filling the pocket
with grout as shown in Figure 2.11 (Badie and Tadros, 2008). Non-shrink, flowable,
moderate strength (5 ksi), and low permeability grout should be used for the shear
connector pockets (PCI, 2011a). Shear pockets should be spaced 2 ft on center when
possible to attain full composite action. However research has shown that spacing of up
to 4 ft may be used to attain full composite action (Badie and Tadros, 2008). Studs should
be spaced a minimum of 2.5” from the edge of the shear pocket, and welded at least 1.5”
away from the edge of the girder (PClI, 2011b).
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Figure 2.11: Deck-to-steel girder connection (PCI, 2011a)

For a steel girder, the studs or channels are welded to the top flange of the girder as
shown in Figure 2.11. For a concrete girder, studs welded to a steel plate or hooked
reinforcing steel from the top of concrete girders form the shear connectors (Figure 2.12).
The deck panel-to-girder connection can also be designed similarly to the steel girder
connection by casting a plate in the top of the girder and welding the studs in place (PCI,
2011a). In the case of hooked reinforcing steel, the reinforcement is extended out of the
top of the girder and hooked a full 180 degrees in the pocket (Figure 2.12). Since the steel
is embedded in the girder and grout is used in the same way as the system with shear
studs, composite action is achieved.
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Figure 2.12: Deck to concrete girder connection (PCI, 2011a)

2.5.1.2 Transverse Panel-to-Panel Connection Details

Two main types of connections are used for the transverse panel to panel connection:
shear keys and shear keys with post-tensioning. The transverse connection must transfer
two primary forces: the vertical shear force and the bending moment resulting from the
loads applied to the bridge (PCI, 2011b). The shear key connection used most often is a
grouted female to female joint. The shear is transferred by the interaction between the
grout and panel. The surface of the shear key should be roughened by using sand or water
blasting to achieve the maximum interaction between the panel and the grout. A wood
form must be installed under the panel to contain the grout during installation but may be
removed after curing is complete (Badie and Tadros, 2008). A closed cell polyethylene
foam backer rod can also be used to contain the grout as shown in Figure 2.13. The
backer rod should be secured firmly at the bottom of the joint. Figure 2.14 shows the
appropriate spacing for the joint and backer rod as well as the results of installation
errors.
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Figure 2.14: Joint spacing for backer rod installation (PCI, 2011b)

If post-tensioning is used, the shear key detailing is similar but ducts are incorporated

into the deck panels to allow post-tensioning strands to be installed after the deck is
placed (Sullivan, 2007). Applying post-tensioning is widely recognized as the most
reliable way to prevent leakage (Badie and Tadros, 2008). Utah experimented with
conventional reinforcement and post-tensioning, and concluded that longitudinal post-
tensioning is necessary in all situations. Utah observed no leakage in post-tensioned
joints even in negative moment regions of the bridge, while bridges constructed with
welded tie connections (no post-tensioning) had some connection leakage but still
performed adequately structurally (Culmo, 2013). Further details about Utah’s experience
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are provided in Section 2.5.3. Alaska does not use post-tensioning, but relies on the
interaction between the shear key and grout for each panel (Badie and Tadros, 2008).

Some states have experimented with ultra-high performance concrete (UHPC) in panel-
to-panel connection joints because of the greater resistance UHPC offers against cracking
and leakage. By using UHPC in combination with conventional reinforcement, joint
lengths can be made smaller than connections that use normal grout and post-tensioning
can be eliminated. Elimination of post-tensioning makes fabrication simpler. An FHWA
researcher found that UHPC could be used as a direct substitute for traditional joint
concrete and grout and the deck would perform as well as or better than a CIP deck
(Graybeal, 2010). The most widely available UHPC mix in the United States is a
proprietary product sold by a multinational construction materials supplier (Graybeal,
2011).

Male to female joints have been attempted before, but they are difficult to implement
because of the tolerances required for installation. Because the tolerances are often not
met, leakage has been a problem for many bridges that have used this method (Badie and
Tadros, 2008).

2.5.1.3 Longitudinal Panel-to-Panel Connection Details

Many smaller bridges use only one panel in the transverse direction, which eliminates the
need for a longitudinal joint. On larger bridges that have a longitudinal joint, the
longitudinal connection detailing between panels is similar to the transverse connection
details. A female-to-female joint is the most commonly used longitudinal panel-to-panel
connection type. Prestressing can be used in the transverse direction to help prevent
leakage but is less common. For instance, Utah does not use prestressing in the transverse
direction.

An alternate to female-to-female grouted connection is available for bridges with two
panels spanned transversely over the width of the bridge where both panels overlap with
a center girder. In this case, a CIP concrete pour is used instead of grout and shear
pockets. The shear studs used for composite action are connected to the girder, the panels
are placed, and a high early concrete pour is applied. The CIP pour creates the
longitudinal joint and interaction is still maintained because of the female joints on each
panel. Several states have used this technique and Figure 2.15 shows an example of this
type of longitudinal joint applied to a bridge in Missouri. This method is advantageous
because it consolidates the panel-to-panel and panel-to-girder connections into one,
eliminating the time and expense associated with manufacturing the panels with pockets.
However, to use this approach the panels must be sized to span between the girders
(Badie and Tadros, 2008).
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2.5.1.4 Production and Construction Guidelines

PCI recommends that the panels are designed so that the long side is oriented in the
transverse direction of the bridge (PCI, 2011b). The panel framing should be designed
with a slope to allow the bridge to drain, and a crown can be incorporated by casting a
closure pour. Design parameters such as allowable concrete stresses, transverse flexure,
post-tensioning, and the panel overhang dimensions should meet the specifications in the
AASHTO LRFD Bridge Design Specifications (AASHTO, 2014). Expected losses in the
post-tensioning should be accounted for in the design process. Losses that should be
factored into the prestress force are elastic shortening, anchorage set, and friction. Creep
and shrinkage do not need to be included; small losses in the post-tensioning are
considered acceptable since the applied post-tensioning is usually higher than what is
required (PCI, 2011b). The panel transportation plan should be specified in the shop
drawings.

Several quality control items should be checked during the production of full-depth
panels. The following is a list of items from PCI (2011b):

Location and alignment of post-tensioning ducts

Deck thickness to satisfy cover requirements

Positioning and rigidity of the transverse shear key

Uniformity of the surface finish

Influence of shrinkage, creep, and camber on the final alignment

Location of attachments for traffic barrier service

Location and coordination of the shear pocket positioning with respect to the
existing or proposed girder alignment

Accurate location of lifting hardware for handling of the deck panels
Conflicts between reinforcement, ducts, anchorages, and local reinforcement
around pockets as well as the main transverse and longitudinal reinforcement.

17



Clearances, dimensions, and tolerances must be addressed in the development of shop
drawings and the setup of formwork, and then routinely verified in the pre-pour and post-
pour inspection phase of production. Concrete should not be deposited in the forms until
the engineer and/or the QA/QC inspector has inspected and approved the placements of
ducts, anchorages and all other materials in the panels and marked as approved on each
item.

Shear studs can be included on the girders prior to installation. For steel girders, it may be
easier to weld the studs onto the girders after the panels are in place. Structural angles
may be used to hold panels in place during installation. The angles act as a type of form
for the panels and allow the proper elevations to be achieved. However, either structural
angles or leveling bolts can be used during installation to keep the panels level. For full-
depth decks that incorporate a crown, the crown can be created by screeding the panels
down to the desired thickness or creating an internal hinge in the center of the panel that
allows the panel to rotate under its own weight. The transverse joints are prepared by
installing the backer rod and grinding the panel edges down to create a smooth transition
from panel-to-panel. Once the panels are in place, grout should be applied to the panel
connections (PCI, 2011b). The construction guidelines state that post-tensioning should
be applied after the transverse joints have been grouted, but before forming the composite
connection with the girder to prevent inducing any undesirable stresses in the girders.

In summary, a general sequence of construction for full depth panels is outlined below
(PCI, 2011a). The construction sequence should be included on the plans.

Clean surfaces of shear keys.

Preset leveling bolts to anticipated height.

Place all precast deck panels on girders in a span.

Adjust leveling devices on deck panels to bring panels to grade. (Figure 2.16)

All leveling bolts shall be torqued to approximately the same value (20 percent

maximum deviation).

Install longitudinal post-tensioning strand (un-tensioned) in ducts and seal joints

in ducts between deck panels.

7. Place a flowable non-shrink grout in all transverse joints. The grout shall be
rodded or vibrated to ensure all voids are filled.

8. After the grout in the transverse joints has attained a strength of 1000 psi (based
on grout manufacturers’ recommendations), the longitudinal post-tensioning
strands may be stressed. The contractor shall determine the jacking force required
to achieve the minimum final post-tensioning force shown on the plans
accounting for all losses.

9. Grout post-tensioning ducts.

10. Install shear connectors in all blockouts.

11. Form haunches between the top of the girders and the bottom of the deck panels.

12. Grout all haunches and shear connector blockouts with a flowable non-shrink
grout.

13. Cast end closure pours.

14. Cast parapets and/or sidewalks.

15. Place overlay (if required) and open bridge.
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Figure 2.16: Typical section of leveling device (PCI, 2011b)

2.5.2 Oregon DOT Specifications and Construction Guidelines

Oregon DOT (ODQOT) responded to the NCHRP 12-65 survey that full-depth
prefabricated decks had not been used, but they would be interested in the findings of the
survey (Badie and Tadros, 2008). In 2011, ODOT developed standards and specifications
for full-depth prefabricated deck panels. The information presented next is based on a
webinar presented by Bruce Johnson, a State Bridge Engineer with ODOT, for the
Florida International University ABC series that outlined ODOT’s process in creating
guidelines for full-depth prefabricated deck panels (Johnson, 2011).

ODOT aimed to design a concrete mix for prefabricated deck panels that would be
abrasion and chemical resistant. Silica fume and slag were used for chloride and wear
resistance. The developed concrete mix included 8 ksi concrete, 7% silica fume, 15% slag
and a 0.3 water/cement ratio. The standards specified that the panels should be steam
cured, use a curing compound, and preferably be fabricated in a PCI certified plant.
Because the panels were created with a concrete mix that emphasized chemical and wear
resistance, ODOT opted not to use an overlay and rather let the panels take the wear and
weathering directly. If the concrete in the panels was shown to inadequately resist
corrosion, an overlay could be used.

ODOT evaluated the potential options for each connection type before specifying a
selection. For the transverse reinforcement, ODOT considered pre-tensioning the panels
or alternatively using mild steel reinforcement. Pre-tensioning was observed to remove
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tensile cracks and take advantage of the increased durability of the concrete; as well as
making the panels more resistant to damage from lifting and transporting the panels. The
longitudinal reinforcement was reviewed similarly by comparing a post-tensioning
approach with traditional mild steel reinforcement. ODOT has been a proponent of
UHPC, and decided that mild steel longitudinal reinforcement lap spliced within narrow
joints and filled with UHPC were the best option for the transverse connection. By using
UHPC, post-tensioning work was not needed, which would speed up construction time.

ODOT specified a panel thickness of 8.5” to account for 0.5” of sacrificial topping and an
8” structural component for the deck. The width and length of the deck is controlled by
the transportation limits of the fabricator. However, ODOT limited the panel width to 10
ft and the length to 50 ft. ODOT used a lifecycle cost analysis to determine the feasibility
of using full-depth deck panels in Oregon. The initial cost of using full-depth deck panels
was determined to be higher than a CIP deck, but because of the decreased maintenance
costs the panels would be cheaper over the life of the bridge.

ODOT’s completed specifications included a plan set for panel layouts and connections.
The panel layout is shown in Figure 2.17, with a maximum panel width of 50 ft and
pocket spacing of 2 ft in the longitudinal direction. The longitudinal steel is extended in
both directions and connected with a lap splice along the transverse joint. Figure 2.18
shows a plan view of a skewed panel. Figures 2.19 and 2.20 show the girder to deck
panel connection for a prestressed concrete girder and steel girder, respectively. The
prestressed concrete girder uses steel stirrups for composite action while the steel girder
uses welded steel studs. Figure 2.21 shows the longitudinal joint with UHPC and
spanning reinforcement.
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2.5.3 Utah DOT Specifications and Lessons Learned

Utah has been a leader in the development of ABC methods. UDOT contracted with
CME Associates to develop standards for ABC that were first completed in 2009 (Culmo,
2013). The current standards are integrated into UDOT’s Structures Design and Detailing
Manual (UDOT, 2015a) and various specification sheets and design drawings (UDOT,
2015b) that are publicly available on UDOT’s website. Currently, Utah’s policy is to
evaluate ABC for all projects, and select ABC when an overall cost benefit is expected,
where both direct construction costs and indirect costs such as user delays are considered.
UDOT uses a standard rating procedure and decision flowchart to determine if an ABC
approach is required. Standard procedures include both offline approaches, where the
complete bridge is constructed offsite and moved into place, and online approaches,
where prefabricated bridge elements are rapidly assembled onsite (UDOT, 2015b).
Guidelines on the construction and placement of prefabricated full-depth deck panels
apply generally to the online construction approach, and have been developed in this
context.

UDOT’s very early experiences with ABC consisted of several rapid deck replacement
projects. As a result, critical assessments of process and structural details were performed
for several of these projects and assembled in “Lessons Learned” reports (e.g. URS,
2004; Deloy Dye, 2005; Ackerman, 2007). The first project was to replace the decks on a
skewed steel plate girder bridge originally constructed in 1967, located remotely on 1-80
in Summit County (URS, 2004). The report described the construction process in detail.
The contractor Ralph L. Wadsworth was required to obtain a Prefabricator License,
which took six months and cost several thousand dollars. During the project, the
contractor encountered numerous problems with the concrete mix used to construct the
panels and the non-shrink grout used to construct the shear stud pockets and to fill the
pocket joints onsite. In addition, significant differences between the design and as-built
(based on survey) bridge measurements were detected, and lateral distortion of the top
girder flanges occurring after deck removal made placement of the prefabricated panels
very difficult. Despite the many difficulties, the project was completed in 6.5 days of full
closure of the local bridge and partial closures of 1-80.

A 4-span steel curved girder bridge over 1-15 at 800 N in Salt Lake City, originally built
in 1965, necessitated a rapid deck displacement due to a sudden blowout in span 1
(Ackerman, 2007). UDOT had planned to use traditional CIP decks, but opted for
experimental use of prefabricated panels because the incremental cost increase (less than
30% threshold) was considered reasonable, traffic impacts could be significantly reduced,
and transportation costs would be minimal as the bridge was located very close to Granite
Construction’s fabrication yard. Granite Construction, who was the pre-selected
contractor due to funding considerations, was also required by UDOT to obtain pre-cast
certification at a cost of $20,000. Post-project evaluation suggested this expense could be
avoided by adding a site-casting specification that addresses such details as shop drawing
submittals, leveling pad, and match casting requirement. Nonetheless, to date UDOT has
not indicated any current use or experimentation with site-casting.

The original structure was designed with chorded girders, while the deck and parapets
followed the bridge alignment (Ackerman, 2007). To simplify design and construction,
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the replacement panels were designed to follow the girders. Each deck panel was
designed as a stand-alone section to avoid having closure pours, which increased the
required reinforcing steel by about 25%. Load transfer was accomplished through a
welded tie connection between the panel sections. UDOT encountered constructability
issues with this detail. The panel edges were keyed, and steel was cast into the concrete
along the bottom of the keyway. Adjacent panels were to be connected by welding a steel
rod along the joint, but blockouts at the top of the panels did not allow sufficient room for
the welder to access the joint. Thus, the rod was replaced with a steel plate during
construction (Fig. 2.22). UDOT concluded that the constructability of the joint needed to
be improved. Also, the project motivated the desire to develop standardized details and
investigate other load transfer techniques, such as post-tensioning the deck and/or
providing composite action with the beams. The deck was designed with expansion
joints, but UDOT decided to remove all expansion joints. Lacking adequate time to
redesign the deck without joints, the bridge was built with raised expansion joints at all
bents and abutments, which made the asphalt paving process difficult.

PANEL KEYWAY AND WELD TIE DETAIL

G OF DECK JOINT G OF DECK JOINT

PRE-CAST DECK PANELS PRE-CAST DECK PANELS

AS DESIGNED AS BUILT

Figure 2.22: As-designed and as-built welded tie connection for 800 N overpass on 1-15
rapid deck replacement project (Ackerman, 2007)

The 800 N project led to several lessons about process and project management. UDOT
concluded that a contract managed general contractor (CMGC) process should be used on
ABC projects if possible, and the project should have a single project manager with a
structures background to coordinate all efforts. Significant difficulties were encountered
because the surveyor was not included on the discussions from the beginning of the
project, and because inclusion of a chain link fence along the parapets was determined
late in the process and was not accounted for in the design and casting of the panels. By
using precast panels, the traffic impacts were reduced from 20 days of full and partial
closures on 1-15 to 11 days of partial lane closures at night. However, during post-project
assessment, UDOT projected that if full closure of 1-15 were allowed, the entire project
could have been completed in less than 48 hours (from late Friday to early Sunday).

UDOT has contracted CME Associates to perform regular inspection of bridges
constructed using ABC techniques with the goal of evaluating the performance of ABC
details. The last inspection report was completed in 2013 (Culmo, 2013) and reflects the
continual assessment since the inception of UDOT’s ABC program. 41 bridges were
inspected in 2013, including those built to UDOT’s current standards and those built prior
to the completion of the standards. The following general discussion of bridge deck
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performance based on Culmo (2013) is restricted to bridges constructed using online
approaches.

Eight of the bridges inspected incorporated a welded tie plate/grouted shear key detail
without post-tensioning, similar to that shown in Figure 2.22, for the transverse panel-to-
panel connection. The performance of this connection detail has been poor. Specific
issues include widespread leakage through the joints, especially in the negative moment
region; and the inability of the joint to transfer moment across the panels. Leakage is
more problematic on bridges with polymer overlays compared to those with asphalt. As
an extreme case, significant joint deterioration has occurred on Bridge C-325, such that
the pavement on the top of the deck has popped out and exposed several of the
connections. CME estimates the remaining life of this type of connection to be 15 years
from when the leakage evidence is first observed. Joint performance may be influenced
by quality of the grout, which also applies to panel-to-girder connections (see below).
Repair of the joints through epoxy injection of grout may be possible, but is expected to
be difficult, time consuming and costly. As a result of the poor performance, this
connection detail has been retired, and does not reflect UDOT’s current standards.

Ten of the bridges inspected incorporated a grouted shear key detail with post-tensioning
for the transverse panel-to-panel connection. This detail has performed well to date, and
reflects UDOT’s current standard (Fig. 2.23). A few bridges have isolated areas of
leakage, effluorescence, and rust staining near the deck ends; however, such problems are
not accelerating quickly and CME estimates that the joints should last through the life of
the deck (up to 75 years). Most of these bridges included a CIP concrete closure pour.
Shrinkage of the closure pour concrete has led to some cracking and joint leakage; CME
estimates that this problem can be reduced by relaxing the existing concrete specification
as the high early strength requirements tends to lead to more shrinkage issues with the
concrete.
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Figure 2.23: UDOT current standard transverse panel connection detail with longitudinal
post-tensioning (UDOT, 2015b)
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One of the bridges inspected incorporated the standard transverse connection detail
without longitudinal post-tensioning that was developed as a result of the NCHRP 12-65
project (Badie and Tadros, 2008). The detail, which incorporates a reinforcing bar
grouted into steel pockets that are cast into the deck, is discussed further in Section 2.5.4.
The bridge was first inspected in 2011 almost immediately after construction, and no
problems were detected. However, in the 2013 inspection unexpected deterioration of the
transverse connection joint was detected. CME estimates that the joint will last 20-30
years, which is less optimistic than NCHRP findings. However, the NCHRP conclusions
appeared to be based on simple span bridges with only positive moments, and therefore
CME recommends that the connection detail be avoided in negative moment regions.
Furthermore, the detail was found to be costly relative to the standard with longitudinal
post-tensioning, and thus likely will not be further pursued.

Nineteen of the bridges inspected incorporated full-depth pockets through the panels to
form the girder-to-panel shear connections. The pockets are filled with grout. This detail
is used with both steel girder and concrete girders. The performance of these connections
has been mixed; some of the bridges show signs of minor leakage through the pockets.
CME estimates that the primary cause of the leakage is due to shrinkage of grout in the
pockets, and recommends that the grout specifications should be modified to include a
prequalification procedure and different grouts should be evaluated against a performance
standard. The issues are relatively minor and the shear connectors are expected to last 40-
75 years.

Most of the inspected bridges incorporated a 3/8” polymer overlay without a
waterproofing membrane. Many of the overlays were observed to have cracks at the deck
expansion joints or at the transverse deck panel joints. CME estimates that lack of a
waterproofing system allows salts and chlorides to seep through the cracks and
exacerbate the leakage problems that are observed in the deck joints. In addition,
delamination of the overlays was observed in some bridges. CME estimates that this
overlay system will need major maintenance or replacement every 10-15 years, and has
recommended that UDOT replace the existing polymer overlay with a waterproofing
membrane on the bare concrete deck, covered by a 3” thick bituminous wearing surface
(asphalt layer). Instead, UDOT updated the standard in early 2014 to require the polymer
overlay provider to provide 5 year warranty against material and installation defects
(UDQT, 2014).

In addition to details already mentioned, the following guidelines related to precast decks
are provided in UDOT’s Structures Design and Detailing Manual (UDOT, 2015a).
Precast deck elements are designed using the strip method based on Articles 9.7.3 and
4.6.2.1, and Table A4-1 in the Appendix to Section 4 of the AASHTO LRFD
Specifications (AASHTO, 2014). The design table also specifies the concrete deck
reinforcing. Skew is considered in the detailing of deck reinforcing for skew angles
greater than 20 degrees, which is slightly more conservative than the LRFD
recommendations of 25 degrees. General size guidelines restrict the panel maximum
width (including projecting reinforcement) to 14 ft. The minimum panel thickness is 8
Y.
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The connection between panels is generally provided by post-tensioning. The post-
tensioning system should be designed to provide at least 0.25 ksi across the joint after all
losses. The losses associated with panel creep can be ignored because the deck-girder
interaction tends to restrain the creep. Use of lap splices with a closure pour or other
alternative details providing reinforcing across the joint are also permitted.

Deck haunches are used to account for construction variations, tolerance, and beam
camber. The haunch can vary along the length of the girder due to flange thickness
variation, camber variation, and roadway profile. The minimum haunch thickness is 1 %4”
for full-depth precast deck panels.

The designer is to provide a placing sequence for full-depth panels, and a construction
sequence for all activities including connecting the panels to each other and the girder.
Transverse construction joints are to be placed parallel to any skew, and avoid the girder
field splice locations. Longitudinal construction joints are to be avoided unless dictated
by exceptional circumstances, e.g. deck width exceeding 120 ft. Longitudinal
construction joints should not be located under a wheel line. Closure pours are not
required but can be useful in phased construction projects. Closure pours should be a
minimum width of 3 ft, and lap splices of the transverse reinforcing should be located
within the closure pour.

2.5.4 NCHRP 584 Connection Designs

The results and findings of NCHRP 12-65 were used to assemble optimal designs for
full-depth prefabricated deck panels. The main goal of the research was to develop and
validate a system that did not require longitudinal post-tensioning or an overlay. Two
different panel systems were developed through the research; a transversely pretensioned
system and a transversely conventionally reinforced system.

The transversely pretensioned system used an 8 ft long panel that spanned the entire
width of the bridge with a structural thickness of 8”. The transverse prestressing was
applied through eight ¥2” diameter strands that are distributed in two layers. No. 6 bars at
13.3” spacing were used in the longitudinal direction. Figure 2.24 shows the plan view of
the panel design.
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Figure 2.24: Plan view for transversely pretensioned system (Badie and Tadros, 2008)

Two alternative details were proposed as viable options to splice the longitudinal
reinforcement across the transverse connection for use with the transversely pretensioned
panel system. The first transverse connection consisted of placing an HSS section in one
side of the panel and embedding the reinforcement within the section. Reinforcement
from the adjacent panel is extended into the HSS section when the panels are placed
during construction and the HSS is filled with grout. Figure 2.25 shows different views of
the first transverse connection. The second transverse connection used an extra
reinforcing bar that was dropped into the connection through a slot in the top of the panel
and then covered in grout. Figure 2.26 shows this connection.
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The transversely conventionally reinforced panel is also 8” thick. The panel uses three
layers of reinforcement; a top and bottom layer in the transverse direction and a
longitudinal layer. No. 6 bars spaced at 18 inches are used for both the top and bottom
transverse layer. The longitudinal reinforcement is 1 No. 8 bar with threaded ends. The
longitudinal reinforcement is spliced using HSS tubes. The plan view of the panel is
shown in Figure 2.27 and the transverse connection is shown in Figure 2.28.
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Figure 2.28: Transverse connection for conventionally reinforced panel (Badie and
Tadros, 2008)

For steel girders, both the pretensioned and conventionally reinforced panel
configurations used the same girder-to-deck panel connection (Figure 2.29). The
connections were spaced 48 apart and used eight 1 1/4” studs for each pocket. For
concrete girders, the girder-to-deck panel connection differed for the two panel
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configurations. The transversely prestressed panel used a stud configuration with clusters
of three 1 1/4” studs spaced 48 apart (Figure 2.30). Studs were used for this connection

to minimize the pocket size required to accommodate the connection. The conventionally
reinforced panel configuration used projected shear reinforcement from the girder for the

connection (Figure 2.31).
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Figure 2.29: Steel girder-to-deck panel connection (Badie and Tadros, 2008)
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pretensioned panels (Badie and Tadros, 2008)

32



1I_DII

P

’I I
2" h grouting Shear connector
pipe 4
< N /

& b /‘/,’)
Section K-K /

Figure 2.31: Prestressed concrete girder-to-deck panel connection for transversely
conventionally reinforced panels (Badie and Tadros, 2008)

2.6 Current Practice, Standards and Specifications for Partial Depth
Deck Panels

2.6.1 General Fabrication and Construction Procedures

Two different fabrication processes are used for partial depth precast panels, and both are
considered viable (Hieber and Wacker, 2005). The first method is to place spacers
between the panels in the casting bed, and cut the prestressing strands after the concrete
has cured. This allows the panels to be separated at the completion of the cure time. The
second method is to cast one large panel and to cut out individual panels once the
concrete is cured. According to the PCI Precast Deck Panel Guidelines (PCI, 2001),
partial depth panels should be at least 3.5” thick and use 6000 psi 28 day strength
concrete. Once the panels are in place the CIP portion of the deck should be at least 4.5
thick. Prestressing strands, if incorporated, should be 3/8” diameter and located at least 4”
away from the outside of the panels (PCI, 2001).

During construction, partial depth panels should be handled as little as possible to prevent
cracking or warping. Panels developing cracks that span across more than one
prestressing strand or expanding beyond 1/3 of the total length of the panel should not be
used on the bridge. To install the panels, temporary supports are placed on the girders and
leveling screws are used to adjust the panels to the correct elevation. Once the temporary
supports are constructed, the panels can be placed and grouted to the girders to prevent
movement. After the panels are grouted to the girder, the leveling screws used for the
panels should be removed. The deck reinforcement can then be placed and the final CIP
deck poured and allowed to set.
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PCI (2001) specifies standard drawings for panel placement and installation. Figure 2.32
shows a plan view of the deck and specifies general dimensions. Figure 2.33 illustrates
the prestressed concrete girder to deck connection. This connection is similar to the full-
depth connection shown in Figure 2.12 except the partial depth connection is made
composite with a CIP pour while the full-depth connection uses grout. Figure 2.34
illustrates the steel girder to deck connection. This connection is similar to the full-depth
connection shown in Figure 2.11. Figure 2.35 shows how the grout dam should be
designed.
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2.6.2 Texas Specifications and Experience

Texas has been a leader in the development of partial-depth precast panels (Merrill,
2002). Texas first designed a bridge with precast partial depth panels to act as stay in
place formwork for the CIP portion of the deck in 1963. The method did not immediately
gain popularity because of the difficulty in cantilevering the panels on the exterior edges.
However, Texas began using partial-depth panels spanning over the interior girders, and
currently uses partial-depth panels on most girder bridges in every part of the state.
Standard details and specifications have been iterated based on lessons learned from
construction challenges, in-house research projects, and evolution in materials over time.
Texas explains the benefit of using a partial-depth panel system as follows. Construction
is accelerated because the panels can be placed for the formwork within hours, and the
CIP finishing pour takes less time due to the decreased amount of concrete compared to a
full CIP deck. The decrease in construction time translates to cost savings, both in
decreased work for the contractor and less traffic delay. Texas has also found that partial-
depth panels are safer to install than a conventional deck. Since the panels are
significantly heavier than wood or steel formwork, the formwork cannot blow away.
Form removal is unnecessary as the panels stay in place for the life of the bridge. Texas
has also seen positive impacts from the prestressing steel applied to the precast panels in
the positive moment region of the deck. High quality concrete is achieved through this
method of construction because the panels are fabricated in precast plants (Merrill, 2002).
When asked whether Texas has considered implementing fully prefabricated decks for
further benefit, current designers responded that full-depth decks are not used extensively
as a widespread need has not been developed. However, full-depth decks have been
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found useful for certain projects, and the state is working with the precast industry to
develop best practices (Holt, 2015).

Texas uses panels that are 4” thick with a 4” thick CIP layer for a total deck thickness of
8”. The precast panels are typically cast at a fabrication plant in casting beds that are 350
to 500 ft long, and prestressed to the appropriate level based on AASHTO Bridge Design
Specifications (AASHTO, 2014). The largest producers of partial-depth panels can
manufacture about 300 panels per day. The panels are typically cast with approximately
6” gap between panels to allow for panel movement at the release of the prestressing
strands. The required concrete strength is 5 ksi. After the panels are placed, #5 bars
spaced at 6” are normally placed in the panels that experience negative moment. Figure
2.36 shows the typical panel-to-girder section with bedding strips and spacing and does
not show reinforcement. Figure 2.37 shows the panel placement over both an interior and
exterior girder as well as the projected girder reinforcement. Composite action between
the girder and the deck is achieved by projecting #4 bars from the girder with a full
closed loop as shown in Figure 2.37. Figure 2.38 shows a transverse section between
panel ends; the panels are placed with a maximum 1” gap and sealed to prevent joint
leakage (Merrill, 2002).
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Figure 2.36: Typical panel placement for Texas partial-depth decks (TXDOT, 2006)
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Texas has placed limitations on the use of partial-depth precast deck panels. Precast deck
panels are not permitted on curved steel girder bridges due to the complicated interaction
between the deck, girder, and the diaphragm. Texas prefers to use a monolithic deck for
this scenario. Partial-depth panels are not permitted on deck widening and phased
construction projects, because the panels cannot usually be placed properly with the
existing or currently built part of the structure. Partial-depth panels are impractical to
install on steel girders with flange widths less than 12" because it is difficult to weld the
shear studs within such a small opening (Merrill, 2002).

Texas has recently started using precast deck panels for the entire superstructure.
Previously partial-depth panels were not applied over the expansion joints because of the
geometric requirement for skewed panels. However, Texas experimented with different
panel configurations and determined that trapezoidal panels could be used over expansion
joints and remain structurally sound. Tests showed that either a parallel or fanned strand
pattern would provide the required strength for the deck to meet required design loads
(Wood et. al, 2008). Figure 2.39 illustrates Texas’ specifications for a skewed panel
layout.
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Figure 2.39: Skewed panel layout (TXDOT, 2006)

Texas has historically encountered longitudinal cracking on decks that use partial-depth
precast panels. The longitudinal cracking was found to be caused by placement of the
bedding strip too far from the edge of the girders, which led to insufficient bearing for the
panels, or by placement of the bedding strips too far in advance of the panel placement.
The latter approach caused the bedding strips, which prevent the CIP concrete from
flowing under the panel edges, to crush. Texas mitigated the longitudinal cracking by
ensuring the bedding strips were placed as specified, so that the design panel bearing
stresses were achieved. Besides the longitudinal cracking, Texas has had positive
experiences with partial depth deck panels and has been happy with the performance they
have produced (Merrill, 2002).

2.6.3 Colorado Experience

Colorado DOT has also used precast partial-depth panels for many years. Policies dating
from 1991 are listed on the CODOT website (CDOT, 1991). Panels are between 2 and 10
ft in length and no less than 3” in depth. Concrete used for the panels must have a
minimum 28 day strength of 6 ksi.

CODOT uses similar specifications to the ones mentioned in Section 2.5.2. Figure 2.40
shows a section view of prestressed concrete deck panels spanning between interior
girders. CODOT uses projected reinforcement bent 90° at the top, rather than Texas’
closed hoop configuration (Figure 2.37). Steel studs are used to achieve composite action
between the deck and girder for partial-depth decks with steel girders (Figure 2.41). In
general, the transverse joint is formed by fitting the panel ends tight against each other
(Figure 2.42). After the panels are placed during construction, the deck panel surfaces are
roughened to create more interaction between the panels and the CIP concrete.
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2.7 Noteworthy Projects

2.7.1 Utah Interstate Exchange Ramp Deck Replacement Project (Skewed Bridge)

In 2014, UDOT replaced the deck of a 4-span 48.5° skewed interstate-to-interstate
exchange ramp with full-depth precast concrete deck panels (Scoles et al., 2014). The
bridge was built in 1967 and the deck had been repaired several times to extend the life of
the bridge. The inspections prior to the most recent deck replacement revealed crumbling
of the deck, expansion joint failure, heavily rusted bearings at the abutments, and
cracking and concrete spalling around the bearing pedestals at the abutments. UDOT
decided to perform a full deck replacement to extend the life of the ramp.

Minimizing the traffic impact was a goal of this project, so the construction closure was
desired to take 14 days or less. As a result, three different approaches using full-depth
deck panels were considered to optimize construction speed. The selected design used an
approach that oriented the deck panels perpendicular to the centerline of the structure.
This approach eliminated the need for a skewed joint, and allowed for quicker panel
construction and placement than if panel joints had followed the skew of the bridge. The
main disadvantage was the lack of a performance history for this type of panel
configuration. Figure 2.43 shows the final panel layout that was chosen for the project.
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Figure 2.43: Utah panel layout (Scoles et al, 2014)

The bridge had a superelevation transition along each span. In the existing deck, the
change in superelevation had been built into the panels. For the deck replacement, the
panels were made flat to simplify construction and fabrication. Varying haunch heights
and large post-tensioning ducts allowed the panels to be assembled in this manner.
Composite action was achieved by using shear studs and blockouts in the panels. All of
the transverse reinforcement was designed using UDOT’s method for a CIP deck.

Because many of the components of the bridge were unique, several parts of the design
were checked to ensure the system would perform as expected. The post-tensioning was
analyzed thoroughly, and the transfer of the post-tensioning force from the deck to the
girder was examined. Long term creep losses were calculated using a finite element
model to validate the results of hand calculations from AASHTO LRFD.
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The removal of the existing deck was more difficult than was expected as the girder
flanges were 5/8” thick and were prone to damage using traditional removing techniques.
The girders also rebounded more than expected after the dead load of the previous deck
had been removed. This caused damage to the abutment bearings. However, the
replacement was completed in 6 days, much shorter than the 14 day target. No post-
construction reports were included with the summary. Figure 2.44 shows the placement
of the deck panels during construction.

Figure 2.44: Deck placement of Utah ramp (Scoles et al, 2014)

2.7.2 Missouri Bill Emerson Memorial Bridge

In 2003, the Missouri DOT (MODOT) used full depth precast deck panels in the
construction of the Bill Emerson Memorial Bridge (Badie and Tadros, 2008). The bridge
was a complete replacement of the original bridge that was built in 1927. The main span
of the cable-stay bridge is 4000 ft long and 100 ft wide. The superstructure is supported
by three longitudinal girders spaced at about 50 ft and transverse floor beams spaced at
18 ft.

The deck consists of two adjacent 10” deep precast panels spanning the width of the
bridge, replicated in the longitudinal direction. The panel face on the interior side of the
bridge rests on the center girder and floor beams. Because the bridge was not skewed,
straight panels were used and the longitudinal joint was created over the center girder of
the bridge. Figure 2.45 is a duplicate of Figure 2.15, repeated here for convenience, and
shows the panel layout for the bridge.
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Figure 2.45: Deck panel placement of Bill Emerson oriI Bridge (Badie and Tadros,
2008)

The precast deck panels were conventionally reinforced with top and bottom meshes of
epoxy coated bars. CIP concrete was used for the side and median barriers, transverse
connections, and longitudinal connections. The transverse connection was a shear key
with reinforcement projected out of the panel and a CIP pour used to complete the joint.
Because the longitudinal connection was formed over a girder, shear keys were not
needed for that connection. The panels were made composite with the girder by welding
shear studs on the steel girder and completing the longitudinal connection with CIP
concrete. The longitudinal direction also used post-tensioning spaced at 12”. The deck
was completed with a 3" silica fume overlay. Figure 2.49 shows an individual panel with
post-tension ducts and shear keys for the longitudinal joint.
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2.7.3 lowa US 6 Over Keg Creek

The Strategic Highway Research Program (SHRP2) and the HNTB engineering firm
wanted to demonstrate an ABC modular design concept for common multi-span stream
crossings. Designing and demonstrating a successful design for this type of crossing
would allow ABC to be used on typical small scale bridge replacements. The US 6 over
Keg Creek Bridge was chosen as an example because of the moderate size and simplicity
of the project (lowa DOT, 2014).

The project used a precast modular deck system with steel girders, precast pier columns
and bent caps, precast abutment footings and wings, precast approach pavement slabs,
semi-integral abutments, and UHPC joints between the deck modules. The contractor
decided to use site casting for the bridge components rather than using a precast plant
because of the cost-savings for this project.

Bridge construction was begun by closing the highway and demolishing the old bridge.
The abutments and columns were installed and the abutments were placed within the first
five days of construction. When the abutments and columns were in place the cap beams
were installed. The cap beam installation included the largest precast lift lowa had
performed. Girders were placed and the deck modules were then installed. The approach
slabs were set and the joint and closure pours were installed using UHPC. The girders
were post-tensioned using rods. Final surface work was completed and the bridge was
opened to traffic. There were no major problems during the construction of the bridge
and the entire construction took 16 days to complete. Minor issues, such as the field
casting of UHPC and field welds, will need to be addressed on future ABC projects, but
the incorporation of ABC into this bridge was deemed a success (lowa DOT, 2014).
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2.8 Literature Review Conclusions

Prefabricated deck panels are an innovative way to decrease construction time and reduce
maintenance requirements. The panels can be incorporated in several ways, including
installation of the whole deck in one piece using full-depth prefabricated panels, or
incorporating panels as a stay-in-place form for a concrete pour using partial-depth
prefabricated panels. Experience with prefabricated deck panels varies widely state-to-
state. Some states, such as Texas, have used prefabricated panels for 30+ years while
others are just recently experimenting with different panel types. Because of the diversity
of experiences, it is instructive to evaluate the methodologies and detailing that other
states have incorporated for their use of deck panels along with corresponding successes
and failures. The next part of the project attempts to determine the best practices for the
use of deck panels by surveying every DOT and assembling the positive and negative
experiences for each panel and connection type.
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3. State DOT Prefabricated Deck Panel Survey Results

3.1 Introduction and Prior Research

The literature review on prefabricated panels indicated that a variety of deck panel details
have been developed and implemented throughout the United States. As a follow-up to
this literature review, additional information was gathered to identify the best options for
prefabricated deck panels. Specifically, other state experiences with deck panels were
investigated to identify best options for Nevada.

A survey was designed for this project to gather information on prefabricated deck panel
systems, specifically full-depth and partial-depth panels. This survey was modeled after
the NCHRP 12-65 project survey (Section 2.4), with the goal to update the NCHRP
survey results (Badie and Tadros, 2008) and investigate additional issues that were of
interest to Nevada DOT. The final 32-question survey included a variety of questions
about the use of prefabricated deck panels. The complete blank survey form sent to the
DOTs is included in Appendix B. All 50 state DOTs were invited to complete the survey
online. The representatives from each DOT were requested to complete the survey within
three weeks. At the end of the survey deadline, 31 states had responded to the survey.

3.2 Total Responses and Number of Decks Constructed

Several questions were asked to identify the volume of bridges that had been constructed
using prefabricated deck panels and to differentiate between various DOTSs by their levels
of experience. Of the 32 DOTSs, 20 reported they had constructed new bridges or
performed deck replacement projects with prefabricated deck panels in the past 10 years.
Figure 3.1 shows the total number of new bridges constructed in the last 10 years,
differentiated by deck and girder type. Figure 3.2 shows the total number of deck
replacements performed in the last 10 years, also differentiated by deck and girder type.
Because of the difference in experience levels with prefabricated deck panels across
different states, it is important to look at the number of bridges each DOT has designed
using deck panels. Figure 3.3 shows the percentage of DOTs with varying levels of
experience using prefabricated deck panels, tabulated from among the 32 states that
responded. For example, 37% of DOTSs had no experience, 34% had limited experience
(designed between 1 and 5 bridges), 16% had some experience (6 to 15 bridges), and
13% had extensive experience (>20 bridges).

46



Number of New Bridges Constructed Nationwide

H Concrete Girder - Partial
Depth

m Steel Girder - Partial
Depth

B Concrete Girder - Full
Depth

H Steel Girders - Full Depth

0 10 20 30

Figure 3.1: Number of new bridges built with prefabricated deck panels in past 10 years
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Figure 3.2: Number of bridge deck replacement projects using prefabricated deck panels
in past 10 years
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Figure 3.3: Percentage of DOT’s with various experience levels using prefabricated deck
panels by number of bridges

Figure 3.1 shows that for new bridge construction, both partial depth and full depth
panels have been used with both steel and concrete girders. Not included in Figure 3.1
due to scaling issues, Texas reported constructing 2000 new bridges with partial depth
panels and prestressed concrete girders in the past 10 years. This number was much
larger than other states because Texas uses partial depth panels almost exclusively for
new bridge construction. Based on Figure 3.2, both partial depth and full depth deck
panels are commonly used for deck replacements on steel girder bridges. However,
prestressed concrete girder bridges incorporating prefabricated deck panels are much less
common. Figures 3.1 and 3.2 imply that partial depth panels are more commonly used
than full-depth panels, however this is misleading. Multiple DOTs use partial depth panel
construction as the default for all bridge construction. Because of this, these DOTs have
constructed large numbers of bridges that use partial depth deck panels; at a higher
proportion than DOTSs that use full-depth panels. In summary, full-depth panels are used
by more DOTSs, but more bridges are constructed using partial depth panels.

3.3 Trends in Application of Prefabricated Deck Panels

3.3.1 Full-Depth Longitudinal and Transverse Reinforcement

DOTs were surveyed to identify the most common methods for connecting full-depth
panels in the longitudinal and transverse direction. Figures 3.4 and 3.5 show how many
times each reinforcement type was used. The two most common longitudinal
reinforcement types were spliced reinforcement with UHPC and longitudinal post-
tensioning with standard grout. Tennessee has applied HSS with epoxy grout and New
Jersey has tried a rapid set latex modified concrete on two bridges. For the transverse
reinforcement, spliced reinforcement with UHPC or standard grout was the most
commonly used connection type. Bridges that did not have a longitudinal joint were
identified as “Not Applicable” in Figure 3.5.
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Figure 3.4: Implementation of longitudinal reinforcement details

Transverse Reinforcement Details

B Not Applicable

M Other

m Spliced Reinforcement with
Standard Grout

B Spliced Reinforcement with
UHPC

B Transverse Post-tensioning
with Standard Grout

- H Transverse Post-tensioning
0 5 10 15 20 25 30 with UHPC

Number of Bridges

Figure 3.5: Implementation of transverse reinforcement details
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3.3.2 Connection Details

3.3.2.1 Full Depth Panel-to-Panel Connections

To assess use of full-depth panel-to-panel connections, the survey presented a variety of
details, and respondents were asked to rate implementation of each detail (usage rating)
as: “regularly used”, “used but not standard practice”, “used but would not use again”,
and “never used”. Figure 3.6 shows the panel-to-panel connections that were included in
the survey and Figure 3.7 shows the number of DOTSs reporting successful application of
each connection detail. DOTSs reporting either regular use or used but not as standard
practice were included in the count in Figure 3.7. Figure 3.8 shows the number of DOTs
that selected each usage rating in pie chart format.

The general female-to-female shear key detail developed by PCI (2011a) shown in Figure
3.6a was the most commonly used transverse connection type and the longitudinal joint
resembling that developed by Oregon DOT (Figure 3.6g) was the most commonly used
longitudinal connection. The female-to-female shear key with welded shear plate (Figure
3.6b), transverse shear key with steel plate (Figure 3.6c), female-to-female shear key with
HSS (Figure 3.6d) and longitudinal joint with spliced reinforcement (Figure 3.6i) were all
never used or seldom used.

a. Female-to-female shear key b. Female-to-female shear key with welded

shear plate -
) ST ===
N Py [ {C :ﬁ
T L . Bl
f e 3 T
d. Female to female shear key with HSS e. Female to female diamond shear key f. Female to female shear key with bent
reinforcement
. O i === -
) H mo o | | |
AP S L e oo e L
LA == .
\
g. Longitudinal Cast-in-place joint h. Longitudinal Cast-in-place joint over girder i. Longitudinal joint with spliced reinforcement

Figure 3.6: Various panel-to-panel connection details
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Panel to Panel Connection Detail

1 i. Longitudinal Joint with
Spliced Reinforcement

i h. Longitudinal Cast-in-place
Joint over Girder

m g. Longitudinal Cast-in-place
Joint

m f. Female to Female Shear
Key with Bent Rein.

M e. Female to Female
Diamond Shear Key

m d. Female to Female Shear
Key with HSS

c. Transverse Shear Key
with Shear Plate

M b. Female to Female Shear
key with Welded Steel Plate

0 5 10 15  Ma. Female to Female Shear
Number of DOT's Key

Figure 3.7: Number of DOTs implementing various panel-to-panel connection details
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a. Female to Female Shear Key b. Female to Female Shear Key with
Welded Shear Plate

c. Transverse Shear Key with Shear d. Female to Female Shear Key with
Plate HSS

B Regularly used
B Have used but not
standard practice

B Have used butwould not

use 3gain
e. Female to Female Diamond f. Female to Female Shear Key with B Have not used
Shear Key Bent Reinforcement
g. Longitudinal Cast-In-Place Joint h. Longitudinal Cast-In-Place Joint i. Longitudinal Joint with Spliced
Over Girder Reinforcement

Figure 3.8: Type of use for each panel-to-panel connection detail, counted as number of
states selecting each usage rating.




3.3.2.2 Full Depth Panel-to-Girder Connections

Implementation of various full-depth panel-to-girder connections was surveyed in the
same way as the full-depth panel-to-panel connections. Figure 3.9 shows the panel-to-
girder connections and Figure 3.10 shows the number of DOTSs indicating successful
application of each connection detail. Figure 3.11 shows the number of states that
indicated each usage rating in pie chart format.

The steel girder with welded steel studs detail developed by PCI (Figure 3.9a, PCI,
2011a) was the most commonly used steel girder connection. The prestressed concrete
girder with studs detail (Figure 3.9d, PCI, 2011a) was commonly implemented with
prestressed concrete girders. Thus details utilizing shear studs were most commonly
implemented for both steel and concrete girders. A projected reinforcement detail (Figure
3.9¢, PCI, 2011a) and stirrups (Figure 3.9f, DET 3425 of ODOT, 2015) were used for the
concrete girder but not as commonly as the shear stud detail. The other connection types
that were included in the survey were seldom or never used.

a. Steel Girder with Steel Studs and b. Steel Girder with Welded C-channel ¢. Tub Girder to Deck Connection
Grouted Haunch

d. Prestressed Concrete Girder with Shear e. Prestressed Concrete Girder with f. Prestressed Concrete Girder with Stirrups
Studs Projected Reinforcement

Figure 3.9: Various panel-to-girder connection details
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Deck to Girder Connection Details
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Girder with Stirrups

M e. Prestressed Concrete
Girder with Projected
Reinforcement
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Girder with Shear Studs

M c. Tub Girder to Deck
Connection

m b. Steel Girder with Welded
C-channel

M a. Steel Girder with Steel
Studs and Grouted Haunch
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Figure 3.10: Number of DOT’s implementing various deck-to-girder connection details
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a. Steel Girder with Shear Studs b. Steel Girder with welded C-
and Grouted Haunch channel

c. Tub Girderto Deck Connection d. Prestressed Concrete Girder with

Shear Studs B Regularly used

® Have used but
not standard
practice

M Have used but
would not use
again

® Have not used

e. Prestressed Concrete Girder with f. Prestressed Concrete Girder with

Projected Reinforcement Stirrups

Figure 3.11: Type of use for each deck-to-panel connection, counted as number of states
selecting each usage rating

3.3.2.3 Partial Depth Connections

Usage ratings were surveyed for partial depth panel-to-girder and panel-to-panel
connections in the same way as for the full-depth panels. Figure 3.12 shows the partial
depth panel-to-panel and panel-to-girder connections. Figure 3.13 shows how many
DOTs used each connection type, and Figure 3.14 shows the number of states selecting
each usage rating in pie chart format.

The most commonly used partial depth panel-to-girder connection was a detail with
welded steel studs extending from steel girders (Figure 3.12a, PCI, 2001) and a
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prestressed concrete girder with haunch reinforcement (Figure 3.12b, TXDOT, 2006). U-
girders with partial depth panels (Figure 3.12c, TXDOT, 2006) were also a common
configuration among different DOTSs.

Only one type of partial depth panel-to-panel connection was identified by the authors to
include in the survey. As a result, DOTs were asked an open ended question to indicate
differences in their own implementation relative to the model connection (Figure 3.12¢,
TXDOT, 2006). Most DOTs indicated that instead of leaving a 1 inch gap, the panels are
pushed directly against each other and a concrete deck pour is used to seal the joint.

Castin-place . "
concrele sverpour \ Remrcr:e'nm.\ Ruinforcoment concrets N\
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a. Steel Girder with Welded Steel Studs b. Prestressed Concrete Girder with Partial
Depth Panels
Coret deck \‘ -
N varsrsss | irsress: Boo SR
T 7]
_ | | Bi——uy
T\ | e o /| ,"—_ o
| ovrtang
c. Prestressed Concrete Tub Girder with d. Prestressed Concrete Tub Girder with
Partial Depth Panels Partial Depth Panels and Leveling Screws

A« B

e. Partial Depth Transverse Panel Connection

Figure 3.12: Various partial-depth connection details: a-d. panel-to-girder connection
detail, and e. panel-to-panel connection detail
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Partial Depth Connections

H e. Partial Depth Transverse
Panel Connection

B d. Prestressed Concrete Tub
Girder with Partial Depth
Panels and Leveling Screws

i c. Prestressed Concrete U-
Girder with Partial Depth
Panels

M b. Prestressed Concrete
Girder with Partial Depth
Panels

M 3. Steel Girder with Welded
10 Steel Studs

Number of DOT's

Figure 3.13: Number of DOT’s that use each partial depth connection
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a. Steel Girder with Welded Steel b. Prestressed Concrete Girder with
Studs Partial Depth Panels

c. Prestressed Concrete U-Girder  d. Prestressed Concrete Tub Girder ® Regularly used

with Partial Depth Panels with Partial Depth Panels and Levelin
° — r..S::rntaws ¢

® Have used but not
standard practice

m Have used but would
notuse again

B Have not used

e. Partial Depth Transverse Panel
Connection

Figure 3.14: Type of use for each connection detail, counted as number of states selecting
each usage rating

3.3.4 Usage of Overlays

DOTs were asked to indicate the standard practice for application of overlays to bridges
with both partial-depth and full-depth deck panels. DOTSs preferred a variety of options
for full depth deck panels including asphalt, concrete, a 3/8” polymer multilayer, and no
overlay. Asphalt overlays and no overlay were selected most frequently among the
options. No overlay was the most commonly chosen option for partial depth deck panels.
Figures 3.15 and 3.16 show the number of DOTS that used each overlay option for full-
depth and partial depth deck panels.

58



Full-Depth Deck Panel Overlay

B No Overlay

m Concrete

m 3/8" Multilayer
H Asphalt

1 2 3 4 5 6
Number of DOT's that use each overlay

o

Figure 3.15: Number of DOT’s that use each panel overlay type for full-depth decks

Partial-Depth Overlay

B No Overlay

m 3/4" Polymer
H Asphalt

2 4 6 8 10 12
Number of DOT's that use each overlay

o

Figure 3.16: Number of DOTSs that use each panel overlay type for partial depth decks

3.4 Deck Panel Evaluations

3.4.1 Deck Panel Performance Problems

Common performance problems with the prefabricated deck panels were also included in
the survey. To evaluate the performance of the deck panels in the field, DOTs were
presented with a list of potential performance problems and asked to evaluate the
frequency of the problem as: being “observed frequently”, “observed in the past but it
was not common”, or had “never been observed”. Figure 3.17 shows the number of
responses indicating a frequently observed problem for full-depth panels and Figure 3.19
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shows the number of responses indicating a frequently observed problem for partial-
depth panels. Figures 3.18 and 3.20 show the percentage of states selecting each rating
for each performance issue for full-depth and partial depth deck panels, respectively. The
performance problems observed most frequently for full-depth deck panels were closure
pour cracking and joint leakage. The respondents that reported these as common
problems indicated that both of these problems could be corrected by applying UHPC for
the joints and closure pour. DOTSs indicated that reflective cracking, excessive surface
wear, concrete spalling, and differential panel movement were not commonly observed.
Reflective cracking was the most commonly observed performance problem for partial
depth deck panels while differential panel movement, closure pour cracking, concrete
spalling, excessive surface wear, and joint leakage were not indicated as frequently
occurring problems for DOTSs. Reflective cracking was reported as a major issue for
several states and resulted in multiple DOTSs prohibiting the use of partial depth panels.
Other partial depth deck panel performance problems such as joint leakage and closure
pour cracking could be corrected with UHPC.

Full-Depth Frequently Observed Problems

Reflective Cracking
m Closure Pour Cracking

M Joint Leakage

0 1 2 3 4
Number of DOT's that frequently observe problem

Figure 3.17: Number of DOTSs indicating a frequently observed problem for full-depth
deck panels
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a. Full-Depth Joint Cracking b. Full-Depth Excessive Surface

Wear

c. Full-Depth Concrete Spalling d. Full-Depth Closure Pour Cracking m We frequently ohserve

this problem
0%

B We have observed
problem before - not
commaon

B We have never
observed this prohlem

e. Full-Depth Reflective Cracking f. Full-Depth Differential Panel
Movement

[Plot Area | 0%

Figure 3.18: Evaluation of performance problems for full depth panels, shown as
percentage of states selecting each rating of the problem




Partial-Depth Frequently Observed Problems

m Differential Panel
Movement

H Reflective Cracking

M Closure Pour Cracking

m Concrete Spalling

M Excessive Surface Wear

0 2 4 6 g  MJoint Leakage

Number of DOT's that frequently observe problem

Figure 3.19: Number of DOTs indicating a frequently observed problem for partial depth
deck panels
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a. Partial-Depth Joint Cracking b. Partial-Depth Excessive Surface
Wear

c. Partial-Depth Concrete Spalling d. Partial-Depth Closure Pour
Cracking

B We frequently

observe this problem
B We have observed
problem before - not
common
M We have never
observed this
problem

e. Partial-Depth Reflective {. Partial-Depth Differential Panel
Cracking Movement

Figure 3.20: Evaluation of performance problems for partial depth panels, shown as
percentage of states selecting each rating of the problem

3.4.2 Ratings of Deck Panel Performance

At the conclusion of the survey, DOTs were asked to evaluate the overall performance of
full-depth and partial depth deck panel systems. Respondents were asked to rate the
panels on a scale with four options: “poor”, “fair”, “good” and “excellent”. A rating of
“poor” indicated that the prefabricated deck panel system had numerous problems and
did not perform as expected, while a rating of “excellent” meant that the system had no
issues and only required standard maintenance. The performance of full depth deck
panels was rated highly by the DOTs with 17 out of 20 selecting a rating of good or
excellent. The partial depth panels received mixed reviews with 11 out of 20 DOTSs
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selecting a rating of fair or poor. The poor rating of partial depth deck panels was largely
due to performance issues and is related to the reflective cracking discussed above. Even
though many DOTSs indicated an unsatisfactory rating for partial depth deck panels,
Texas, which uses the most partial depth panels, indicated an excellent rating for partial
depth deck panel systems. Figures 3.21 and 3.22 show the number of DOTSs that indicated
each performance rating for full and partial depth deck panels.

Full-Depth Performance

M Excellent
= Good
M Fair
m Poor

0 2 4 6 8 10 12 14 16

Number of DOT's indicating each rating for full-depth deck panels
Figure 3.21: Full-depth deck panel performance rating
Partial Depth Performance

M Excellent
= Good
| Fair
B Poor

0 1 2 3 4 5 6 7

Number of DOT's indicating each rating for partial depth deck panels

Figure 3.22: Partial-depth deck panel performance rating

3.4.3 Preference Trends for Full-Depth vs Partial-Depth Panels

An open ended question was asked to determine whether state DOTSs preferred full-depth
or partial-depth panel systems. Figure 3.23 shows the percentage of states preferring
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partial depth or full-depth deck panels and percentage indicating no preference. The
majority of respondents either prefer full-depth panels or currently do not have a
preference. Multiple DOTSs reported being in the experimental phase for full-depth panels
and therefore, currently do not have an opinion. Colorado reported preferring partial-
depth to full-depth deck panels because using partial-depth panels is standard practice in
the state. lowa, Minnesota, and Louisiana reported preferring full-depth deck panels
because severe performance issues had been observed with partial depth panels.

Preferred Deck-Panel Choice

No preference
50%

Prefer Partial-
Depth
6%

Figure 3.23: Preferred deck panel system

3.5 Deck Panel Limitations

Consensus regarding limitations on the use of prefabricated deck panel systems appears
to be lacking in the literature. Questions regarding skew, curvature and superelevation
were included in the survey to determine if DOTs had made decisions to limit deck panel
implementation under certain circumstances. Figure 3.24 shows the percentage of states
fully restricting, partially restricting, or not restricting the use of full-depth or partial-
depth panels for bridges with skew, curvature and superelevation. Figure 3.24 shows that
use of full-depth deck panels was less restricted than partial-depth panels. Most DOTSs did
not place a restriction on the use of full-depth deck panels regardless of skew, curvature
or superelevation. Among all parameters, curvature prompted restrictions for the greatest
number of states; for instance 28% of states disallowed the use of full-depth deck panels
for bridges with curvature. In general, DOTSs did not indicate specific limits, but four
states indicated maximum skew angle of 30 degrees, and two states indicated a maximum
superelevation (2% and 4%). Some DOTSs indicated that limitations had not been placed
on the implementation of deck panels was because the panels had not been used enough
to develop guidelines for the use of deck panels.
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Figure 3.24: Percentage of states limiting the use of prefabricated deck panels

More restrictions were placed on the implementation of partial-depth deck panels than
full-depth deck panels. Partial depth deck panels were not permitted in almost half of the
DOTs when the bridge had skew, curvature or superelevation. However, 44% of DOTSs
indicated no limit had been placed on the implementation of partial depth deck panels
when the project included skew, curvature or superelevation. Specific limits that were
indicated were a maximum skew angle of 40 degrees, and maximum superelevation in
the range of 3-5%.

Another limitation on prefabricated deck panels is the maximum panel size as governed
by transportation considerations. Several states specified a minimum or maximum length,
width, or depth applied to deck panels based on transportation limits. Table 3.1 shows the
ranges for the maximum length and width that states had imposed for the transportation
of panels, as well as a minimum depth.
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Table 3.1: Transportation limits placed on full-depth deck panels by states

Transportation Limits Range Among States
Length (maximum allowed) 10 to 41 ft.
Width (maximum allowed) 6 to 12 ft.
Depth (minimum allowed) 3.5in.t0 8.25in.

3.6 Implementation of Site Casting

Nevada has an added challenge in implementing ABC due to the current lack of a
certified precast concrete plant in the state. Because of this, it was important to determine
the feasibility of site casting different components of a bridge. The survey asked whether
site casting had been used for girders, columns, pier caps, footings, abutments, full-depth
deck panels and partial-depth deck panels. For each component, respondents were asked
whether site casting: has been “used regularly”, “used sometimes depending on the
project details”, “attempted once or twice”, or “never been attempted”. Figure 3.25 shows
the percentage of DOTSs that indicated the frequency of site-casting for each type of
component. The responses from the DOTSs indicated that site casting has not been
attempted for any bridge components in a majority of states. Pier caps and abutments
were reported as being site-cast the most often compared to other components. Full-depth
and partial-depth deck panels have been site cast in a few states, but site casting of these
components is very infrequent. If NDOT desires to use site casting for deck panels, the
authors recommend contacting Texas and Utah for specifics on usage of site casting. The
numbers reported in Figure 3.25 should be interpreted with caution. Based on the
authors’ knowledge of site casting in various states, it appears that a small number of
respondents may have misinterpreted site casting as CIP construction.

As discussed in Section 2.5.3, when Utah began implementing ABC construction,
contractors were selected that were not certified for precast construction. Rather than opt
for site casting, Utah responded to this situation by requiring the contractor to obtain
certification prior to building the project, but provided financial compensation for
requiring the certification.
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Figure 3.25: Percentage of states using site casting of various bridge components

3.7 Recommendations for Nevada Implementation

The main goal of the survey was to develop recommendations on panel and connection
type for the Nevada DOT by determining what has been successfully applied in other
states. To develop an overall perception of performance for each connection detail,
survey responses on implementation of specific connection details (Figures 3.6, 3.9, 3.12)
were superimposed with performance evaluation responses for corresponding full-depth
and partial depth panels (Figures 3.21, 3.22). Figures 3.26, 3.27, and 3.28 present the
implicit performance ratings for each connection detail according to this method.
Specifically, if a DOT indicated frequent use of a specific connection, the DOT’s
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associated general rating for the panels was applied toward that connection. For example,
one DOT indicated frequent use of the female-to-female shear key connection and rated
their experience with full-depth deck panels as “good”; thus the female-to-female shear
key was assigned one “good” rating. Increasing number of “good” and “excellent” ratings
in Figures 3.26 — 3.28 indicates more widespread favorable impression of the connection.

Recall that the full-depth panel-to-panel connections reported as frequently used by the
most states were the PCI female-to-female connection (Figure 3.6a) for the transverse
connection and the Oregon DOT cast-in-place joint (Figure 3.69) for the longitudinal
connection. Each of these connections were used by DOTSs that rated full-depth panel
performance as good, and the connections did not have any poor ratings associated with
their use. The other full-depth panel-to-panel connections such as the diamond shear key
were not commonly used or were associated with DOTSs that did not rate performance of
full-depth deck panels as favorable as the DOTs that used the PCI or ODOT connections.
Two alternative approaches for panel-to-panel connections have been found to help
prevent leakage: post-tensioning and UHPC. The use of UHPC will lead to less space
between the panel-to-panel connections because of the decreased anchorage length
requirements and also will simplify the fabrication and installation of the panels.
However, little long-term performance data is available for full-depth decks with UHPC
joints. Post-tensioning has been used by many DOTSs to prevent leakage. Because of the
tradeoffs between the two methods, it is believed that either approach could be effective.

DOTs indicated four options for full-depth panel-to girder connections that were
commonly used. The steel girder with shear studs and grouted haunch connection (Figure
3.9a), which is the only steel girder connection in current use by DOT’s, was associated
with DOT’s that rated full-depth deck panel performance as generally favorable.
Specifically, the connection received seven good ratings and one fair rating, and thus
appears to be an acceptable connection for steel girder panel-to-girder connections. All
three commonly used options for concrete girders: steel studs, hooked reinforcement, and
steel stirrups (Figure 3.9d, e, and f) received good reviews and were all used with the
same frequency among states. Because the shear stud configuration (Figure 3.9a) and the
prestressed concrete girder shear stud connection (Figure 3.9d) were used the most
frequently among states with favorable performance reviews, both of these full-depth
deck panel-to-girder connections are recommended.

The performance of partial depth panels was rated by DOTSs to be significantly less
satisfactory than the performance of full-depth panels. Because the majority of DOTSs
indicated having no preference between full-depth or partial-depth deck panels or
preferring full-depth panels, the application of full-depth panels by Nevada is
recommended prior to attempting to include partial-depth panels in standard construction
practices. If partial-depth panel systems are selected by NDOT, the survey results suggest
that any of the options for partial depth panel-to-girder connections are acceptable and no
strong preference is indicated (Figure 3.28). Both steel and concrete girder panel-to-
girder connection details were highly rated as well as the tub girder connection detail.
The transverse panel connection detail developed by Texas DOT was the only panel-to-
panel connection included in the survey, and was used frequently by states that rated the
performance of partial-depth panels systems to be good.
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In summary, full-depth deck panels are recommend for Nevada because of the higher
ratings for full-depth deck panels compared to partial-depth deck panels. The
recommended panel-to-panel connection details are the PCI female-to-female shear key
(Figure 3.6a) for the transverse connection and the ODOT cast-in-place connection
(Figure 3.69) for the longitudinal connection. Either longitudinal post-tensioning or
UHPC should be used to help prevent joint leakage. The recommended full-depth panel-
to-girder connection is the PCI detail for both steel (Figure 3.9a) and prestressed concrete
(Figure 3.9d) girders. If partial depth deck panels are implemented in Nevada, the Texas
specifications on partial-deck panel connections (Figure 3.12b, c, e) are recommended for
NDOT because of their positive ratings of partial-depth deck panels and extensive
experience.
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Figure 3.26: Connection ratings for full-depth panel-to-panel connections
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Figure 3.27: Connection ratings for full-depth panel-to-girder connections

72
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Figure 3.28: Connection ratings for partial-depth panel-to-girder connections and panel-
to-panel connections
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Chapter 4: Specification Development and Overview

4.1 Introduction

Project Task 2 consisted of assembling specifications for NDOT’s implementation of
prefabricated deck panels. The guidelines were developed from a review of existing
national and state-adopted guidelines as described in Chapter 2, and a survey of current
practices by state DOTSs as described in Chapter 3. The survey results indicated that
specifications and drawings from the PCI Northeast Full Depth Deck Panel Guidelines
(PCI, 2011a) were the most widely used, and have been evaluated favorably by most
agencies that have adopted them. As a result, the PCI Northeast Guidelines with
modifications are recommended for adoption by NDOT. The guidelines presented here
represent the PCI Northeast Guidelines with supplemental information as needed from
other sources. Sources of supplemental information include: 1) the State of the Art Report
on Full-Depth Deck Panels (PCI, 2011b), 2) Oregon Department of Transportation
(ODOQOT) prefabricated deck panel guidelines (ODOT, 2015), 3) Utah Department of
Transportation (UDOT) deck guidelines (UDOT, 2015), and 4) results from the survey of
DOT current practices.

The specifications can be found in Appendix C, formatted as follows: the main numbered
sections (e.g. 1.1) and corresponding commentary sections preceded by C (e.g. C1.1) are
exact replications of the PCI Northeast Full Depth Deck Panel Guidelines (PCI, 2011a).
Supplemental commentary sections that correspond to the numbered sections are
preceded by SC (e.g. SC1.1). Appendix A of the specifications contains the drawings
from Appendix A of PCI (2011a). An example illustrating the design of full-depth deck
panels taken from PCI (2011b) can be found in Appendix B of the specifications.

4.2 Design Specifications Overview

Section 1 of the design specifications contains general information about the use of full-
depth prefabricated deck panels. The PCI specifications outline the types of bridge
structures and characteristics of bridges (e.g. skew, curvature) that can accommodate full-
depth panels.

Section 2 describes the material properties of typical prefabricated deck panels. The
original PCI document erroneously specifies concrete properties with a description of
rebar. Because of this, supplementary commentary from the PCI State of the Art Report
(PCI, 2011b) is used to specify the concrete properties. Other material properties outlined
in the specifications include the mild steel reinforcement, the prestressing steel, the post-
tensioning ducts, the anchorage devices, and the grout used for the joints. Additional
information from a UDOT report containing a grout mix design is included as
supplementary commentary in Section 2.6.

Section 3 summarizes the design requirements. Sections 3.2, 3.6, 3.8, 3.10, 3.12 and 3.13
required additional commentary beyond what was provided by PCI. These extra
provisions are described below. In the survey, multiple states limited prefabricated full-
depth deck panels to bridges with skews no greater than 30° as shown in Figure 2.24a. To
account for this input, supplementary commentary is included in Section 3.2 regarding

74



skew limitations as limitations are not discussed in the PCI document (PCI, 2011a). Also,
extra information from the PCI State of the Art Report (PCI, 2011b) is included regarding
longitudinal joints, cross slopes, superelevation, panel overhang, and longitudinal
reinforcement. Additional information from PCI (2011b) is also included in the
supplementary commentary of Section 3.6 that describes how to design the panel in the
transverse direction, and is detailed later in Chapter 5. Transportation limits are an
additional design requirement that have been a controlling factor for several states.
Information about the limits from the survey are included Section 3.8. Section 3.10
summarizes the longitudinal post-tensioning used for deck panels. Because UHPC joints
are not discussed in the PCI documentation but are used as a substitution for longitudinal
post-tensioning, a UHPC joint design method based on information from ODOT (2015)
is included in the supplementary commentary. In the supplementary commentary of
Section 3.12, design specifications from UDOT describe the use of closure pours with
full-depth deck panels (UDOT, 2015). Section 3.13 describes issues related to curved
bridges. In this section, PCI allows for the use of full-depth panels on bridges with
curvature. However, because of the problems with curved bridge applications reported in
the survey, the supplementary commentary recommends that initial implementation of
full-depth deck panels by NDOT are limited to bridges without curvature. Postponing
implementation of prefabricated panel on curved bridges will allow NDOT to gain
experience before attempting complicated bridge configurations.

Section 4 reviews construction procedures and other considerations for the
implementation of full-depth deck panels. In Section 4.3, casting tolerances are
discussed. PCI and most DOTSs reported that certified precast plants are located in the
vicinity of construction and generally contracted to cast the panels. Because Nevada does
not have a certified precast plant, provisions for site casting are included as this technique
will most likely be employed by NDOT. All other construction information directly
replicates PCI (2011a).
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Chapter 5: Full-Depth Panel Design Process

5.1 Introduction

While the existing specifications, as described in the previous chapter, can be used to set
the general design properties of full-depth panels; every panel system must be designed
to handle all appropriate loads. The individual deck panels, panel-to-panel connections,
panel-to-girder connections, and the composite deck system should all be designed to
accommodate any applied loads. The primary loads are dead loads (self-weight) and live
loads (traffic), which induce shear and flexure in the panels. Because the deck is
composed by connecting several individual panels, the following components must be
checked to ensure proper deck behavior: the transverse panel-to-panel joints, panel-to-
girder connections, transverse prestressing steel, longitudinal post-tensioning or UHPC,
and the longitudinal joint if applicable. Deck joints are typically weaker than the panels,
and have experienced a number of problems as reported by state DOTs. Special attention
should be given to the joints to ensure that joint integrity is maintained throughout the life
of the bridge. The overall design approach and many of the design considerations
discussed in this chapter are taken from Appendix D — Design Example of PCI (2011b).

To expedite the design procedure, a design aid spreadsheet has been created using
Microsoft Excel for this project. The spreadsheet can be used to design the full-depth
deck panel system from start to finish without requiring extensive modeling or other
outside resources. However, because spreadsheet calculations alone may not account for
all complexities encountered in design, two design methods have been considered. With
the simplified design method, each component is designed solely based on equations
embedded into the design aid spreadsheet. If the deck panel system is sufficiently simple,
it can be designed using the spreadsheet alone and no additional analysis is needed. The
model based design method also uses the design aid spreadsheet for many of the design
calculations, but allows the user to input information determined from other sources such
as a computational or finite element model to improve the accuracy of the results. Also,
the model based design method incorporates iteration for some components; for instance,
longitudinal post-tensioning is designed initially using the spreadsheet equations,
followed by validation and or possible adjustment of the details using a structural model.
The simplified design method applies to bridges with basic geometry while the model
based design method applies to complex bridges that have unique properties such as large
skew or curvature.

5.2 Simplified Design Method

5.2.1 General Properties

The design aid spreadsheet is organized into several sections, each of which calculates
the properties for different components of the panel design. The Bridge Properties section
in the spreadsheet requires user input for all of the geometric information for the bridge.
Span length, number of spans, bridge width, overhang width, panel depth, panel width,
and parapet height are all specified. These properties are used to determine the design
dead load and its effects on the bridge. Information about the girders, including the girder
type, spacing, geometry, and number of girders is also input; these details are used to
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calculate the girder contribution to the dead load and the moment due to live load in the
transverse direction of the bridge. Material properties for the deck panel concrete, girder
steel or concrete, conventional steel reinforcement, and the prestressing steel are also
input into the spreadsheet. All of these properties are entered into cells A1:C509.

5.2.2 Loads and Load Combinations

The design aid spreadsheet calculates both the dead load and live load applied to the
panels in the Load Assignments section using the properties mentioned in Section 5.2.1.
The self-weights of the deck panels and wearing surface are found by multiplying the unit
weight of the concrete or asphalt by the corresponding depths. These properties are used
to calculate unfactored area loads for the whole deck for both structural component (DC)
and wearing surface (DW) loads in cells F2 and F3. These unfactored area loads are then
multiplied by the corresponding load factor from AASHTO LRFD Table 3.4.1-1 and
3.4.1-2 (AASHTO, 2012). In the deck panel design, load combinations Strength I,
Service | and Service 111 are all used for various components.

5.2.3 Design of Transverse Prestressing Steel

The deck is designed with the strip method as described in AASHTO LRFD 4.6.2.1
(AASHTO, 2012). For this method, the deck is assumed to be a continuous beam in the
transverse direction and the transverse cross-section (concrete and steel reinforcement)
are designed accordingly. The maximum positive and negative moment are calculated,
followed by the required amount of steel, and the depth of the concrete section is checked
for sufficiency. In this design aid spreadsheet, the user can conservatively estimate the
maximum moment across the width of the deck from Eq. 5.1:

wi?

M = » (5.1)
where w is the distributed load calculated from panel properties, | is the specified girder
spacing, and y is a coefficient with recommended value of 10 or 12 as determined by the
user. Alternatively, the user can compute and input an exact moment using a structural
analysis package or formula. The estimated moment for DC and DW by Eqg. (5.1) is
computed in cells F7 and F8, while the user may enter the exact moment for both dead
load components, and live loads in cells F10-F15.

Transverse reinforcement of full-depth deck panels is generally prestressed. The
spreadsheet assumes two layers of prestressing strands, one layer each in the top and
bottom of the panel. The required amount of prestressing steel is calculated iteratively
because of the losses associated with prestressing. Initial values for prestress loss, tendon
size, and bar quantity are assumed to start the process. The input for the number of
prestressing strands and the preliminary prestressing steel calculations are performed in
the Prestress Steel Estimate section. The allowable tensile stress or modulus of rupture f,

in prestressed members is 0.19,/f'. where ' is the compressive strength of the deck
concrete. This allowable tensile stress is equated to the demand stress due to bending and
axial force, and used to solve for the prestress force, Pye with the following equation:

P. M
_ pe
Oallowable = T - ? (52)
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where M is the transverse moment, A is the calculated cross sectional area and S is the
calculated gross section modulus of the deck panel. Equation (5.2) is rearranged to
calculate the force Ppe required by the prestressing steel. The number of strands, n, is then
found using:

Ppe
n= , 5.3

Apsfpe ( )
where Aps is the user defined area of one prestress strand, and fpe is the calculated

effective stress in the strands after losses. These assumed initial values are found within
cells E36-G45.

The exact losses must be calculated in subsequent iterations until the results converge.
All prestress loss calculations are completed in the Prestress Losses section of the design
aid spreadsheet. Elastic shortening is calculated according to AASHTO LRFD 5.9.4.2.3a-
1 (AASHTO, 2012). Elastic shortening losses are assumed to be 1% of the initial
prestress. The loss is then calculated using:

E.
AprS = E_:;fcgpa (54)

where E;, is the user defined modulus of elasticity of the prestress strand, E; is the user
defined modulus of elasticity of the concrete at the time of transfer, and fcg is the
concrete stress at the center of gravity of the prestressing tendons due to the prestressing
force immediately after transfer and the self-weight of the member at the section of

. P. . .
maximum moment, calculated as % where Py is the total calculated prestressing force

applied to the panel. If the loss is not close to the assumed value, the user is directed to
recalculate using the updated values. The design aid spreadsheet calculates elastic
shortening losses in cells K1-M10.

Long-term losses are also factored into the design including creep, shrinkage and
relaxation. These losses are calculated considering the time between transfer and deck
installation, and at the end of the service life of the panel. These losses are calculated
according to AASHTO LRFD 5.9.5.4 and 5.4.2.3 (AASHTO, 2012). Shrinkage loss is
calculated as:

AfpSR = gshEpKid (55)

for loss between transfer of prestress force and deck placement and

Afpsp = €pbarEpKia, (5.6)

for loss between deck placement and end of service life, where &, is the calculated
concrete shrinkage strain of the girder between the time of transfer and deck placement,
&pay 18 the calculated shrinkage strain of the girder between time of deck placement and
end of service life, and Kjq is the calculated transformed section coefficient that accounts
for time-dependent interaction between concrete and bonded steel in the section being
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considered for time period between transfer and deck placement. Creep loss is calculated
as:

E.
Afpcr = E_chgpl/)b(td' ti)Kia, (5.7)
for loss between transfer of prestress force and deck placement and

Afpep = g_fiﬂgplpb[(tf' t;) — ¥p(ta, t)]Kar + E_ZAfcdlpb (tr, ta)Kay, (5.8)

for loss between deck placement and end of service life, where ¥, (t4, t;) is the
calculated creep coefficient at time of deck placement due to loading introduced at
transfer, 1/;b(tf, td) is the calculated creep coefficient at end of service life due to loading
at deck placement, E; is the user defined elastic modulus of the concrete at transfer, and
Kgr is the calculated transformed section coefficient that accounts for time-dependent
interaction between concrete and bonded steel in the section considered for the time
period between deck placement and end of service life. The time-dependent creep
coefficients used to calculate long term losses are controlled by the following user-
defined factors: relative humidity of the area, the time between casting and loading, and
the anticipated lifespan of the deck. Relaxation loss is calculated as:

Afyp = %(}% —0.55), (5.9)
where fy is the calculated stress (updated value) in the prestressing strands immediately
after transfer, fp, is the calculated yield stress of the prestressing tendon and K is a user
defined coefficient equal to 30 for low relaxation strands and 7 for prestressing steel.
Equation (5.9) applies to relaxation losses both at time of transfer and at end of service
life as half of the relaxation is assumed to occur between transfer and deck placement and
the other half is assumed to occur between deck placement and the end of the service life.
Creep and shrinkage losses between transfer and deck installation are computed in cells
K11-M27, while the losses between deck installation and end of service life are computed
in K34-M46. Losses due to relaxation are computed in cells K28-M32 and L48.

Once losses have been calculated and factored into the prestress force, the maximum
concrete stress and moment are checked using the Strength 1 load combination. The
stresses due to positive and negative moment and the capacity calculations are found in
the Panel Capacity section. Compressive stress limits are found in AASHTO Table
5.9.4.2.1-1 (AASHTO, 2012), where two limits are defined. The first case limits stresses
due to the sum of effective prestress and permanent loads to be less than 0.45f°¢ in ksi
(computed in cell Q4). The second case limits the total stress due to all effective
prestress, permanent loads and transient loads to be less than 0.6f"; (computed in cell Q6).

The allowable tensile stress is set at 0.19,/f;.The stresses in the section are then
recalculated using Equation (5.2) with exact prestress losses using Service 1 moment.

The updated stresses with exact losses are compared to the stress limits. If any of the
stress limits (compression or tension) are exceeded, a design iteration is required.
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The flexural strength check is performed using a strain compatibility approach from
Section 8.2.2.5 of the PCI Bridge Design Manual and explained in detail in Appendix D
of PCI (2011Db). The tension force T in the prestressing tendons is computed iteratively
starting with an initial estimate. The initial estimate for tension is:

T = Apsfpyn, (5.10)

where n is the user defined number of prestressing strands per panel (cell Q21). Equation
(5.10) assumes that the combination of prestress and flexure will cause the tension force
in the prestressing strands to approach the yield stress. Setting the tension force T equal to
the compression force, the corresponding idealized depth of compression, a, is calculated
using:

T

a= (5.11)

T 0.85frcb

The neutral axis depth of the panel, c, is equal to:

a

c=—,
B1

(5.12)
where (; = 0.85 for 4 ksi and weaker concrete, 0.65 for 8 ksi and stronger concrete with
linear interpolation for concrete strengths between the two values. The strain in the
prestressing strand is calculated using the assumed values with the formula:

_0.003(d=c) , fpe
p=—, T ;;p, (5.13)

where d is the user defined distance from the top of the panel to the center of the prestress
force for each layer. The strain compatibility approach uses a power stress-strain formula
to compute the stress fys in the prestressing strands as a function of strain:

( )

f;)s = ngp < Q+ (1;@1} < 270 ksi, (514)
ep\RIR
U [T

where Q, R and K are calibration factors of 0.031, 7.36, and 1.04 respectively. The stress
computed from Eq. (5.14) is compared to the assumed stress for both layers. If the
computed stress fps is not close to the assumed stress fye, this computed stress replaces the
assumed value in Eq. (5.10), and the calculations are repeated until the solution
converges. These iterative calculations take place in cells P24-R58 of the design aid
spreadsheet.

The converged solution, which represents the actual stress in the prestressing strands, is
used to calculate the flexural strength of the panel. The ultimate capacity of the panel is
computed using the conventional concrete flexural strength formula (cell Q60):

a

(pMN = (p[gAps Topfps Top (dTop - 2) + gAps Bottomfps Bottom (dBottom - %)]’ (515)
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and compared against the ultimate Strength 1 moment demand.

The final prestressing check is a minimum reinforcement limit. AASHTO LRFD
5.7.3.3.2 (AASHTO, 2012) specifies the minimum reinforcement as the amount
sufficient to develop a nominal moment greater than 1.2 times the cracking moment. The
cracking moment is calculated with the formula (cell Q70):

M, = S(fr + %), (5.16)
Aps

If the nominal moment is greater than the factored cracking moment, the design is
sufficient. Otherwise, reinforcement must be added to the panel section.

5.2.4 Panel to Girder Connection Design

The deck panels are made to form a composite section with the girders through welded
studs or projected reinforcement from the girders that extend into pockets in the panel. To
achieve full composite action between the deck and the girder, the connections must be
checked to ensure adequate shear transfer. The connections are designed by making
assumptions for pocket dimensions, spacing, and stud or rebar detailing per pocket, and
then checking the capacity. These calculations are found in the Panel to Girder
Connection Design section.

The demand for each girder line is calculated using the ultimate shear in the bridge. The
ultimate shear is found using either basic mechanics formulas or a structural model. The
shear demand per unit length, V},; is calculated using C5.8.4.2-7 (AASHTO, 2012):

Viy = Z—l (5.17)
where V1 is the maximum factored vertical shear in the bridge and d,,is the distance
between the centroid of the tension steel and the mid-thickness of the slab. V;,, is divided
by the number of girders to get a shear flow per girder line. This demand is divided by a
resistance factor of 0.9 and multiplied by the width of the panel to get the factored shear
for each girder line.

The capacity of the connection is calculated according to AASHTO LRFD 5.8.4.1-3
(AASHTO, 2012) (cell V12):

V;L = CACU + M(Avffy + PC) (518)

where c is the cohesion factor (assumed to be 0.24 ksi for this application), A, is the area
of concrete engaged in shear transfer, u is the friction factor (=1 assuming concrete
placed against clean, hardened concrete with surface intentionally roughened to an
amplitude of 0.25 in), Ay is the area of the shear reinforcement crossing the shear plane,
fy is the specified shear reinforcement strength, and P is the specified permanent net
compressive force normal to the shear plane. The shear capacity must be greater than the
shear demand. A, and Ay, and thus the capacity of the section, are controlled by the
pocket dimensions, number of pockets per panel, and the number of welded studs or

81



projected U-bars. These parameters can be adjusted by the user to increase the capacity
or optimize the design.

5.2.5 Longitudinal Post-Tensioning Design

AASHTO LRFD 9.7.5.3 (AASHTO, 2012) prescribes that the transverse joint have an
average effective prestress of 0.25 ksi compression. Longitudinal post-tensioning is one
approach that can be used to attain this level of compression. To keep all joints at 0.25 ksi
compression, the applied post-tensioning should balance tension resulting from the bridge
loads in addition to supplying the required prestress. The calculations for the longitudinal
post-tensioning are located in the Longitudinal Post-tensioning section. First, the
maximum negative moment M, ;across a joint due to bridge loading is computed from
a deck analysis. From this moment, the maximum tensile stress is calculated from (cell
V16):

M
OTension = Ty (519)

In a single span bridge, tension resulting from the bridge loading is 0 because the typical
loading produces a positive moment at all superstructure locations that puts the deck in
compression. In general, the required post-tensioning force Piong can be found with the
following equation (cell VV18):

Plong = (O-Tension +0.25 kSi)Along (5.20)

where Ajong is the deck cross-sectional area in the longitudinal direction in square inches.
The required number of post-tensioning bars is computed by dividing the required post-
tensioning force by the effective prestress force, f,e for one bar.

Temperature and shrinkage reinforcement is added to the section in addition to post-
tensioning bars per AASHTO LRFD 5.10.8 (AASHTO, 2012). The design calculations
are found in the Temperature and Shrinkage Reinforcement section. The required
reinforcement area As per foot of panel is found using the formula:

1.3bh
ST 2b+h)fy

,0.11in? < A, < 0.60 in?, (5.21)

where b is the width of the panel in inches, h is the depth of the panel in inches and fy is
the yield strength of the reinforcing bars in ksi. For this application, the user can specify
either reinforcing mesh or rebar, and the calculations are performed in cells U21-W26.

5.2.6 UHPC Design

In contrast to longitudinal post-tensioning, designing full-depth deck panels with UHPC
allows the deck joints to experience tension due to the ability of UHPC to carry a tensile
load. This method eliminates the need for post-tensioning which decreases construction
time and simplifies the design. Oregon Department of Transportation’s (ODOT) design
method was requested for this project as ODOT uses UHPC routinely for full-depth
decks. ODOT uses a connection developed by FHWA (2010a). As this connection has
already been tested, ODOT does not capacity check the connection for individual design
cases; rather, the same connection is used for all applications. If the design case is simple,
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the connection can be used without checking the capacity. If the connection integrity is a
concern, each transverse connection is checked to determine the applied axial load at the
location of the joint. The post-cracking tensile strength of UHPC is reported to be
between 1 and 1.5 ksi by FHWA (2010Db). The applied tensile force is compared to the
UHPC tensile capacity to determine if the UHPC connection is sufficient for the
application. If not, post-tensioning may be required.

5.2.7 Overhang Design

Additional considerations must be given to the overhang section of prefabricated deck
panels to account for additional loads due to the barrier rail and vehicle impact. The
overhang design method is based on a design example from PCI (PCI, 2011b), and uses
the provisions from AASHTO LRFD 13.4.1 (AASHTO, 2012). The design approach is in
the Overhang Design section in cells VV32-V78. The calculations assume a standard cast-
in-place rail. Currently, research to design precast barrier rails is underway, and though
the technology has not been sufficiently developed to include in this report it may be an
option in the future (ABC-UTC, 2016).

Two separate load cases are considered for the overhang design, as illustrated in Figure
5.1. For both cases, the overhang capacity is checked using the pretensioning
reinforcement calculated in Section 5.2.3, and reinforcement is added as needed. The first
case includes a horizontal vehicular collision load that is applied to the rail. The forces
due to the collision load are evaluated in the deck cross-section at the inside edge of the
rail, and 3 inches from the outside edge of the exterior girder. The design aid spreadsheet
requires the user to specify the rail moment capacity Myase (cell V32) (used in the service
moment summation), horizontal collision force Ry, (cell VV33) due to vehicle impact, and
the critical length L. (cell V34) of the wall failure mechanism. The properties for
different rail configurations may be calculated per the user’s choice, using the provisions
from AASHTO LRFD (2012). The tension force in the deck per unit length is related to
the horizontal collision force Ry, using the following formula (AASHTO, 2012):
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Figure 5.1: Load cases for overhang design (PCI, 2011b)

Tbase = R ’ (522)
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where H is the user defined height of the rail. Essentially, the concentrated collision
force is distributed over an effective deck length L.+2H. The tensile force due to vehicle
impact [Eq. (5.21)] is added to the tensile force due to bending from the rail and slab
weight; the corresponding moment demand is evaluated and multiplied by the
corresponding load factor for Extreme Event Il for both sections 1-1 and 2-2.

Next, the panel capacities at Sections 1-1 and 2-2 are evaluated assuming the required
amount of prestressing steel calculated from Section 5.2.3. If the initial amount of steel is
inadequate, the steel area is increased until the required capacity is satisfied. The
prestressing strands resisting the moment in the panels usually do not have sufficient
development length at the ends to contribute to the overhang capacity, thus non-
prestressed steel hooks are added at the end of the panels to attain sufficient bond
between the concrete and the rebar. The development length of the steel hook is found
using AASHTO LRFD Eg. 5.11.2.4.1-1 (AASHTO, 2012).

__38dy

I, = (5.23)

I

where f’¢ is in ksi, 14 is the development length and dy, is the diameter of the bar, both
defined in inches. The calculated value of Iy is multiplied by 1.2 for epoxy coated rebar.
The developed strength of the bars at distance | in inches from the end of the overhang is
found using:

(1-2in)

=1 : (5.24)

la
where fy is the specified yield stress of the rebar, and the bar is assumed to be recessed 2
inches into the panel. Using the stress in the steel evaluated from Eq. (5.23), the capacity
of the overhang section is calculated using the standard formulas for reinforced concrete.
Lengths a and c are evaluated using Eqgs. (5.11) and (5.12), which are then used to
evaluate the strain in the rebar [Eq (5.24)] and the moment capacity of the section [Eq
(5.25)]:

_0.003(d—c)

g, = 20089 (5.25)

My = Asfi(d =2), (5.26)

The moment capacity from Eq. (5.25) should exceed the applied moment due to the
collision load. If the capacity is insufficient, additional steel must be added to the section.
The above calculations are applied independently both at Sections 1-1 and 2-2.

The second load case uses a 16 kip axle load placed 1 foot from the edge of the rail per
Section 3.6 of AASHTO (2012) (Figure 5.1). For this load case, section 2-2 clearly
controls and it alone is evaluated. The width of the strip considered for live load effects
is calculated using AASHTO LRFD Table 4.6.2.1.3-1 (AASHTO, 2012):

L = 45.0 + 10.0X, (5.27)
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where X is the distance from the wheel load to the section being considered. The 16 Kip
live load is factored by a multiple presence factor m and an impact factor IM. The live
load moment per unit length of panel is found using:

16 IM-m-X
L

Mppim = ' (5.28)
The moments from the dead and live load are combined using the Strength | load case.
This moment is then compared to the moment capacity of Section 2-2 that was found for
the first load case. Again, if the capacity is insufficient, the amount of hooked steel
should be increased.

5.3 Model Based Design Method

The model based design method is similar to that of the simplified design method. All
properties are entered into the design aid spreadsheet described in Section 5.2, and the
spreadsheet calculates the required amounts of prestressing steel and post-tensioning
steel, and checks the sufficiency of the panel-to-girder connections. However, the model-
based design method expands on the results of the spreadsheet by accepting precise input
values for the panel stresses and moments computed using finite element modeling. In the
cases described in this study, CSiBridge models were used, however any finite element
modeling program may be used. If the bridge contains complicated geometry or
materials, simplified spreadsheet calculations may lead to an unconservative or overly
conservative design. Alternative design details can be incorporated into the model and
quickly evaluated, allowing the user to update the spreadsheet calculations and iterate to
an improved solution.

As an example, errors may occur in either the loads or resulting forces evaluated from
simplified calculations. Refined values of forces and moments can be collected from a
finite element model to replace the approximate spreadsheet calculations. The model also
allows detailed evaluation of force concentrations or other abnormalities that may arise
from geometric irregularities and cannot be evaluated by hand. For example, if a bridge
contains a high degree of skew, stresses may accumulate at certain areas such as the
bridge corners. The user can then design according to these stresses and ensure that the
unique geometry does not lead to stress concentrations or other unique behavior in the
deck system that might lead to insufficient reinforcement.

The quantity and placement of the post-tensioning and prestressing steel can also be
refined in the model based approach. As stated in Section 5.2.4, multi-span bridges force
tension into the deck panels and joints because of the negative moments over the
intermediate supports. If the deck geometry is complex, the resulting tensile stresses in
the top of the deck may not be adequately represented with simple formulas. In this case,
a computational model that includes the entire deck surface is developed, and
longitudinal post-tensioning and transverse prestressing stresses are applied. The
cumulative deck stresses are then analyzed and compared against the compression and
tension limits from AASHTO LRFD (2012). In summary, the user designs the
prestressing system with the design aid spreadsheet, and validates it with advanced
computational modeling. If the model shows that the prestressing is insufficient or overly
conservative, the design is iterated using the model until an optimal solution is achieved.
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Chapter 6: Design Example 1: West Mesquite Interchange

6.1 Introduction

Chapter 5 presented two design procedures for full-depth prefabricated deck panels: the
simplified method and the model based method. Both approaches are recommended for
the design of full-depth deck panels, and may be implemented selectively depending on
the bridge characteristics. The design methods have been applied to example bridges to:
(1) demonstrate the design calculations, (2) validate the simplified method, including the
design aid spreadsheet, against a more accurate modeling approach, and (3) develop
insight as to the applicability of each method. The bridge examples were chosen from
among plan sets provided by NDOT for several existing bridges in Nevada. The first
bridge example is the West Mesquite Interchange Bridge, which is part of the 1-975
highway and consists of separate bridges for northbound and southbound traffic. Partial
depth prefabricated deck panels were incorporated into the design of this bridge.
However, the deck did not perform adequately and required repairs and additional
upkeep. Because this bridge had been built with partial depth prefabricated deck panels, it
was considered an optimal design example for full depth prefabricated deck panels. Also,
this bridge contained a significant amount of skew, which several states had considered to
be a limiting factor for application. Because other states had limited the incorporation of
full-depth deck panels on skewed bridges, attention was given to discrepancies that may
arise in the design methods resulting from the skew. This chapter describes the
application of both design methods to the southbound Mesquite Bridge. Section 6.2
briefly describes the bridge geometry, and Sections 6.3 and 6.4 describe the
implementation of the simplified design method and the model-based method,
respectively, for the bridge. Finally, Section 6.5 discusses the findings from the Mesquite
Bridge design example and implications for the design philosophy.

6.2 Bridge Description

The southbound bridge is a single span bridge with a span length of 111°-6” oriented at a
skew angle of 31°7°7”. The overall width is 45°-11” with 3’-6” overhangs and a
superelevation of 4.7%. Five prestressed concrete girders are spaced at 9°-9”. The
abutments are seat type, resting on a spread footing with bearing pads. Figure 6.1
displays the cross section of the bridge and Figure 6.2 shows the plan view. Figure 6.3
shows the girder dimensions and Figure 6.4 shows the girder prestressing steel.
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Figure 6.4: Girder prestress steel schedule

For the design example, all geometric properties of the bridge have been assumed to
remain consistent with the original design. The main difference is that in the design
example, the deck is modified from a partial depth to a full-depth panel configuration.
Because the deck is 45’-9” wide, less than the 50°-0” transportation limit, the panels are
designed to span the entire width of the bridge with no longitudinal joint. Also, since the
deck is highly skewed, the panels are designed to be triangular or trapezoidal near the
abutments and rectangular over the rest of the span. The rectangular panels are 45’-11”
long (equivalent to the bridge width) by 10 feet wide and 8 inches in depth. A 2 inch
concrete overlay is assumed. A drawing showing the panel layout is shown in Figure 6.5.
The concrete strength is specified as 6 ksi.

Figure 6.5: Mesquite Bridge panel layout
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6.3 Simplified Design Method

The following sections describe the implementation of the simplified design method on
the southbound Mesquite Bridge, supported by output from the design aid spreadsheet.
For interpretation of the spreadsheet data, orange highlighted cells are user input values,
while grey highlighted cells with orange text represent values calculated within the
spreadsheet.

6.3.1 Design Moments and Loads

Area loads and moments due to dead and live load were calculated first, and the output
from the design aid spreadsheet is shown in Table 6.1. Assuming an 8 inch deck with a 2
inch wearing surface (from the overlay), the DC and DW area loads due to self-weight

were calculated as:
DC = 0.15 kcf » %

Iz

= 0.1 ksf,

2in
DW = 0.15 kcf * = 0.025 ksf

12f_t

These DC and DW loads were then used to calculate the moment demands in a deck
panel for the transverse and longitudinal directions. In this example, the transverse
direction moments were calculated using two different methods to demonstrate
alternative approaches. Per Method 1, the moment was estimated using a simplified
equation [Eq. (5.1)]. First, the distributed dead load (per unit length in the transverse
direction) was calculated as:

wpe = 0.1 ksf * 1ft = 0.1 kIf
Wpw = 0.025 ksf * 1ft = 0.025 kIf

Then, wp and wy,,, were substituted for w in Eq. (5.1), with y = 10, and girder spacing |
= 9.75 ft, to compute the DC and DW moments (M. and Mpy,):

_ 0.1klf*(95f)? k-ft
Mp. = — 1 - 0.95 e

_0.025 kif (95 f©)2 k—ft
Mpy = o = 0.24 TR

This result, which applies to both positive and negative moment regions, is shown as
Estimated M, and Estimated My, in Table 6.1. Method 2 computed the moments using
a simple structural analysis model built from basic line elements with applied distributed
loads wp and wy,,, as defined above. The results from this analysis are shown as
transverse direction moments M., My, Mp,,, and My, in Table 6.1. Subsequent design
is based on the moments computed from Method 2, which is a more accurate procedure;
however, the moments from Method 1 could be used if more conservatism was desired.
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The maximum positive and negative transverse moments due to live load were found
using Table A4-1 in the AASHTO LRFD specifications (AASHTO, 2012), and are
shown as M;; and M;; in Table 6.1. The live load calculation assumed a girder spacing
of 9°-9” and distance from the girder centerline to the design section of 0 inches for the
negative moment.

Moments in the longitudinal direction were calculated using simplified beam formulas,

and the resulting values were entered into Table 6.1. The maximum negative and positive
longitudinal moments for DC and DW loads were calculated as:
+  Wpcorongl® 0.1ksf *45.9 ft * (111.5 ft)?

Mpc 3 3 = 4567 k-ft
MDC_ == O
Wpw — 12 0.025 ksf x45.9 ft = (111.5 ft)?
MDW+ — DW-—Long — f f ( f) — 1783 k-ft
8 8
MDW_ == O

Table 6.1: Summary of transverse and longitudinal moments

Load Assignments 3.4.1
DC: ksf
DwW- ksf
LL:[HL-83 with lane load and multi presence factor
Maments in transverse direction
L= 10
Estimated M.+ = k-ft/ft Calculated using
Estimated Mgy, + = k-ft,ft estimate of wi*2/c
|
My + = 04| k-fr/ft
Mg - = -0.8| k-ft/ft
Mgy + = 0.1 |k-ft/et Calculated using
Mon - = 021 |-/t standard fnrmulas_ or
structural analysis
My += B.74 | k-ft,/ft program
My -= -7.51 | k-ft/ft
Moments in longitudinal direction

My + = k-ft
Mg - = k-ft
Mgy + = k-ft
Moy - = k-ft
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These transverse direction moments were combined according to the load combinations,
Strength I, Service | and Service Il1. Each load combination is used for a different part of
the design calculations. The moment demands for each load combination were calculated
as:

k—ft k—ft k- k-ft
Mstrengens” = (0.4 L0125+ 0155 15+ 6745+ 1. 75) 10 ft = 124 L
k-ft k-ft k-ft
Merengens” = ( 084 ]: 125021+ 15 =751+ 1.75) 10 ft
-ft
— s X
panel
ke ft
Mservice 1wienoue 1" = (04°L5x 1401w 1) w10 fr = 5 22,
k-ft k-ft k-ft
Msumicetwitnoue 1 = (08472 1= 021+ 1) “10ft=-14
ke ft
Msorvice twion i, = (0452 Lr1+015 1+ 67458 f41) %10 ft =72 e
. k-ft k-ft k-ft k-ft
Msorvice 1with 1o~ = (—0.84 1021 1- 751 1) +10ft =85
k—ft k-ft
Msorvice ™ (04— 1+01525 1 + 6745 *O8)*10ft— 585
_ k-ft k-ft k-ft k-ft
Msorvico ™ = (—0.84 o F 1021 e =751 00, 8) +10ft==706 —

6.3.2 Prestress Steel Design

An overview of the prestressing steel design process is as follows. The Service 111
moment is used to estimate an initial amount of prestressing steel (based on assumed
losses) to satisfy tensile stress limits in the concrete. The initial amount of prestressing is
used in the calculation of losses and capacity. The updated prestress force including
losses is incorporated into the calculations, and used to iterate the amount of prestressing
steel as needed. The updated prestress force is used to check the compressive and tensile
stresses in the section against Service | and Service 111 loads, respectively. The moment
capacity of the design is checked against the moment factored for Strength I load
combinations. If the capacity is insufficient, the number of prestressing strands are
adjusted until adequate capacity is attained and all stress limits are also met.

First, the initial amount of prestressing steel was estimated. Table 6.2 shows the prestress
steel properties assumed for transverse panel reinforcement, which included %2” diameter
7-wire (Grade 270) prestressing strands. The ultimate stress, f,y, of the strand was defined
as 270 ksi, and other values assumed by the design aid spreadsheet were: strand yield
stress fpy = 90% of fy, initial prestress fpi = 75% of fy,, and effective prestress fye = 90% of
foi.
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Table 6.2: Prestressing steel properties

Steel Properties - Prestressing Steel
fou= 270 ksi
for = ksi
E.= 28500 ksi
£.= ksi
1/2" diameter - 7 wire strands 0.153|in*
fou= ksi

The larger of the two Service 11l moments, M., ice ;11 Max, was used to calculate an
initial value for the number of prestressing strands per panel. The allowable tensile stress
in the concrete, cajowante, Was computed as:

Oattowante = 0.19y/f/ = 0.19v6 ksi = 0.465 ksi.

The initial prestress force was calculated by rearranging Eq. (5.2) and solving for Pp:

. 70.6 k—fts122%
Pre = (Cattowapte + S22 M) 5 A = (—0.465 ksi + —”) %960 in? = 188.9 kips.

s 1280 in*

Note that compression is positive in the above calculation. The initial number of
prestressing strands, n, rounded up to the nearest even number, was calculated per Eqg.
(5.3) as:

188.9k
n= > = 8 strands.

in ,
0.153 Stmnd*lSZ ksi

Thus, the required number of prestressing strands was initially estimated as 8. Table 6.3
shows the initial prestress steel calculations.

Next, the subsequent calculations and prestress design checks are described, which are
based on the specified number of strands. As part of the design process, the number of
strands was iteratively adjusted until all checks are satisfied. Application of this iterative
process led to a final calculation of 12 strands required to satisfy all design checks. All
subsequent calculations are based on this final value (12 strands), shown as the
highlighted orange input cell in Table 6.3. The strands were placed in two layers; each
located 2.25 inches from the outside edge of the panel.
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Table 6.3: Initial prestressing steel design

Prestress Steel Estimate
M zaryioe o MEX = k-ft This uses the service
moment to calculate a
i required number of
Baowes = ksl strands based off of
Poa = k estimated properties.
n= strands These calculations are
Use 12|- 1/2" strands |checked in the
Try 2 layers strands/layer following sections
A= in
fu=

Losses were calculated for the prestress steel according to the equations found in Section
5.2.3. Elastic shortening loss was initially assumed to be 1%, and the actual loss was
subsequently calculated. The initial prestress value, fy;, was multiplied by 99% to reflect
the prestress in the strand after elastic shortening loss, fyes.

fpes = 0.99 % 203 ksi = 200.5 ksi.
The updated total prestress force (with 12 bars) was computed as:

P,

e = NApsfpes = 12 % 0.153 in? * 200.5 ksi = 368 kips.

This prestress force was used to find the stress fcqp in the concrete due to prestressing:

P 368 k
= - = = 0.382 ksi
fcgp A 960 in? ) '

Using Eq. (5.4) with E, = 28500 ksi and E¢ = 4031 ksi, the losses due to elastic
shortening were found to be 2.71 ksi, which is equivalent to a prestress loss of 1.34%.
Because the calculated elastic shortening loss was not close to the assumed loss, the
procedure was repeated using an assumed initial loss of 1.33%. This resulted in an elastic
shortening loss of 2.70 ksi and a loss percentage of 1.33%, which was close enough to the
assumed value to be considered converged. The elastic shortening loss calculations are
shown in Table 6.4.
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Table 6.4: Elastic shortening losses

Prestress Losses

Elastic Shortening

Try 1% initial loss 1.33%
Assumed strand stress = ksi
P.= k
fq:.= ksi
Afoee = ksi
% Loss = Should be close to
assumed value, if
not recalculate

After the calculation of short term losses (elastic shortening), long term losses due to
shrinkage, creep, and relaxation were determined. Panel properties prior to deck
installation differed from the properties after deck installation, so shrinkage and creep
losses were calculated both before and after deck installation. The following input values
were defined: volume-to-surface area ratio of one deck panel V/SA = 3.75, relative
humidity H = 40% for this bridge location (Figure 5.4.2.3.3-1 in AASHTO, 2012), time
between curing and loading ¢t = 89 days, and the overall lifespan of the deck ¢, = 75 years
or 27375 days. Based on these inputs, the following factors were calculated: volume-to-
surface ratio factor ks, humidity factor for shrinkage kns, humidity factor for creep kc,
factor for the effect of concrete strength ki, time development factor at time of transfer ki,
and time development factor at the end of the service life of the deck ki, according to
AASHTO 5.4.2.3.2-(2-5) and 5.4.2.3.3-2:

%4
ks =1.45-0.13 <§) >1.0,1.45—-0.13(3.75): kg = 1

kns = 2 — 0.014H = 2 — 0.014(40): ks = 1.44

kn. = 1.56 — 0.008H = 1.56 — 0.008(40): k. = 1.24

5 5

ke = = . ky = 0.83

P71+ f T 1+5ksi”

b = t _ 89 days I = 0.68
‘@761 —4f. +t 61—4%5ksi+89days ¢
. t _ 27375 days k= 0.99
‘T 61 —Af +t; 61 —4x5ksi+27375days’ ¢

These factors were used to calculate the strain due to shrinkage, &, per AASHTO
5.4.2.3.3-1 (2012), and the creep coefficient at time of installation, y, (t, t;) and final
service life of the deck, y, (ty,t;) per AASHTO 5.4.2.3.2-1 (2012).
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Esn = kgknskplq0.48 + 1073 = 1(1.44)(0.83)(0.68)(0.48 * 1073)
= 0.000394

p(tt) = 1.9kskpkrkeqt; O = 1.9(1)(1.24)(0.83)(0.68)(897%118) = 1.34
f
b(tr,t;) = 1L.9kskpckpkeqty *1® = 1.9(1)(1.24)(0.83)(0.68)(273757%118) = 1.96
f f

The transformed section coefficient, Kig was found using AASHTO 5.9.5.4.2a-2 (2012):

1 1
Kig =
E, A Age 28500 ksi ,1.836 in?
1 A;;s<1 N ggpg> 1 +O7¢b(tf't) 14 T (52 (1+ 0)[1 +0.7(1.96)]

= 0.97

Each of the above factors were used to find the losses due to shrinkage and creep prior to
deck installation using Egs. (5.5) and (5.7):

Afysp = €nEpKig = 0.000394 + 28500 ksi * 0.97 = 10.9 ksi

E 28500 ksi _ _
Afpcr = E—” fego W, (bt Kig = J5om7—0.382 ksi (1.34)(0.97) = 3.52 ksi
Ccl

Relaxation before deck installation was calculated according to Eg. (5.9):

_ 0.55) — 1.8 ksi

for (T 198.9 ksi (198.9 ksi
Aprl = AprZ = pt pt —0.55) = <

K, \foy 30\ 243 ksi

The shrinkage strain of concrete over the whole life of the deck, ,;¢, and the shrinkage
strain of concrete between time of deck placement and final age, ,45, were calculated as:

Epip = kskpskrkeqr0.48 1073 = 1(1.44)(0.83)(0.999)(0.48 * 1073)
= 0.000575

Evar = Epif — Esn = 0.000575 — 0.000394 = 0.000181

Shrinkage and creep losses at the end of the deck life were then calculated per Egs. (5.6)
and (5.8) as:

Afpsp = €parEpKig = 0.000181 x 28500 ksi * 0.97 = 5.0 ksi

Ey Ep
Afpep = E_Cfcgplpb[(tf' ti) — ¥p(ta, t)]Kar + FAfcdl/)b (tr, ta)Kar
28500 ksi

= 24415 ksi 0.382 ksi(1.96 — 1.34](0.97) + 0 = 1.47 ksi
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The relaxation loss after deck placement was assumed to be identical to that before deck
placement. Prestress loss calculations prior to deck installation and at the end of service
life are shown in Tables 6.5 and 6.6, respectively. The total long term prestress loss (24.5
ksi) was calculated by summing all individual losses before and after deck placement.
This led to a final prestress value of 175.3 ksi with a net loss of 13.4% over the life of the
deck.

Table 6.5: Prestress losses prior to deck installation

Creep & Shrinkage (Between Transfer and Deck Installation) 54854
V/SA
H 40 Relative Humidity
t= BS|days Time between curing and loading
fe= 27375 |days Overall life of panels
k= 5423.2-2
ke = 542332
kee = 5.423.2-3
ka= 5423.2-4
k= 542325
kme= 542325
B = 542331
WL, Gy = 5423.2-1
Wity Tlzpzn = 542321
K= 5954232
Af = ksi 5954231
Af = ksi 59542b-1
Relaxation {Between Transfer and Deck Installation)
fr= ksi
K. = 30| ksi
Af e = ksi 5.954.2c1
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Table 6.6: Prestress losses at final age of the deck

Creep & Shrinkage (Between Deck Installation and Final Age)

ks = 5423322
ks = 542332
Koo =
k= 5423724
ke = 5423325
o =
Eor = 542331
Wt Ty = 5423321
Walts Glapers = 542321
Kis = 542325
Aen = k=i £.9.5423-1
Afpep = k=i 5.8542b-1

Relaxation (Between Deck Installation and Final Age)
Moy = 5.9.5.4.2b-1

Total Losses at Transfer (Initial Losses)

Fostranater = ksi

P:'e e = k

Total Losses at Final Age [Service)

A= ksi 5.951-1
s = ksi
Poe= k
0.Bf,, = ksi
|5 fom= 0.8, If not, use 081,

Total prestress loss, %

Next, the applied prestress force on the panel including all losses was used to calculate
the panel capacity. The Service | moment was used to calculate the peak bending stresses
with:

P
ft_ pei

M
AT S

Two compression limit states were considered; Case 1 = dead loads only and Case 2 =
dead and live load. These compression stress limits were:

Case 1: 0.45f, = 0.45 * 6 ksi = 2.7 ksi
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Case 2: 0.6f, = 0.6 * 6 ksi = 3.6 ksi

The peak compressive stress in the panel resulting from the combination of moment and
prestress was calculated, and compared to the limits to ensure the maximum compressive
stress did not exceed the allowable stress. These stress limits were checked twice for each
case; once for positive moment and once for negative moment. In all four cases the
applied stresses (as shown in Table 6.7) were less than the compression stress limits so
the requirements were met. The tensile stress limit was 6 ,;0wapie = —0.465 ksi. The
tensile stress resulting from the combined moment due to Service 111 load combination
and prestress was -0.327 ksi, which satisfied the tensile stress limit.

Since all stresses were below the stress limits, the panel moment capacity was checked
against the demand moment using a Strength | load combination. The initial estimate for
the total tension force in the section T was calculated using Eqg. (5.10), assuming the
prestressing strand stress to be equal to the yield stress. The idealized depth of
compression a was found using Eq. (5.11) and the neutral axis depth c using Eq. (5.12).
The prestressing strand strains &,, were calculated separately in each layer [Eq. (5.13)],
which in turn were used to update the total stress f,,s in each prestressing layer [Eq.
(5.14)]. The calculations were applied iteratively until the calculated prestress force in
each layer converged to the assumed value. The calculations for the first iteration were:

n n 12 ) - 12 ) 2 )
T = EfpyAps + EfpyAps == (243 ksi)(0.153 in?) + - (243 ksi)(0.153 in®) = 446 kips

_ T _ 446 kips 07291
T 085«f/«b 085(6ks)(120im)
_a 0.729n 0972 i
C—ﬁl— o7g = 0972in

The strain and stress in the top layer were calculated as:

~0.003(d —©) N foe 0.003(2.25in—0.972in) 182 ksi

v c E, 0.972 in 28500 ks~ 00
f \|
1 —_
fst:SpEp{Q—}_ ( Q) l}
[ E,e,\*I% |
\ [1 @) |)
( )
[ [
, (1 —0.031) ,
= 0.01(28500 ksi) { 0.031 + . } = 244.9 ksi
| 28500 ksi(0.01)\73°]73¢ |
\ [1 + ( 1.04(243 ksi) )

The strain and stress in the bottom layer were calculated as:
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~0.003(d —©) N foe _0.003(5.75in—0.972in) ~ 182 ksi

& c E, 0.972 in + 28500 kst 0%
.
1 —_
= &), { 0+ (—Q);}
| fE |
L @]
( )
I (1-0.031) |
= 0.017(28500 ksi) { 0.031 + : - }
| 28500 ksi(0.017)\”>¢]73¢ |
L [1 + ( 1.04(243 ksi) ) ] )

= 263.5 ksi

This process was repeated using the stress values from the previous iteration, until the
prestress force in each layer did not change between iterations. Three iterations of the
previous calculations were required to find the final capacity of the panel using Eq.
(5.15), which was equal to 145.4 k-ft/panel. This capacity was sufficient to resist the
maximum positive moment 123.9 k-ft/panel, and the maximum negative moment, -145.1
k-ft/panel. The panel capacity was also larger than 1.2 times the cracking moment (102.5
k-ft/panel), satisfying the minimum reinforcement limit. Tables 6.8, and 6.9 show the
calculations for the moment capacity.

Table 6.7: Panel stress checks

Panel Capacity, 5.9.4.2
o] 0
Compression Stress Limits: Service |
Case 1: PE+DL: 045 .= k=i
Case 2: PS+DL+LL: D.6F .= k=i
Tensile Stress Limit k=i
M, = k-ft
M, = k-ft
M, = k-ft
M, = k-ft
fu = ksi <0.45f'c, Good
f; = k=i <0.6f'c, Good
fa = ksi <0.45f'c, Good
fi; = k=i <0.6f'c, Good
Tensile Stress Limits: Service 1l
fo= k=i <gallowed, Good
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Table 6.8: Panel moment capacity iterations

Flexural Strength: Strength |

T= k
a= in
c= in
Top Layer
d= 235(in
Foe =
£ =
fu= ksi
Bottom Layer
d= 5.75(in
£ =
fu= ksi
Second Iteration
T= k
a= in
= in
Top Layer
d= in
£, =
fu= ksi
Bottom Layer
d= in
.=
fu= ksi
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Table 6.9 Panel moment capacity and minimum reinforcement limit

Third Iteration
T= k
a= in
= in
Top Layer
d= in
£, =
fu= ksi <270 ksi
Bottom Layer
d= in
g, =
f.= ksi <270 ksi
b, = k-ft/panel
Mzsrmngss,  + = k-ft/panel b,
Mztrangtn = = k-ft/panel <@,
Minimum Reinforcement Limit
fo= ksi
12M,. = k-ft
1. 2Mer<éMN, Good

6.3.3 Panel-to-Girder Connection Design

The panel-to-girder connection was designed according to the process explained in
Section 5.2.4. Projected steel hooks from the prestressed concrete girders (connection
detail shown in Figure 2.12), were assumed to develop the shear connection between the
girders and the panels. Pockets in the panel were spaced 2 feet apart in the longitudinal
direction along the girder lines; resulting in 4 pockets per panel. The design detailing
included specifying the pocket width and length in addition to the number of steel bars
per connection. For this example, an 8 inch wide by 10 inch long pocket with three
projected rebar hooks was found to provide the required shear strength. The maximum
factored shear demand for Strength | loads was determined to be 526 kips using the

simple mechanics formula of V = W7l The required shear resistance was calculated
according to the provisions in Section 5.2.4:
Vh1 _ 1% __ 526kips _ 39 E

- dv# girders T 34 inches(5) - in

_ Vpaw _ 3.9(120in) _ .
W, = o = 08 - 515.7 kips.

The area of concrete engaged in shear transfer was calculated by:
Ay = Wpocket lpocket (# Of pockets) = 8 in * 10 in * 4 pockets = 320 in®
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The area of interface shear reinforcement crossing the shear plane was calculated with:

Ayp = 2 % #y_parsAs(# of pockets) = 2 x 3 bars * 0.31 in® 4 pockets
= 7.44 in?

The shear resistance was calculated according to Eq. (5.17):

Vo = cAey + 1(Aysfy + P.) = 0.24 ksi(320 in?) + 1[7.44 in?(60 ksi) + 0] =
523.2 kips.

where c is the cohesion factor of 0.24 ksi, p is the friction factor of 1, and P is the
permanent net compressive force normal to the shear plane which is zero for this
example. The shear resistance exceeded the shear demand of 516 kips, with a final design
ratio of 1.01. The intermediate calculations are summarized in Table 6.10. A drawing
showing the plan view of one panel with the pockets is shown in Figure 6.6 with all
dimensions listed in feet.

Table 6.10: Panel-to-girder connection design

Panel to Girder Connection Design 5.8.4
Pocket Width Blin
Pocket Length 10{in
# Pockets per panel 4
# U Bars per pocket 3
Vo= 3.87|kfin {5.8.42-7
Vy= k PCl Bridge Design Manual: Chapter 9
c= ksi 5843
p= 5.84.3
A= in
P.= ok
A= in*/panel
Vy= k 5841-3
Vi V= 1.01|Vu=Vn, Good

3 #5 U-Bars per Pocket
Figure 6.6: Pocket layout (dimensions in ft)
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6.3.4 Post-Tensioning Design

AASHTO requires that transverse joints in prefabricated deck panels be subjected to a
minimum of .25 ksi compression. To achieve this compression, post-tensioning was used.
The strand properties are defined in Table 6.11; assumed values are similar to those for
the prestressing strands. For this simplified design method the maximum tensile stress,
Otension, Was assumed to be O because the bridge was single span. This meant that
additional post-tensioning due to tensile forces in the deck was not required. The only
required post-tensioning force was the .25 ksi mandated by AASHTO (2012) for deck
joints. The required number of post-tensioning strands was found by multiplying .25 ksi
by the deck cross-sectional area in the longitudinal direction [Eq. (5.19)], leading to a
required post-tensioning force of 1102 kips. The post-tensioning bars were assumed to be
0.6” diameter — 7 wire strand (Grade 270). The total force applied to one strand was
calculated as:

Fye = foeApr = 176 ksi x 0.217 in® = 38.1 kips

where f,, is the effective prestress force in the post-tensioning strand with assumed

losses. Using these strands to apply the post-tensioning force, the total number of strands
was:

Freq 1102 kips
kips
strand

= 30 strands

pe 381

The post-tensioning calculations are shown in Table 6.12. (Note that the spreadsheet
automatically accounts for the .250 ksi minimum required post-tensioning in addition to
calculated tensile stresses, which in this case were 0.) The post-tensioning strands are
distributed to 6 ducts with 5 strands per duct. The two exterior ducts are located 1.5 feet
away from the edge of the panel. The four interior ducts are spaced such that one duct is
halfway between each interior girder. Each duct was designed to be 2 inches in diameter
along the center of the cross-section of the panels. Figure 6.7 shows the duct layout.

Table 6.11: Post-tensioning steel properties

Steel Properties - Post-tension Steel

fou= 270 ksi

Foy ksi

E,= 28500 ksi

foe= k=i

0.6" diameter - 7 wire strands 0.6(in
A=|  o217(in’

103



Table 6.12: Post-tensioning steel calculations

Longitudinal Post-tensioning
f = 0.0|psi This value is the maximum tensile stress
found in a transverse joint at any point aleng

Fra= k

- the bridege. This can be found through
Freg = k modeling or hand calculations.

n= strands

Figure 6.7: Mesquite Bridge duct layout (dimensions in ft)

Standard temperature and shrinkage reinforcement was added in addition to the post-
tensioning. According to Eg. (5.20), the required amount of temperature and shrinkage
reinforcement was:

- 1.3bh 1.3(120 in)(8 in) in?
ST 2b+h)f, 2(120in+8in)60ksi  ft
To satisfy this requirement, #3 bars were spaced 18 inches apart in two layers resulting in
0.15 in%/ft as shown below:

Required A

Actual A. = 21 Avar _ _, 0ALin%_ i
= * = * = (. R
cruat 4s ayers Spacing 1.5 ft ft

The calculations are summarized in Table 6.13.

Table 6.13: Temperature and shrinkage reinforcement

Temperature and Shrinkage Reinforcement
A, required= inz_,-‘f-t Use two layers of reinforcement {mesh or rebar)
Bar size #3
Bar area in®
Spacing 18]in <18 inches
A, actual= intlt > A, required

6.3.5 Overhang Design

Design of the barrier wall, which should be according to standard state procedures, was
beyond the scope of this project. Thus, the properties used in the PCI design example
(PCI, 2011b) were chosen as representative values and assumed to be the same for this
design example. The design assumptions were: horizontal collision force = 147.03 kips,
moment capacity at the base of the barrier wall M, ., = 23.85 k-ft/ft, and length of the
wall failure mechanism = 13.589 ft. The height of the barrier wall = 3.5 ft, consistent
with the original design of the Mesquite Interchange Bridge.

104



First, the moment capacity was checked for Case 1 (horizontal collision load combined
with dead load) at Section 1-1 (inside edge of the barrier rail) and Section 2-2 (3 inches
from the outside edge of the exterior girder). Sections 1-1 and 2-2 were located at | = 1.7
feet (20.25in) and | = 3.21 feet (38.5 in) from the edge of the panel, respectively. The
tension in the base per panel as a result of the vehicle collision was calculated according
to [Eqg. (5.21)]:

Tbase -

R, 147.03 kips _ 714 k
L.+2H 13589 ft+2(3.5ft) ' ft

k
TExtreme Event 11 = Tbase *b=714—=10 ft =714
ft panel

For Section 1-1, the moments due to dead load of the parapet Mp¢ pgraper and slab
Mpc s1ap, Were calculated as:

MDC Parapet = Wparapet(Widthparapet - CentrOidparapet)

— 0.65- (1.7 ft — 0.63ft) = 0.68 1*
DC 12 0.1 ksf = (1.7ft)> k-ft
MDCSlab — Arec;Load — f 2( f) 20.14 f]:

These moments combined with the barrier rail base moment capacity M, .. (which is the
maximum moment that could be transferred to the panel due to vehicle collision)
according to Extreme Event Il load combination:

k-ft

MExtreme Event II = Mbase + 1.25 * (M + MDCSlab) = 24-887

DC Parapet

k-ft k-ft
A *10 ft = 248.84—f
t panel

MExtreme Event 1I = MExtreme Event 11 * b = 26.32

The calculation resulted in a moment demand of 263 k-ft/panel at section 1-1. Using the
design aid spreadsheet, the amount of reinforcement was adjusted until the capacity
exceeded the demand, and the calculations below reflect the final design of 20 #7 bars per
panel. First, the development length was calculated according to Eq. (5.22):

_38d, 38%0.875in

[, = —
“JfF /6000 psi

and the available strength of the rebar at the section being analyzed is found using Eqg.
(5.23):

=16.29in
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(l—21n)< _6Ok_(20.25in—21n)_60k_
L = h =00 ksi e~ 60 ks

Available strength = f,

which indicates that the strength of the rebar was fully developed at section 1-1. Using
the following calculations the capacity of the panel was determined:

.nz

i
A, =20 bars *0.6 — = 12 in?
bar

d=57in
_ Asfy = Thase  12in?(60 ksi) — 71.41kips 106
~T085fb  085(6ks))(120in) o
_a 106in 1417

C—ﬁl— 075 = L4lin

The strain in the rebar e, and moment capacity ¢ My, were determined per Egs. (5.24) and
(5.25).

d—c_5.7in—1.41in

g, = 0.003 o = 0.009
ay  09(12n?)(60 ksi) (5.7 in - 1'026 =)
PMy = 9Asfy (d - 5) = o = 279.2 k-ft
1272

The capacity of 279.2 k-ft exceeded the applied moment of 263 k-ft, so the design was
sufficient for Section 1-1. The calculations were repeated for section 2-2, except the
moment due to the collision load was assumed to distribute outward at a 30° angle
between Sections 1-1 and 2-2. The moment and tension force at Section 2-2 were

calculated by multiplying the comparable values at Section 1-1 by the ratio of lengths
Lc/(Lct+2H):

k—ft
M _ Mbase @1—1LC — 23.85 ft (13589 ft)
base @272 7 I+ 2L[Tan(30°)] ~ 13.589 ft + 2 * 1.55 ft[Tan(30°)]
= 2112 £
=2112 —
k—ft
T _ Thase @1-1 — 714 ft
base @272 7 I+ 2L[Tan(30°)] ~ 13.589 ft + 2 * 1.55 ft[Tan(30°)]
k
= 0.32 7
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where L is the distance between Section 1-1 and 2-2 and H = L-tan(30). This led to an
applied moment of 240 k-ft/panel at this section. The capacity at Section 2-2 was
identical to that at Section 1-1 (279 k-ft/panel) so the design was adequate for both
Sections 1-1 and 2-2.

Section 2-2 was also checked for Case 2, which uses the Strength 1 load combination for
dead load and live load moment due to axle load. The moments Mpc parapet and Mpc sian
remained the same as for Case 1. Since Section 2-2 was located over the exterior girder,
additional moment resulted from the wearing surface between Section 2-2 and the edge
of the parapet.

_ DWArea load (WidthOH - Widthparapet —0.25 ft)z
DwWw —
2

0.025 ksf (3.5 ft — 1.7 ft — 0.25 ft)? k-ft
= =0.03 —
2 ft
The live load moment in the section was calculated according to Egs. (5.26) and (5.27) as
follows:

X = widthoy — Widthyaraper — 1.25 ft = 3.5 ft — 1.7 ft — 1.25 ft
= 0.521 ft

L =450+ 10.0X =45+ 10 0.521 ft = 50.21 in

v _l6IMom-x _ 16(133)(12)-0521ft _ k- ft
LL+IM — L - 50.21 in - ft

in
12 f_t

and the overall moment was calculated as:

Mstrengthl = [1-25(MDC) + 1.5(Mpy) + 1-75(MLL)]

k-ft k-ft

= [1.25* (1.67 + 0.6) + 1.5(0.03) + 1.75(3.18)] *10 ft = 84.5
ft panel

The moment demand due to this load combination was 84.5 k-ft/panel which was less
than the capacity of 279 k-ft/panel. The intermediate design calculations are shown below
in Tables 6.14 for Section 1-1 and 6.15 for Section 2-2.
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Table 6.14: Overhang design for section 1-1

Overhang Design

Design Case | - Horizontal Vehicular Collision Load

1-1 Inside Face of Parapet
Mipee = 23 B5 | k-fr/ft
Ry = 147.03 |k
L.= 13 5BO|ft
H= in
Tome = k/fft
Mo, parazer = k-ft/ft
Mo sen = k-ftfft
M omrier = k-ft/ft
M ztrame seert 0 = k-ftfft
M zirame svart 1 = k-ft/panel
| —— kfpanel
Hooked Bar Type #7
| = ft
d= M
Aor= in
lg= in
Available Strength ksi
# of bars 20| bars
A= in®
d= in
a= in
L= in
= Good
b, = k-ft/panel
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Table 6.15: Overhang design for section 2-2

2-2 Edge of Exterior Girder

Mopsezzz = k-ft/ft
Tossemzz = kTt
Mo, parsoe = k-ft/ft
Moz sien = k-ft/ft
Maw = k-ft/ft
{1 P k-ft/panel
| F—— k/panel
| = ft
Available Strength k=i
a= in
c= in
E = Good
i, = k-ft/panel
Design Case Il - Dead and Live Load
2-2 Edge of Exterior Girder
Myc szrsom: = k-fe/ft
Moz sien = k-ft/ft
Moy = k-fe/ft
X= ft
L= in
m=
IM =
Mz = k-fr/ft
Mitrermin s = k-ft/panel
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6.4 Model Based Design Method

6.4.1 Overview

This section summarizes the modeling and analysis assumptions to apply the model-
based design method to the Mesquite Bridge. The goal of this approach was to compare
analysis results from the model to calculations used in the simplified design method. For
this design example, comparisons were made between the simplified and model-based
designs, especially with respect to skew since simplified calculations cannot capture most
of the effects of skew. These comparisons were used to determine the applicability of the
simplified method for highly skewed bridges.

The model used for the model based design was created using CSiBridge. This method
was used in conjunction with the design aid spreadsheet discussed in Section 6.3, but
refined the analysis to improve the accuracy of some of the input values to the
spreadsheet. Figure 6.8 shows a 3-D view of the completed model. The purple elements
are the shells used for the deck, the blue line elements represent the girders, and the green
elements represent the girder prestressing strands and longitudinal post-tensioning. The
coordinate system is as follows: x-direction refers to the longitudinal direction of the
bridge, y-direction refers to the transverse direction, and z-direction refers to the direction
of gravity.

Figure 6.8: 3-D view of CSiBridge model

This model was not designed to be a stand-alone design tool, but rather to validate and
determine applicability of simplified calculations used in the design aid spreadsheet to a
bridge with a large amount of skew. The output from this model was then used to refine
the input for the spreadsheet to achieve an improved design.

6.4.2 Material Definitions

All base materials used to define the various bridge elements were defined in CSlbridge.
The properties of the deck concrete were: weight per unit volume y4 = 0.15 Kcf,
Poisson’s ratio v = 0.2, compressive strength f’4c = 6 ksi, and modulus of elasticity E4c =
4415 ksi. The girder concrete properties were: compressive strength f’4c = 9 ksi, and
modulus of elasticity Eqc = 5407 ksi. The deck concrete material was applied to the deck

110



(represented by shell elements) and the girder concrete material was applied to the girders
(represented by frame elements). The tendon steel was defined with: weight per unit
volume ysee; = 0.49 kef, modulus of elasticity Es = 28500 Ksi.

Link elements were used to connect the deck shell elements to the girder line elements. In
lieu of material properties, the overall stiffness in each direction was defined. The links
were assigned to be rigid for z-direction translation and rotations in all three directions.
The stiffnesses in the x and y-directions were calculated using the following equation
(Cheng, 2006):

K Po_ppod 0.00646 29000 ksi (12 in)(12 in)
vfas =T Esb,d= - Si n in
1+ 4np, 1+ 4+ 22200558 0.00646)
= 23057 —
mn

where p,, is the shear reinforcement ratio, n is the modular ratio of the reinforcing steel
and concrete, E is the modulus of elasticity of the reinforcing steel, and b,, and d are the
section widths perpendicular and parallel to the applied shear.

6.4.3 Geometric and Element Definitions

Bridge properties were input and an initial model was generated using the bridge wizard
feature in CSiBridge. A layout line was created extending 111.5 feet in the x-direction
from node (0, O, 0), representing the length and centerline of the bridge. The model was
created using frame elements for the girders, thin shell elements for the deck, link
elements for deck-to-girder connections, and tendon elements for the post-tensioning
steel. In this example, the transverse deck prestressing steel was not included in the
model as it had already been designed using a structural analysis software in conjunction
with the simplified method. Because a refined analysis had already been used for the
transverse prestress steel design, the focus for this example was the post-tensioning
stress.

The girders and deck were created by defining a bridge superstructure section, referred to
as “deck section” by CSiBridge. The deck section was defined as a bridge object and
used to automatically place the girder and deck elements based on the defined geometry
and bridge centerline. The deck slab shell elements were assigned the deck concrete
material, overall deck width = 45.917 feet, deck slab thickness = 8 inches, and left and
right overhang width = 41.5 inches. The girder frame elements were assigned the girder
concrete material, and dimensions as shown in Figures 6.3 and 6.9. The girders were
placed with a constant spacing of 9.75 feet and a constant girder haunch thickness of 3
inches was added to the deck section. The output from the defined geometry is shown in
Figure 6.10.
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Figure 6.9: Girder properties
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Figure 6.10: Model bridge deck cross-section

The geometric properties for the deck section were initially used to automatically
generate a simple version of the bridge model. This initial model did not include any
joints between the deck and the girder but assumed full composite action between the two
systems. However, to check whether the deck to girder connection generated enough
resistance to achieve full composite action, an additional refined model was created. This
model used a manually discretized deck and girder elements to allow the deck and girder
elements to be connected by links at nodal locations. The deck shell elements for the
refined model were created using a mesh size of 2 feet in the longitudinal direction of the
bridge and 3.25 feet in the transverse direction. As a result, the shells along the abutments
were triangular and all shells between the abutments were rectangular. A plan view of the
deck discretization is shown in Figure 6.11. The girder elements were also discretized
every 2 feet to accommodate the link elements. Links were added to the model
connecting the nodes along the girder line elements to the nodes in the deck shell
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elements. These links were spaced every 2 feet along the girder line and were defined
with the properties discussed in Section 6.4.2.

\ HERRRREN L1 L1

Figure 6.11: Discretization of the deck

To account for the prestressing force in the prestressed concrete girders, tendons
following the tendon steel path defined in the Mesquite bridge plan set (Figure 6.4) were
incorporated. The 10 harped prestressing strands for each girder were specified in five
rows and two columns, with each strand spaced 2 inches apart. At the girder ends, the top
of the strand group was placed 2 inches below the top of the girder; and at a distance 43%
along the girder length, the bottom of the strand group was placed 4 inches from the
bottom of the girder. The depth of each strand within the girder varied linearly between
these two points as shown by the C.G. Harped Strands callout in Figure 6.12. Each strand
was defined in the model using the tendon steel material described previously, as a 0.6
inch diameter tendon with a prestress force of 43.94 kips. The remaining straight strands
at the bottom of the section were modeled as a single strand applied at the center of the
prestress force, which was the center of the girder, 3.75 inches away from the bottom
face. The strand was defined with cross-sectional area = 8.68 in? and a total jacking
(prestress) force = 1757.7 kips. These properties were defined in the Mesquite Bridge
plan set and the applied prestress forces accounted for all losses. The post-tensioning
tendons were input into the model after the dead load analysis and completion of their
design.

N Multiple Hold Down
4 2" Dio. Block—outs Devices May Be Used.
Thru Web (Typ. At Strluddlu Harping
Each End} Point B" Min., T—6" Max.
Lifting Loops
See ﬂote g L’;;?‘:S“’
See Note &

C.G. Horped Strands

|
g L C.G. Stroight Strands E Span (Symmetricall
0.46 Girder Length + &" Harping Point
Harped Strands Harped Strands

Between Horping Points
GIRDER ELEVATION
Figure 6.12: Girder prestress steel along girder

The ends of the bridge at the abutments were constrained by fixing the translation in each
direction and leaving all rotations free. The girder support condition was set as “connect
to girder bottom only”, representative of a non-integral girder connection or seat-type
abutment. Each abutment was rotated 31.1° to set the skew.
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6.4.4 Loads and Analysis Assumptions

The model was used mainly to check the stresses and moments in the deck and use these
to design the post-tensioning. Three different load cases were defined, and combined
using a load combination. The Dead Load case included the self-weight of the deck (shell
elements) and girders (frame elements) each calculated by the program; girder
prestressing force, and wearing surface conservatively applied as a 0.025 ksf area load to
all shell elements. The Dead Load case was analyzed using a linear static analysis. The
Live Load case included the effect of moving truck loads in each lane and was analyzed
using a linear moving load analysis. Two 12 feet wide lanes were assigned, each with the
lane centerline 6 feet from the bridge centerline. The lanes were adjacent to each other.
The HL-93 truck load was applied to each lane by placing the truck load at different
locations along the bridge in the longitudinal and transverse directions and determining
the maximum effect. An “Other” load case was defined that included the prestressing
force of the post-tensioning tendon elements. These load cases were all combined into a
load combination named ACASE1, which represented the Strength | load combination
(1.25 DC+1.5DW+1.75LL). Defining the different load types independently allowed the
analysis results to be evaluated separately for each case or combined for a cumulative
effect.

6.4.5 Dead and Live Load Analysis and Post-Tensioning

The model was initially analyzed with dead load only. Stresses due to dead load were
compared in the simplified model without link elements and the refined model. Figures
6.13 and 6.14 show the maximum tensile stress in the longitudinal direction along the
deck due to factored dead load for the refined and simplified models, respectively. This
maximum stress represented the highest tensile stress through the depth of the deck cross-
section. Both models developed a negative moment at the ends, resulting in tension in the
deck. The refined model was subjected to a maximum tensile stress of 0.054 ksi, located
along the abutment above the exterior girder. The simplified model was subjected to a
maximum tensile stress of 0.051 ksi, located along the abutment between the exterior and
interior girder. The forces transferred between the deck and girders were equal between
the two models. All forces were transferred between the two elements so full composite
action was being achieved with the spring connections. This meant that both the models
would produce the same results as the assumption for the simplified model was full the
deck and girders behaved compositely. Because the model results were similar, the
simplified model was used to generate the moment diagrams as the refined model was
limited in the force diagrams it could produce because it lacked an integral bridge object
for the superstructure section. The simplified model was used for all calculations
hereafter.

The moment diagram in the longitudinal direction due to factored dead load is shown in
Figure 6.15. The analysis showed that the maximum positive moment was 4918 k-ft and
largest magnitude negative moment was 2989 k-ft. The maximum positive moment was
smaller than the 7136 k-ft calculated with the simplified method, but the negative
moment was much higher than the assumed value of 0. Because the analysis predicted a
negative moment in the deck, additional post-tensioning was required beyond what was
used for the simplified method.
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Figure 6.13 Deck stress for refined model subjected to dead load

Figure 6.14 Deck stress for simplified model subjected to dead load
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Figure 6.15: Moment diagram due to dead load
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Live loads may also contribute to the tensile stresses in a skewed deck. A moving load
analysis using the lanes and vehicle load was performed on the simplified model to
determine additional tensile stresses that must be overcome by post-tensioning. The
analysis results of the model subjected to combined factored dead and live loads showed
that the maximum longitudinal tensile stress in the deck was equal to 0.090 ksi. The axial
stress distribution resulting from live load is shown in Figure 6.16.

Figure 6.16: Stress due to live load

Post-tensioning was calculated based on the design stress of 0.090 ksi determined by the
analysis and the additional 0.250 ksi minimum required compression. The required
number of post-tensioning strands was calculated using the design aid spreadsheet with
the same method described in Section 6.3.4. The spreadsheet calculated that 1498 kips of
post-tensioning needed to be applied to the deck. The calculations are shown in Table
6.16.

Table 6.16 Post-tensioning calculations

Longitudinal Post-tensioning

fo= 90.0| psi This value is the maximum tensile stress
found in a transverse joint at any point along
the bridge. This can be found through
modeling or hand calculations.

= 38.1|k

Frag = 1498.72 |k

n= strands

6.4.6 Analysis with Post-Tensioning

The post-tensioning was designed according to the calculations shown in Section 6.4.5.
The post-tensioning layout consisted of 10 ducts with four strands per duct. This differed
from the design from the simplified method of 6 ducts with 5 strands per duct. Each duct
carried a prestress force of 152 kips. The force was applied as a tendon element stressed
from both ends. The tendons were input by connecting the element to nodes on each side
of the bridge. The tendon layout is shown in Figure 6.17.
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Figure 6.17: Post-tensioning layout for model based design (dimensions in ft)

The analysis was completed using a dead and live load analysis in addition to applying
the post-tensioning force from the tendons. Applying each of these loads resulted in a
residual maximum joint tensile stress of 0.02 ksi, meaning the prestress force was
determined by the model to be insufficient to overcome the tension in the deck. The axial
stress in the deck along the longitudinal direction is shown in Figure 6.18. The moment
due to dead load in the longitudinal direction is shown in Figure 6.19. The tension in the
joints could be removed in the model by adding additional post-tensioning beyond what
was applied according to the calculations in Section 6.4.5. The amount of the post-
tensioning force was iterated until there was 0.25 ksi compression in every joint. This
force was much higher than what was predicted by the spreadsheet results that used the
model tension values.

Figure 6.18: Stress in the deck after post-tensioning
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Figure 6.19: Moment due to dead load including post-tensioning

A review of the analysis results showed a discrepancy in how the post-tensioning was
being applied to the model. In practice, application of the post-tensioning occurs prior to
the connection of the deck to the girder. This causes all of the post-tensioning force to be
applied directly to the deck. In the model, the post-tensioning was effectively applied to
the composite deck-girder section. This resulted in the post-tensioning force being
distributed to both the deck and the girders, which is a much larger cross-sectional area
than the deck alone and requires a much higher post-tensioning force to achieve desired
compressive stress. Because the post-tensioning force was not accounted for in the model
as expected, the design that was calculated in Section 6.4.5 and shown in Figure 6.17 was
considered to be the final design.

6.5 Validation and Comparison of Results

This section summarizes the differences between the simplified method and the model
based method. Concerns regarding the methods are discussed and changes to the design
procedure based on the findings are explored.

An initial observation from this design example was that a negative moment developed at
the ends of the span, while the moment diagram is expected to be all positive in a non-
skewed bridge. In the simplified design method, the negative moment was assumed to be
zero because the bridge consisted of a single span. However, the analysis results
predicted a significant negative moment (Figure 6.11). The shape of the moment diagram
was similar to that predicted in the simplified method, but the diagram was shifted
towards the negative moment region. This changed the post-tensioning design compared
to the simplified method.
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The model based method confirmed that the number and strength of shear connectors
used in the simplified method was adequate. All shear stresses were transferred between
the deck and girders. Full composite behavior was achieved and the deck panel system
responded as would be expected from a conventional deck. Also, the modeling showed
that if a model based method is used for design, the individual deck-to-girder connections
need not be modeled explicitly. The bridge can be modeled more simplistically.

A main concern from the modeling procedure applied here is amount of post-tensioning
required to negate the tensile forces in the joints. The predicted amount of post-tensioning
based on the negative moment in the bridge was not adequate to remove the tension in the
panel-to-panel joints. This was due to the deck being composite with the girders prior to
application of the post-tensioning force. In actuality, the post-tensioning force is applied
to the deck panels prior to being made composite with the girders. However, this
behavior cannot be achieved in CSiBridge.

Based on the experiences gained from this design example, the recommendation is that
all skewed bridges should be analyzed with a structural model. The model should be used
to evaluate moments and stresses in the deck for use in the design aid spreadsheet. These
forces should be used as the inputs for all load demands on the bridge as they describe the
system behavior more accurately than what is achieved using simplified calculations.
Because the change in stress in a post-tensioned section due to bending is linear in deck
panel applications; the post-tensioning can be designed using the model loads, but a
separate validation of the deck stresses with post-tensioning in the model is not needed.
Therefore, the stresses are used to calculate the required post-tensioning force and the
design aid spreadsheet is used to calculate the amount of post-tensioning required. The
rest of the design including: the transverse prestress steel, flexural capacity, deck to
girder connection, temperature and shrinkage reinforcement, and the overhang design can
all be calculated with the design aid spreadsheet without requiring additional input.
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Chapter 7: Design Example 2: SR 170 Bunkerville Road

7.1 Introduction

This chapter presents a second application of the design methods discussed in Chapter 5.
The first design example for the Mesquite Bridge as described in Chapter 6, was limited
to a single span bridge with significant skew. A multispan bridge was preferred for the
second design example. Again, bridge plan sets provided by NDOT were evaluated to
select a good example for incorporation of a prefabricated deck panel design. The second
design example is a modified version of the SR 170 Bunkerville Road - Virgin River
Bridge. The bridge has been reduced to three spans instead of five to simplify the design
and modeling. The interior and exterior span lengths are selected to be consistent with the
original design. The skew and superelevation are assumed to be 0, to simplify the focus
to the multispan effects. Section 7.2 briefly describes the bridge geometry, and Sections
7.3 and 7.4 describe the implementation of the simplified design method and the model-
based method, respectively, for the bridge. Section 7.5 discusses the findings from the
Bunkerville Road design example and recommends changes to the design philosophy.

7.2 Bridge Description

The Bunkerville Road Bridge is a three span bridge with exterior span lengths of 190 feet
and an interior span length of 155 feet. The bridge is 39 feet wide with three steel girders
spaced at 14 feet and 5.5 feet overhangs. The abutments are seat type, resting on spread
footing with bearing pads. The intermediate piers are single column bents, each
incorporating a 7 foot diameter column with a 34 foot wide cap beam that is non-integral
with the girders. Figure 7.1 displays the bridge cross section at the pier location, and
Figure 7.2 shows the elevation view. Figure 7.3 shows the girder dimensions.
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Figure 7.3: Bunkerville Road girder cross-section

Because the deck is 39 feet wide, less than the 50°-0” transportation limit, the panels are
designed to span the entire width of the bridge with no longitudinal joint. For this
example, because there is no skew, all panels are designed as rectangular. The panels are
39 feet long (equivalent to the bridge width) by 10 feet wide and 10 inches in depth. The
concrete strength is specified as 6 ksi. Also, the bridge is assumed to have no overlay.

7.3 Simplified Design Method

The following sections describe the implementation of the simplified design method on
the Bunkerville Road Bridge, supported by output from the design aid spreadsheet. For
interpretation of the spreadsheet data, orange highlighted cells are user input values,
while grey highlighted cells with orange text represent values calculated within the
spreadsheet.

7.3.1 Design Moments and Loads

Area loads and moments due to dead and live load were calculated first, and the output
from the design aid spreadsheet is shown in Table 7.1. Assuming a 10-inch deck, the DC
area load due to self-weight was calculated as:

10 in

DC = 0.15 kcf * Py 0.125 ksf,

Iz
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The DC load was then used to calculate the moment demand in a deck panel for the
transverse and longitudinal directions. In this example, the transverse direction moments
were calculated using two different methods to demonstrate alternative approaches.
Method 1 estimates the moment using a simplified equation [Eq. (5.1)]. First, the
distributed dead load (per unit length in the transverse direction) was calculated as:

wpe = 0.125 ksf = 1ft = 0.125 kIf

Then, wp was substituted for w in Eq. (5.1), with y = 10, and girder spacing | = 14 ft, to
compute the DC moments (Mp):

* 2 —
My, = 0.125 kif+(14 f)* _ 245 k—ft
10 ft

This result, which applies to both positive and negative moment regions, is shown as
Estimated Mp in Table 7.1. For Method 2, the moments were computed the moments
using a simple structural analysis model built from basic line elements with applied
distributed loads wy,. as defined above. The results from this analysis are shown as
transverse direction moments M7, and My in Table 7.1. Because the moments from
Method 2 were calculated using a more accurate procedure, these moments were used for
design.

The maximum positive and negative transverse moments due to live load were found
using Table A4-1 in the AASHTO LRFD specifications (AASHTO, 2012), and are
shown as M;; and M;; in Table 7.1. The live load calculation assumed a girder spacing
of 14 feet and distance from the girder centerline to the design section of O inches for the
negative moment.

Moments in the longitudinal direction were calculated using a simple structural analysis
model, and the resulting values were entered into Table 7.1. The applied load in the
model was equal to the DC load, calculated as:

Wpeck—tong = 0.125 ksf * 39ft = 4.875 kif

WGirder—Long = ysteelAgirder = 0.49 ka * 0'875ft2 =043 klf

Wpc-Long = Wpeck-Long + #girderWGirder—Long = 4.875 klf +3 %043 klf
= 6.2 kif

The maximum longitudinal moments for this combination were found to be equal for
positive and negative moments, Mpc® = Mpc™ = 19020 k-ft.
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Table 7.1: Summary of transverse and longitudinal moments

Load Assignments 3.4.1

DC: ksf
DWW ksf
LL:|HL-83 with lane load and multi presence factor

Moments in transverse direction

L= 10
Estimated My + = k-ft/ft Calculated using
Estimated Mg, += k-fr)ft estimate of wi™2/c
Mgz + = 1.5(k-frft
Mgz -= -2.12 | k-fr/fft
Mgy + = 0.0| k-fr/ft Calculated using
- : standard formulas or
Mo - = 0.00| k-ft/ft .
structural analysis
My += 002 | k-frift program
My -= -12 24 | k-fr/fft
Moments in longitudinal direction
Mpe + = k-ft
Mg - = k-ft
Moy + = k-ft
Mo - = k-ft

The transverse direction moments were combined according to the load combinations,
Strength I, Service | and Service Il1. Each load combination is used for a different part of
the design calculations. The moment demands for each load combination were calculated

k—ft k- k-ft
Mgtrengent” = (1.5 Lx125+9.025 1. 75) * 10 ft = 177 L
k-ft k-ft k-ft
Merengen:” = ( 2127 #1125 - 1224 =+ 1 75) #10ft =241
ke ft
MSeruiceIwithoutLL = (1 S5—— ) *10 ft =15 panel’
k-ft k-ft
Msumice twitnoue 1™ = (~212 72 1) +10 ft = ~265 ——
k-ft k-ft k-ft
Mservice rwienn” = (1555 14 9.025L0 1) « 10 f¢ = 105.2 L,
_ k-ft k-ft k-ft
Mservice rwithir = (—2-12 Ft *1—12.24 Fr * 1) x10 ft = —143.6 Danel
ke ft
Miersice ™ = (157« 14 9.027 < 08) » 10 f = 872
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k-ft

k-ft k-ft
f *1—12.24 f
panel

ft ft
7.3.2 Prestress Steel Design

Mservicenn = (_2'12 * 08) *10 ft = —-119.1

The prestressing steel was designed using the process overviewed in Section 5.3.2. First,
an initial amount of prestressing steel was estimated, and used to iterate toward final
converged values for prestress loss and capacity of the section. Table 7.2 shows the
prestress steel properties assumed for transverse panel reinforcement, which included ¥2”
diameter 7-wire (Grade 270) prestressing strands. The ultimate stress, fp,, of the strand
was defined as 270 ksi, and other values assumed by the design aid spreadsheet were:
strand yield stress fyy = 90% of fy,, initial prestress f, = 75% of f,,, and effective prestress
foe = 90% of fpi.

Table 7.2: Prestressing steel properties

Steel Properties - Prestressing Steel
£ = 270 |ksi
for = ksi
E,= 28500 ksi
fy= ksi
1/2" diameter - 7 wire strands 0.153|in®
foe= k=i

The larger of the two Service 11l moments, M., ice ;11 Max, was used to calculate an
initial value for the number of prestressing strands per panel. The allowable tensile stress
in the concrete, ajowante, Was computed as:

Oattowaste = 0.19y/f/ = 0.19v6 ksi = 0.465 ksi.

The initial prestress force was calculated by rearranging Eq. (5.2) and solving for Pp:

Mservice 111 . 1191 k—ft*lZ% .2 .
Pre = (Cattowapte + S22 M) s A = ( —0.465 ksi + ————L* ) 1200 in® = 299.2 kips.

2000 in*

Note that compression is positive in the above calculation. The initial number of
prestressing strands, n, rounded up to the nearest even number, was calculated per Eqg.
(5.3) as:

299.2k

in2 ,
0.153 *x182 ksi
strand

Thus, the required number of prestressing strands was initially estimated as 12. Table 7.3
shows the initial prestress steel calculations.

= 12 strands.

n=

Next, the subsequent calculations and prestress design checks are described, which are
based on the specified number of strands. As part of the design process, the number of
strands was iteratively adjusted until all checks were satisfied. Application of this
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iterative process led to a final calculation of 24 strands required to satisfy all design
checks. All subsequent calculations are based on this final value (24 strands), shown as
the highlighted orange input cell in Table 7.3. The strands were placed in two layers;
each located 2.25 inches from the outside edge of the panel.

Table 7.3: Initial prestressing steel design

Prestress Steel Estimate
M zaryice m MK = k-ft This uses the service
moment to calculate a
G = ksi required number of
strands based off of
Poe = k estimated properties.
n= strands These calculations are
Use 241- 12" strands |checked in the
Try 2 layers strands/layer | T0!lowing sections
A= in®
fy=

Losses were calculated for the prestress steel according to the equations found in Section
5.2.3. Elastic shortening loss was initially assumed to be 1%, and the actual loss was
subsequently calculated. The initial prestress value, fy;, was multiplied by 99% to reflect
the prestress in the strand after elastic shortening loss, fyes.

fpes = 0.99 % 203 ksi = 200.5 ksi.
The updated total prestress force (with 24 bars) was computed as:

P,

e = NApsfres = 24 % 0.153 in? * 200.5 ksi = 736.1 kips.

This prestress force was used to find the stress fcqp in the concrete due to prestressing:

Ppe _ 7361k

fogp =22 = 22 = 0.613 ksi.

Using Eq. (5.4) with E, = 28500 ksi and E¢ = 4031 ksi, the losses due to elastic
shortening were found to be 4.34 ksi, which is equivalent to a prestress loss of 2.14%.
Because the calculated elastic shortening loss was not close to the assumed loss, the
procedure was repeated using an assumed initial loss of 2.1%. This resulted in an elastic
shortening loss of 4.3 ksi and a loss percentage of 2.12%, which was close enough to the
assumed value to be considered converged. The elastic shortening loss calculations are
shown in Table 7.4.
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Table 7.4: Elastic shortening losses

Prestress Losses

Elastic Shortening

Try 1% initial loss 2.10%
Assumed strand stress = ksi
P= k
fq:.= ksi
Af e = ksi
% Loss = Should be close to
assumed value, if
not recalculate

After the calculation of short term losses (elastic shortening), long term losses due to
shrinkage, creep, and relaxation were determined. Panel properties prior to deck
installation differed from the properties after deck installation, so shrinkage and creep
losses were calculated both before and after deck installation. The following input values
were defined: volume-to-surface area ratio of one deck panel V/SA = 4.62, relative
humidity H = 40% for this bridge location (Figure 5.4.2.3.3-1 in AASHTO, 2012), time
between curing and loading ¢t = 89 days, and the overall lifespan of the deck ¢, = 75 years
or 27375 days. Based on these inputs, the following factors were calculated: volume-to-
surface ratio factor ks, humidity factor for shrinkage kns, humidity factor for creep kc,
factor for the effect of concrete strength ki, time development factor at time of transfer ki,
and time development factor at the end of the service life of the deck ki, according to
AASHTO 5.4.2.3.2-(2-5) and 5.4.2.3.3-2:

%4
ks =145-0.13 <§) >1.0,1.45 - 0.13(4.62): kg = 1

kns = 2 — 0.014H = 2 — 0.014(40): ks = 1.44
kn. = 1.56 — 0.008H = 1.56 — 0.008(40): k. = 1.24

— 5 —_— 5 .
14 f;  1+5ksi’

_ t _ 89 days
~61—Af,+t 61—4x%5ksi+89days’

ktd ktd = 068
t 27375 days

K. = = t keg = 0.99
‘T 61 —Af +t; 61 —4x5ksi+27375days’

These factors were used to calculate the strain due to shrinkage, &, per AASHTO
5.4.2.3.3-1 (2012), and the creep coefficient at time of installation, y, (t, t;) and final
service life of the deck, y, (tr,t;) per AASHTO 5.4.2.3.2-1 (2012).
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Esn = kgknskplq0.48 + 1073 = 1(1.44)(0.83)(0.68)(0.48 * 1073)
= 0.000394

p(tt) = 1.9kskpkrkeqt; O = 1.9(1)(1.24)(0.83)(0.68)(897%118) = 1.34
f
b(tr,t;) = 1L.9kskpckpkeqty *1® = 1.9(1)(1.24)(0.83)(0.68)(273757%118) = 1.96
f f

The transformed section coefficient, Kig was found using AASHTO 5.9.5.4.2a-2 (2012):

1 1

A Ae 28500 ksi ,3.672 in?
A;;s<1+ ggpg> 1+07¢b(tf't) 1+ T (G (14 0)[1 +0.7(1.96)]

Kig =

1+2p
ECl

= 0.95

Each of the above factors were used to find the losses due to shrinkage and creep prior to
deck installation using Egs. (5.5) and (5.7):

Afysp = €nEpKig = 0.000394 + 28500 ksi * 0.95 = 10.7 ksi

28500 ksi

1287 kst 0.607 ksi (1.34)(0.95) = 5.5 ksi

E
AprR = Ep' fcgpwb(t; t)Kig =
ci

Relaxation before deck installation was calculated according to Eg. (5.9):

for (T 198.2 ksi (198.2 ksi
Aprl = AprZ = pt pt —0.55) = <

- 0.55) — 1.8 ksi
K, \F,y 30\ 243 ksi ot
Shrinkage and creep losses at the end of the deck life were calculated as follows:

Epip = kskpskrkeqr0.48 1073 = 1(1.44)(0.83)(0.999)(0.48 * 1073)
= 0.000575

Evar = Epif — Esn = 0.000575 — 0.000394 = 0.000181

Afpsp = €parEpKig = 0.000181 % 28500 ksi * 0.95 = 4.9 ksi

Ey Ep
Afpep = E_Cfcgplpb[(tf' ti) — ¥p(ta, t)]Kar + FAfcdl/)b (tr, ta)Kar
28500 ksi

= 24415 ksi 0.607 ksi(1.96 — 1.34](0.95) + 0 = 2.30 ksi

The relaxation loss after deck placement was assumed to be identical to that before deck
placement. Prestress loss calculations prior to deck installation and at the end of service
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life are shown in Tables 7.5 and 7.6, respectively. The total long term prestress loss (26.9
ksi) was calculated by summing all individual losses before and after deck placement.
This led to a final prestress value of 171.3 ksi with a net loss of 15.4% over the life of the
deck.

Table 7.5: Prestress losses prior to deck installation

Creep & Shrinkage (Between Transfer and Deck Installation) 5854
VisSA
H 40 Relative Humidity
t= BS|days Time between curing and loading
= 27375 |days Cverall life of panels
ky = 5432322
Kes = 542332
Kee= 5432323
k.= 542324
ki = 5423.2-5
[ 542325
B = 542331
i, t)y = 542321
WL, Tlezzes = 542321
K= 59542352
it ksi 5.8.542a-1
T ksi 5.8.542b-1
Relaxation (Between Transfer and Deck Installation)
fa= ksi
K. = 30(ksi
Moy = ksi 59542c-1
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Table 7.6: Prestress losses at final age of the deck

Creep & Shrinkage (Between Deck Installation and Final Age)

iI=

ks = 5423322
K = 542332
b =
k.= 5423324
ki = 5.4.23.2-5
Equ =
B = 542331
Walts, )y = 542321
Wty Tz = 542321
K = 542325
Aep = ksi 5554231
B = ksi 5.9542b-1

Relaxation (Between Deck Installation and Final Age)
Afey = 5.9.542b-1

Total Losses at Transfer (Initial Losses)

Toetranster = ksi

I:}:'-: reter = k

Total Losses at Final Age (Service)

Af= ksi 5.9.5.1-1
f;.g"-.g = k=i
Poe = k
0.8f,, = ksi
Is fou== 0.8, If not, use 0.87,,

Total prestress loss, %

Next, the applied prestress force on the panel including all losses was used to calculate
the panel capacity. The Service | moment (Section 7.3.1) was used to calculate the peak
bending stresses with:

P M
pe
f __+_
P AT S

Two compression limit states were considered; Case 1 = dead loads only and Case 2 =
dead and live load. These compression stress limits were:

Case 1: 0.45f, = 0.45 * 6 ksi = 2.7 ksi

Case 2: 0.6f, = 0.6 * 6 ksi = 3.6 ksi
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The peak compressive stress in the panel resulting from the combination of moment and
prestress was calculated, and compared to the limits to ensure the maximum compressive
stress did not exceed the allowable stress. The stress limits were checked twice for each
case; once for positive moment and once for negative moment. In all four cases the
applied stresses (as shown in Table 7.7) were less than the compression stress limits so
the requirements were met. The tensile stress limit was o ,0wapie = 0.465 ksi. The
tensile stress resulting from the combined moment due to Service 111 load combination
and prestress was 0.190 ksi, which satisfied the tensile stress limit.

Since all stresses were below the stress limits, the panel moment capacity was checked
against the demand moment using a Strength | load combination. The initial estimate for
the total tension in the section T was calculated using Eqg. (5.10), assuming the
prestressing strand stress to be equal to the yield stress. The idealized depth of
compression a was found using Eq. (5.11) and the neutral axis depth c using Eq. (5.12).
The prestressing strand strains &,, were calculated separately in each layer [Eg. (5.13)],
which in turn were used to update the total stress f,,s in each prestressing layer [Eq.
(5.14)]. The calculations were applied iteratively until the calculated prestress force in
each layer converged to the assumed value. The calculations for the first iteration were:

n n 24 ) ) 24 ) ) )
T = EfpyAps + EfpyAps == (243 ksi)(0.153 in?) + > (243 ksi)(0.153 in?) = 892 kips

_ T _ 892 kips 146
T 085«f «b  085(6ksi)(120in) oM
a 0972in — 1941
c= ﬁ1 WG 94 in

The strain and stress in the top layer were calculated as:

~0.003(d —©) N foe 0.003(225in—1.94in) 182 ksi

& c E, 1.94 in + 28500 kst - 2007
.
1 —_

= &), { 0+ (—Q)g }
| fE |
L @]

( )

I (1-0.031) |

= 0.007(28500 ksi) { 0.031 + : - }

| 28500 ksi(0.007)\”>¢]73¢ |

L [1 + ( 1.04(243 ksi) ) ] )

= 192.1 ksi

The strain and stress in the bottom layer were calculated as:
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~0.003(d —©) N foe 0.003(5.75in—1.94in) 182 ksi

& c E, 1.94 in + 28500 kst 0012
.
1 —_

:SPEP{Q‘}‘—( Q) l}
| fE |
L @]

( )

I (1-0.031) |

= 0.012(28500 ksi) { 0.031 + : - }

| 28500 ksi(0.012)\”>¢]73¢ |

L [1 + ( 1.04(243 ksi) ) ] )

= 252.8 ksi

This process was repeated using the stress values from the previous iteration, until the
prestress force in each layer did not change between iterations. Three iterations of the
previous calculations were required to find the final capacity of the panel using Eq.
(5.15), which was equal to 247 k-ft/panel. This capacity was sufficient to resist the
maximum positive moment 177 k-ft/panel, and the maximum negative moment, -241 k-
ft/panel. The panel capacity was also larger than 1.2 times the cracking moment,
satisfying the minimum reinforcement limit. Tables 7.8, and 7.9 show the calculations for
the moment capacity.

Table 7.7: Panel stress checks

Panel Capacity, 5.9.4.2
] ¥
Compression Stress Limits: Service |
Case 1: PS+DL: 0.45f .= ksi
Case 2: PE+DL+LL: 0.6f .= ksi
Tensile Stress Limit ksi
My = k-ft
M= k-ft
M, = k-t
M, = k-ft
fu = ksi <D.45f'c, Good
T = ksi <0.6f'c, Good
o = ksi <0.45f'c, Good
fiz = ksi <0.6f'c, Good
Tensile Stress Limits: Service I
fa= ksi <gallowed, Good
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Table 7.8: Panel moment capacity iterations

Flexural Strength: Strength |

T= k
a= in
= in
Top Layer
d= 2.25|in
Eoe =
En=
fo= ksi
Bottom Layer
d= 5.75|in
£ =
f.= ksi
Second Iteration
T= k
a= in
= in
Top Layer
d= in
En =
fo= ksi
Bottom Layer
d= in
En=
fou= ksi
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Table 7.9 Panel moment capacity and minimum reinforcement limit

Third Iteration
T= k
a= in
= in
Top Layer
d= in
g =
f.= ksi <270 ksi
Bottom Layer
d= in
g =
fou= ksi <270 ksi
By, = k-ft/panel
Mzirngen s + = k-ft/panel <M,
Mzrergn s - = k-ft/panel <@,
Minimum Reinforcement Limit
foe= k=i
1.2M. = k-ft
1.2Mcr<gMMN, Good

7.3.3 Panel-to-Girder Connection Design

The panel-to-girder connection was designed according to the process explained in
Section 5.2.4. Welded steel studs (connection detail shown in Figure 2.20), were assumed
to develop the shear connection between the girders and the panels. Pockets in the panel
were spaced 2 feet apart in the longitudinal direction along the girder lines; resulting in
four connections per panel. The design detailing included specifying the pocket width
and length in addition to the number of studs per connection. For this example, an 8 inch
wide by 12 inch long pocket with four studs per pocket was found to provide the required
shear strength. The maximum factored shear was found to be 746.2 kips using the
Strength 1 load combination with a structural model. The required shear resistance was
calculated according to the provisions in Section 4.2.4:

%4 726.2 kips k
Vhl = d = - = D. —
v#girders 49 ln(?’) n
__ 51w _ 51(120in) __ .
W, = s = o0s - 676.9 kips.

The area of concrete engaged in shear transfer was calculated by:
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Acy = Wpocket lpocket (# 0f pockets) = 10 in * 12 in * 4 pockets = 480 in?

The area of interface shear reinforcement crossing the shear plane was calculated with:

Ay = #spyasAseua (# of pockets) = 4 studs * 0.60 in® * 4 pockets = 9.6 in?

The shear resistance was calculated according to Eq. (5.17):

Vo = cAey + u(Aysfy + P.) = 0.24 ksi(480 in?) + 1[9.6 in?(60 ksi) + 0] =

692.5 kips.

where c is the cohesion factor of 0.24 ksi, u is the friction factor of 1, and P; is the
permanent net compressive force normal to the shear plane which is zero for this
example. The shear resistance exceeded the shear demand of 676.9 kips, with a final
design ratio of 1.02. The intermediate calculations are summarized in Table 7.10. The
plan view of a single panel with the pockets is shown in Figure 7.4, with all dimensions

given in feet.

Table 7.10: Panel-to-girder connection design

Panel to Girder Connection Design
Pocket Width 10)in
Focket Length 12]in
# Pockets per panel 4
# Studs per pocket 4
V= 74625k
d, = in
V= kfin
Vu= k
= ksl
p=
B = in
P.= 0|k
A= in*/panel
Vy= k
Vi V= 1.02 (Wu<Vn, Good
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L4 - 7/8" Studs per Pocket
Figure 7.4: Pocket layout (dimensions in ft)

7.3.4 Post-Tensioning Design

AASHTO requires that transverse joints in prefabricated deck panels be subjected to a
minimum of 0.250 ksi compression. To achieve this compression, post-tensioning was
used. The strand properties are defined in Table 7.11; assumed values are similar to those
for the prestressing strands. In this multi-span bridge example, the bridge experienced
negative moment over the intermediate supports. The tension in the top of the deck
panels was found by performing a composite section analysis of the deck cross-section
using an effective deck width. The effective moment of inertia for one girder section was
found to be 1738389 in* with a centroid located 19.55 inches from the top of the deck.
The stress in the deck was calculated as:

in .
My —19020 k — ft 12 7t *19.55in

_My _ = —0.83 ksi
9Top =7 3 girders (1738389 in®) St

The required post-tensioning force for the deck was 1.08 ksi, which is the sum of 0.250
ksi mandated by AASHTO (2012) for deck joints and 0.83 ksi to balance the tensile
stress from the moment demand. The required number of post-tensioning strands was
found by multiplying 1.08 ksi by the deck cross-sectional area in the longitudinal
direction [Eq. (5.19)] leading to a required post-tensioning force of 5068 kips. The post-
tensioning bars were assumed to be 0.6” diameter — 7 wire strand (Grade 270). The total
force applied to one strand was calculated as:

Fye = foeApr = 176 ksi + 0.217 in® = 38.1 kips
where f,, is the effective prestress force in the post-tensioning strand with assumed

losses. Using these strands to apply the post-tensioning force, the total number of strands
was:

E 5068 kips
n= I;eq = kizs = 136 strands
pe 38.1 strand
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To satisfy this requirement, 140 strands were distributed 7 strands per duct over 20 — 3
inch diameter ducts centered along the depth of the deck. Two ducts were spaced evenly
between the edge of the deck and the exterior girder and 8 ducts were spaced evenly
between each exterior and interior girder. This amount of post-tensioning provided 5640
kips of compression, which exceeded the required 5068 kips. The post-tensioning
calculations are shown in Table 7.12. Figure 7.5 shows the duct layout.

Table 7.11: Post-tensioning steel properties

Steel Properties - Post-tension Steel

fu= 270 ksi

Ty = ksi

E,=| 2B500(ksi

T = ksi

0.6" diameter - 7 wire strands 0.&lin
A=|  0217|in°

Table 7.12: Post-tensioning steel calculations

Longitudinal Post-tensioning

Centroid = in

e in
Fray = ksi
f= 233.0|psi

Fre= K

Freg= k

n= strands

10.33—=13.67 =—-10.33 --—-—13.67—-

Sans I—1 48

— 217
- kmso

[RREHETER N SRRy T = | IS SRS H SRR .
|| 025 _'7‘ ~ (066 ' PostTensioning Duct (7-0.6" Strands)

L‘*Shear Blockout
Figure 7.5: Bunkerville Road Bridge duct layout (dimensions in ft)

Standard temperature and shrinkage reinforcement was added in addition to the post-
tensioning. According to Eg. (5.20), the required amount of temperature and shrinkage
reinforcement was:

_ _ 13bh 13(120in)(10in) in?
ST 2(b+nh)f, 2(120in+10in)60ksi  ft

Required A
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To satisfy this requirement, #3 bars were spaced 18 inches apart in two layers resulting in
0.15 in%/ft as shown below:

Actual A. = 21 Avar __, 011in% i
= * = % = . B —
ceuatss ayers Spacing 1.5 ft ft

The calculations are summarized in Table 7.13.

Table 7.13: Temperature and shrinkage reinforcement

Temperature and Shrinkage Reinforcement
A, required= in"_a‘ft Use two layers of reinforcement (mesh or rebar)
Bar size #3
Bar area in*
Spacing 18]in <18 inches
A, actual= in“/ft > A, required

7.3.5 Overhang Design

Design of the barrier wall, which should be according to standard state procedures, was
beyond the scope of this project. Thus, the properties used in the PCI design example
(PCI, 2011b) were chosen as representative values and assumed to be the same for this
design example. The design assumptions were: horizontal collision force = 147.03 kips,
moment capacity at the base of the barrier wall M,,,, = 23.85 k-ft/ft, and length of the
wall failure mechanism = 13.589 ft. The height of the barrier wall = 3.5 ft, consistent
with the original design of the Bunkerville Road Bridge.

First, the moment capacity was checked for Case 1 (horizontal collision load combined
with dead load) at Section 1-1 (inside edge of the barrier rail) and Section 2-2 (3 inches
from the outside edge of the exterior girder). Sections 1-1 and 2-2 were located at | = 1.5
feet (18 in) and | = 5.25 feet (63 in) from the edge of the panel, respectively. The tension
in the base per panel as a result of the vehicle collision was calculated according to [Eq.
(5.20)1:

R, 147.03 kips _ 714 k
L.+2H 13589 ft+2(3.5ft) ' ft

Tbase -

k
TExtreme Event II = Tbase *b=714—=10 ft =714
ft panel

For Section 1-1, the moments due to dead load of the parapet Mp¢ pgraper and slab
Mpc s1ap, Were calculated as:

MDC Parapet = Wparapet(Widthparapet - CentrOidparapet)

065 (15 0.63ft) = 0.56°L¢
= 0. ﬁ(.ft_. ft)—. F
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DCprearoaal® 0.1 ksf = (1.5ft)? k-ft
Mpc siap = 2 = 2 =0.14 F
These moments combined with the barrier rail base moment capacity M, . (which is the

maximum moment that could be transferred to the panel due to vehicle collision) according to
Extreme Event Il load combination:

k-ft
MExtreme Event II = Mbase + 1.25 * (MDC Parapet + MDCSlab) =24.73 F
k-ft k-ft

MExtreme Event 1I = MExtreme Event 11 * b = 26.32 t * 10 ft = 247.3

panel

The calculation resulted in a moment demand of 247 k-ft/panel at section 1-1. Using the
design aid spreadsheet, the amount of reinforcement was adjusted until the capacity
exceeded the demand, and the calculations below reflect the final design of 14 #7 bars per
panel. First, the development length was calculated according to Eq. (5.22):

_ 38d, 38%0.875in

[, = —
T Jff /6000 psi

and the available strength of the rebar at the section being analyzed is found using Eqg.
(5.23):

=16.29in

(Il —=2in) (18 in—2in) )
7 < fy,= 60 ksi—————— =59 ksi
d

Available strength = f, 16.29 in

which indicates that the strength of the rebar was close to fully developed at Section 1-1.

Using the following calculations the capacity of the panel was determined:

in?
A, = 14 bars x 0.6 — = 8.4 in?

bar
d=77in
_Asfy — Thase 84 in?(59 ksi) — 71.41kips 0691
~T085fb  085(6ks)(120im) o0
_a _O.69in_092_
=B T 075 0T

The strain in the rebar e, and moment capacity ¢ My, were determined per Egs. (5.24) and
(5.25).

d—c_7.7in—0.92in

= 0.003
Es 092 in

= 0.022
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oy 0.9(84in?)(59 ksi) (7.7 in— 227
PMy = 9Asfy (d - 5) = o =273 k-ft
120
Ft

The capacity of 273 k-ft exceeded the applied moment of 247 k-ft, so the design was
sufficient for Section 1-1. The calculations were repeated for Section 2-2, except the
moment due to the collision load is assumed to distribute outwards at a 30° angle between
Sections 1-1 and 2-2. The moment and tension force at Section 2-2 were calculated by
multiplying the comparable values at Section 1-1 by the ratio of lengths Lc/(Lc+2H):

k—ft
M _ Mbase @1—1LC — 23.85 ft (13589 ft)
base @272 7 I+ 2L[Tan(30°)] ~ 13.589 ft + 2 * 3.75 ft[Tan(30°)]
k—ft
=181
ft
k—ft
T _ Thase @1-1 — 714 ft
base @272 7 I+ 2L[Tan(30°)] ~ 13.589 ft + 2 * 3.75 ft[Tan(30°)]
k
=029
ft

where L is the distance between Section 1-1 and 2-2. This led to an applied moment of
242 k-ft/panel at this section. The capacity at Section 2-2 was equal to 275 k-ft/panel so
the design was adequate for both Section 1-1 and 2-2.

Section 2-2 was also checked for Case 2, which uses the Strength 1 load combination for
dead load and live load moment due to axle load. The moments Mpc parapet and Mpc sian
remain the same as for Case 1. The live load moment in the section was calculated
according to Egs. (5.26) and (5.27) as follows:

X = widthoy — widthygrape: — 1.25 ft = 5.5 ft — 1.5 ft — 1.25 ft = 2.75 ft

L=450+10.0X=45+10%2.75ft =725in

_16IM-m-x _16(133)(12)- 275t k- ft
LL+IM = L - 72.5in o ft
in
12 f_t

and the overall moment was calculated as:
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Mstrengtn 1 = [1.25(Mp¢) + 1.5(Mpy,) + 1.75(M )]

k-ft
=[1.25% (3.0 + 1.9) + 1.5(0) + 1.75(11.62)] f]: * 10 ft
k-ft
= 264.5 !
panel

The moment demand due to this load combination was 264.5 k-ft/panel which was less
than the capacity of 277 k-ft/panel. The intermediate design calculations are shown below
in Tables 7.14 for Section 1-1 and 6.15 for Section 2-2.

Table 7.14: Overhang design for section 1-1

Overhang Design
Design Case | - Horizontal Vehicular Collision Load
1-1 Inside Face of Parapet
Moo= 23 85| k-ft/ft
R = 147.03 |k
= 13 589(ft
H= in
Tome= kSTt
Mo, Parspet = k-fr/ft
Moz ss = k-ft/ft
Marie s = k-ft/ft
e k-ft/ft
M zstrmme srant 1 = k-ft/panel
Tectrems prentn = k/panel
Hooked Bar Type #7
I= ft
d= in
Pogr= in®
la= in
Availabkle Strength ksi
# of bars 14| bars
A= in®
d= in
a= in
c= in
E= Good
By, = k-ft/panel
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Table 7.15: Overhang design for section 2-2

2-2 Edge of Exterior Girder

Mozsegzz = k-fr/ft
Toszamzz = kTt
L Prp— k-ft/ft
Mar zis = k-ft/ft
Mow = k-fi/ft
) P k-ft/panel
Teotrame om0 = kipanel
I = ft
Available Strength ksi
a= in
C= in
E = Good
b, = k-ft/panel
Design Case Il - Dead and Live Load
2-2 Edge of Exterior Girder
Mo, parspet = k-fr/ft
Moz sz = k-ft/ft
Maw = k-ft/ft
x= ft
L= in
m=
IM =
Mo = k-ft/ft
M st rarmin 1 = k-ft/panel
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7.4 Model Based Design Method

7.4.1 Overview

This section summarizes the modeling and analysis assumptions to apply the model-
based design method to the Bunkerville Road Bridge. The goal of this approach is to
compare analysis results from the model to calculations used in the simplified design
method. For this design example, comparisons are made between the simplified and
model-based designs, especially with respect to multi-span effects. These comparisons
are used to determine the applicability of the simplified method for multi-span bridges.

The model used for the model based design was created using CSiBridge. This method
was used in conjunction with the design aid spreadsheet discussed in Section 7.3, but
refined the analysis to improve the accuracy of some of the input values to the
spreadsheet. Figure 7.6 shows a 3-D view of the completed model. The red elements are
the shells used for the deck, the blue line elements represent the girders, cap beams and
columns, and the green elements represent the longitudinal post-tensioning and support
springs. The coordinate system is as follows: x-direction refers to the longitudinal
direction of the bridge, y-direction refers to the transverse direction, and z-direction refers
to the direction of gravity.

Figure 7.6: 3-D view of CSiBridge model

This model was not designed to be a stand-alone design tool, but rather to validate and
determine applicability of simplified calculations used in the design aid spreadsheet to a
bridge with a large amount of skew. The output from this model was then used to refine
the input for the spreadsheet to achieve an improved design.

7.4.2 Material Definitions

All base materials used to define the various bridge elements were defined in CSlbridge.
The properties of the deck concrete were: weight per unit volume y. = 0.15 kcf, Poisson’s
ratio v = 0.2, compressive strength 'y = 6 ksi, and modulus of elasticity E4. = 4415 ksi.
The girder steel properties were: weight per unit volume .., = 0.49 kcf, yield strength f
=50 ksi, and modulus of elasticity Egs = 29000 ksi. The structural concrete properties
were: y. = 0.15 kcf, Poisson’s ratio v = 0.2, compressive strength f’y. = 4.5 ksi, and
modulus of elasticity Eq4. = 3824 ksi. The deck concrete material was applied to the deck
(represented by shell elements), the girder steel material was applied to the girders
(represented by frame elements) and the structural concrete properties were applied to the
cap beam and columns (represented by frame elements). The tendon steel was defined
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with: weight per unit volume ys..; = 0.49 kcf, modulus of elasticity Es = 28500 ksi and
the conventional reinforcement steel with: weight per unit volume ., = 0.49 Kkcf, yield
strength f, = 60 ksi, modulus of elasticity Es = 29000 ksi.

7.4.3 Geometric and Element Definitions

Bridge properties were input and the model was generated using the bridge wizard
feature in CSiBridge. A layout line was created extending 500 feet in the x-direction from
node (0, 0, 0), representing the length and centerline of the bridge. The model was
created using frame elements for the girders, thin shell elements for the deck, and tendon
elements for the post-tensioning steel. In this example, the transverse deck prestressing
steel was not included in the model as it had already been designed using a structural
model used in the simplified method. The focus for this example was the post-tensioning
stress.

The girders and deck were created by defining a bridge section. The bridge section was
defined as a bridge object and used to automatically place the girder and deck elements
based on the defined geometry and bridge centerline. The deck slab shell elements were
assigned the deck concrete material, overall deck width = 39 feet, deck slab thickness =
10 inches, and left and right overhang width = 66 inches. The girder frame elements were
assigned the girder steel material, and dimensions as shown in Figures 7.3 and 7.7. The
girders were spaced with a constant spacing of 14 feet and a constant girder haunch
thickness of 3 inches was added to the bridge section. The output from the defined
geometry is shown in Figure 7.8.

I/Wide Flange Section S—
e
Section Name [FSECT
Section Motes todity/Show Motes.. |
Properties Property Madifiers aterial
Section Properties... | Set Modifiers... | J|A992F_|,|5lj J
Dimensionz:
, , Ii p
Outzide height [13] 72 ImE AN
Tap flange width [t2) 24.
Top flange thickness [ 15 3
Wwheb thickness [t ] 0.3375
Eattar flange width [ t2b ] 24.
Eattam flange thick by 113
ottom flange thickness [ b ] Display Color .

Figure 7.7: Girder properties
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Figure 7.8: Model bridge cross-section

The geometric properties for the deck section were used to automatically generate the
bridge model. As shown in Section 6.4, full composite action between the deck and
girders is a reasonable assumption, so links representing the connection stiffness were not
included in the model. The deck shell elements were defined as having a maximum mesh
size of 2 feet in both the longitudinal or transverse directions of the bridge. In this
example, all shell elements were rectangular. A plan view of the deck discretization is
shown in Figure 7.9. The girder elements were also discretized every 2 feet.

=

Figure 7.9: Discretization of the deck

The columns were defined with a diameter of 7 feet and a height of 40 feet. The column
longitudinal reinforcement was specified as 50 #11 bars placed in a circular pattern. The
confining reinforcement was specified as a #6 spiral with a 4” pitch. Both sets of
reinforcement used the conventional steel material. The cap beam was specified as a
rectangular section that was 8 feet wide by 7 feet tall and 34 feet long. Both the column
and the cap beam were assigned the structural concrete material.

The ends of the bridge at the abutments were constrained by fixing the translation in each
direction and leaving all rotations free. The girder support condition was set as “connect
to girder bottom only”, representative of a non-integral girder connection or seat-type
abutment.

7.4.4 Loads and Analysis Assumptions

The model was used mainly to check the stresses and moments in the deck for design of
the post-tensioning. Three different load cases were defined, and combined using a load
combination. The Dead Load case included the self-weight of the deck (shell elements),
girders (frame elements), cap beams (frame elements), and columns (frame elements),
each calculated by the program. The Dead Load case was analyzed using a linear static
analysis. The Live Load case included the effect of moving truck loads in each lane and
was analyzed using a linear moving load analysis. Two 12 feet wide lanes were assigned,
each with the lane centerline 6 feet from the bridge centerline. The lanes were adjacent to
each other. The HL-93 truck load was applied to each lane by placing the truck load at
different locations along the bridge in the longitudinal and transverse directions and
determining the maximum effect. An “Other” load case was defined that included the
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prestressing force of the post-tensioning tendon elements. These load cases were all
combined into a load combination named ACASE1, which represented the Strength |
load combination (1.25 DC+1.5DW+1.75LL). Defining the different load types
independently allowed the analysis results to be evaluated separately for each case or
combined for a cumulative effect.

7.4.5 Dead and Live Load Analysis and Post-Tensioning

The model was initially analyzed with factored dead load only. The results showed that
the maximum axial stress in the longitudinal direction of the deck was 0.7 ksi. The axial
stress distribution in the deck is shown in Figure 7.10. The moment diagram in the
longitudinal direction due to factored dead load is shown in Figure 7.11. The analysis
showed that the maximum positive moment was 10238 k-ft and largest magnitude
negative moment was -18097 k-ft. The negative moment was comparable to what was
calculated with the simplified method of 19020 k-ft.

§ F 28t 3
= |

Figure 7.10 Deck stress for model subjected to dead load
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Figure 7.11: Moment diagram due to dead load

Live loads may also contribute to the tensile stresses in a deck on a multi-span bridge. A
moving load analysis using the lanes and vehicle load was performed on the model to
determine additional tensile stresses that must be overcome by post-tensioning. The
combined analysis results of the factored dead and live load showed that the maximum
longitudinal tensile stress in the deck was equal to 1.0 ksi. The resulting stress
distribution is shown in Figure 7.12.

4« B3 K B B 2 B B Z
==

Figure 7.12: Stress due to live load

Post-tensioning was calculated based on the design stress of 1 ksi determined by the
analysis and the additional 0.250 ksi minimum required compression. The required
number of post-tensioning strands was calculated using the design aid spreadsheet with
the same method described in Section 7.3.4. The spreadsheet calculated that 5850 kips of
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post-tensioning needed to be applied to the deck which could be achieved using 154
strands. The calculations are shown in Table 7.16.

Table 7.16 Post-tensioning calculations

Longitudinal Post-tensioning
Centroid = in
lsection = in”
Frap k=i
f= 1000.0 psi
Fae = k
Frea= IC
n=| strands

7.4.6 Analysis with Post-Tensioning

The results from Section 6.4 showed that longitudinal post-tensioning does not behave as
desired in the model, because the post-tensioning is effectively applied to the composite
deck-girder section rather than the deck alone. Post-tensioning was still applied to this
example to compute approximate stresses including post-tensioning. The required 160
strands of post-tensioning was applied over 20 — 3 inch ducts with 8 strands per duct in
the same duct configuration as shown in Figure 7.5. This configuration when applied to
the model resulted in a residual maximum joint tensile stress of 0.03 ksi. The axial stress
in the longitudinal direction due to dead and live load is shown in Figure 7.13

Figure 7.13: Stress in the deck after post-tensioning

7.5 Validation and Comparison of Results

This section summarizes the differences between the simplified method and the model
based method. Concerns regarding the methods are discussed and changes to the design
procedure based on the findings are explored.

In this design example, the moments due to loading predicted by the model were similar
to those computed by the design aid spreadsheet in the simplified method. The
longitudinal negative moment due to dead load was -19030 k-ft for the simplified method
and -18097 k-ft for the model based method. The maximum tensile stress in the deck due
to dead load calculated with the two methods were also close, 0.85 ksi for the simplified
method and 0.7 ksi for the model based method. In both cases the simplified method was
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conservative. However, similar to the Mesquite Bridge, the model based method required
a higher amount of post-tensioning than predicted by the simplified method because the
composite action between the deck and the girder was applied prior to applying the post-
tensioning force. Because the resulting forces from the two methods were close to each
other, if the post-tensioning could be applied in the model prior to connecting the deck to
the girder, the required amount of post-tensioning predicted by the model-based method
is expected to be close to that calculated for the simplified method.

Based on the experiences gained from this design example, the recommendation is that
simple multi-span bridges need not be analyzed with a finite element model. The
simplified method was conservative for all loads and designs and would adequately
represent the behavior that would be expected from a model. When a detailed model is
used that includes stiffness of the supports, the resulting forces are expected to be smaller
than those being generated with a simply supported model. If optimization of the design
is desired, a model could be used to collect more accurate forces that may be lower than
what is predicted in the simplified method. While the results from this design example do
not encompass all bridges with differing numbers of spans or span lengths, similar
behavior between the simplified method and model based method is expected because of
the same assumptions used for the load inputs. The simplified method uses loads
calculated with rigid models and the model based method uses loads and forces generated
from a model that accounts for stiffness of the intermediate supports and superstructure.
Full-depth deck panel systems may be designed for simple bridges without requiring a
model, but it is recommended that bridges that contain complex features such as skew,
curvature, or a combination of factors be designed with the design aid spreadsheet
supplemented with results from a finite element model.
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Chapter 8: Summary and Conclusions

8.1 Project Summary

The Nevada Department of Transportation has been interested in incorporating
accelerated bridge construction (ABC) in the form of prefabricated deck panels and other
bridge components. The purpose of this project was to study and recommend details and
specifications that could be used as an implementation plan of prefabricated deck panels
for Nevada. A literature review was completed on the experiences and standard design
and construction practices of various states for prefabricated deck panels. Guidelines
from PCI (2011a), ODOT (2015), UDOT (2015), TXDOT (2006) and NCHRP reports
(2008) became primary sources for the current use of prefabricated deck panels in
practice. In particular, PCI has developed connections and details for full-depth deck
panels. The guidelines and details from all of the sources were used to develop a survey
that was sent to all state DOTSs regarding their experience with prefabricated deck panels.
The literature review and survey results showed that prefabricated deck panels are
commonly used in ABC. Based on the survey, 63% of respondents had at least
experimented with prefabricated deck panels. DOT responses showed that full-depth
deck panels have been more widely used and performed better than their partial depth
counterparts. Because of the better performance and to take full advantage of the quicker
construction time resulting from this ABC, the project subsequently focused on full-depth
deck panels. Results from the survey also showed that many states have adopted details
similar to those in the PCI guidelines.

Because the PCI full-depth deck panel guidelines and details were the most widely
referenced in the survey results, these provisions have been recommended for adoption as
the base standard specification for Nevada, with additional details from other sources for
clarification or customization when needed. In conjunction with these guidelines, two
design methods were developed. The first design method was a simplified method that
used a design aid spreadsheet to design the reinforcement and connections of the panels
according to AASHTO (2012) and PCI (2011a) guidelines. The second method was a
model based method that used finite element modeling to determine the load effects on
the deck. Each design method was applied to two example bridges: the Mesquite
Interchange and a modified version of the SR 170 Bunkerville Road Bridge, to verify that
the design procedures adequately accounted for all key design considerations and to
determine any limitations that should be placed on the use of prefabricated deck panels.
The Mesquite Bridge was chosen because it contained a high degree of skew but was
single span. This allowed the effects of skew to be analyzed in an isolated context. The
Bunkerville Road Bridge was chosen because it was a multispan bridge with no skew or
curvature. Also, the Mesquite bridge had prestressed concrete girders while the
Bunkerville Road Bridge had steel girders, such that the differences in design and
detailing between the two were demonstrated.
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8.2 Conclusions

The summary of current prefabricated deck panel practices, survey results, development
of design specifications and procedures, and application of design specifications to
example bridges led to the following conclusions:

Based on survey results, full-depth deck panels have performed better than
partial-depth deck panels for most states. Because of this, full-depth deck panels
rather than partial depth panels are recommended for implementation. The
connections proposed by PCI: the female-to-female shear key for the transverse
panel-to-panel connection and the deck-to-girder joints were more commonly
used and received higher ratings in the survey based on DOT responses. Based on
these reviews, the PCI details are recommended as the foundation for the
developed specifications. Survey results also revealed that either longitudinal
post-tensioning or UHPC transverse joints are vital to maintaining deck integrity.
Therefore, PCI’s post-tensioning details or ODOT’s UHPC connections are
recommended for transverse joints.

Based on the design examples, bridges without complex geometry can be
designed with the simplified method with no extra modeling required. All loads
are calculated in the spreadsheet and the capacity of the sections are designed to
exceed the applied loads. Based on the results of the Mesquite Bridge, skewed
bridges should be designed with the model based method using a structural model
to determine external forces (i.e. shear, moment). The shear and moment are input
into the spreadsheet and used for design. The amount of transverse prestressing
steel, longitudinal post-tensioning force, panel-to-girder connection dimensions
and steel area and steel reinforcement in the overhang section are then calculated
using the forces from the model as the design values.

Structural models should not incorporate the post-tensioning forces into the
analysis of the entire composite section of the girders and deck panels. In practice,
deck panels are post-tensioned before the grout pockets are filled and the deck is
fully connected to the girders. However, in CSiBridge applications of the post-
tensioning, the model assumes the deck is acting composite with the girder. This
causes the post-tensioning force to be applied to the full section including the
girder rather than just the deck and does not represent how the system functions.
As a result, the model analysis should be limited to collecting the longitudinal
axial stress for the calculation of the required post-tensioning force. If the
contractor post-tensions the deck after application of the deck-to-girder grout, the
model may incorporate the post-tensioning stress and be used to iterate towards a
final design value where there is at least 0.25 ksi compression in every joint.

Because each DOT creates its own design procedures and the design criteria is
subject to change once the DOT has gained experience in the implementation of
full-depth deck panels, the following recommendations have been made. If
additional requirements are adopted beyond what AASHTO specifies, the
spreadsheet should be updated accordingly. The optimal use for the spreadsheet
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and the design of the full-depth deck panels is to incorporate the calculations
performed in the spreadsheet with standard calculations for deck and bridge
systems. If loads and capacity information are already calculated for the girders
and other bridge components, this same information could be used to design the
deck without requiring additional modeling. Optimally, the bridge is designed as a
system, rather than designing the deck around an existing superstructure for new
bridge construction. Using these recommendations in combination with the
proposed specifications provides a good starting point for use of full-depth
prefabricated deck panels.
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Appendix A: NCHRP Report 584 DOT Survey

Q1: Has your organization used any full-depth precast concrete deck panel systems
in

highway bridges during the last 10 years?

Yes

No (please, give reasons):

Incremental cost

Lack of specifications or guidelines

Unsatisfactory performance in the past

Other (specify)

Q2: Approximately, how many bridges, utilizing full-depth precast concrete panels,
have
you constructed during the last 10 years?

Q3: Approximately, how many square feet of full-depth precast concrete panels
have you
constructed in the past 10 years? sqg. ft

Q4: Of the bridges listed in answer to Questions 3 & 4, please, indicate the type of
transverse (normal to traffic direction) reinforcement.

Pretensioned in the precast yard %

Post-tensioned in the field %

Conventionally reinforced %

Partially pretensioned and partially conventionally reinforced %

Other (specify) %

Q5: How were the panels connected in the longitudinal direction (parallel to the
traffic

direction)?

Using longitudinal post-tensioning %

Splicing reinforcing bars using commercial mechanical couplers %

Using special mechanical devices %

Other (please specify)%

Q6: What is the percentage of the systems built compositely with the supporting
girders? %

Q7: Did you use an overlay?

Yes (if Yes, please, provide the overlay type and percent of decks)

Asphalt % Thickness

Concrete % Thickness

Other (specify) % Thickness

No __ (If No, did you provide special treatment to the top surface of the precast panels
to provide for ride-ability?

Yes No
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If yes, what type? Roughening in the precast plant during production
Grooving in the precast plant during production

Grinding in the field after construction

Sand blasting in the field after construction

Other (specify)

Q8: What is your overall evaluation of the performance of full-depth precast
concrete

deck panels?

Excellent

Good

Fair

Poor

Please comment and indicate whether or not you will use full depth precast deck panel
systems again in future projects:

Q9: Have you developed guidelines or specifications for design, fabrication or
construction

of full depth precast concrete panel systems?

Yes (please, attach a copy of the specifications)

No

Q10: Successful grouting of the panel-to-panel and the deck-girder joints is
considered one

of the key elements of having a durable and high performance deck. Have you
developed specifications for the grout properties and the grouting process?
Yes (please, attach a copy of the specifications)

No

Q11: In order to simplify the connection between the concrete deck and the steel
girders

and to facilitate deck removal in the future, the state of Nebraska has used 1% in.
diameter steel studs successfully. One 1% in. steel stud is equivalent to two 7/8 in.
studs. Do you see any problems with use of individual or clustered 1% in. steel studs
with full depth precast deck panels.

Yes

No (please, give reasons)

Q12: AASHTO Specifications stipulate a maximum spacing of the shear connectors
between the girder and the deck of 24 inches. Relaxing this limit could simplify deck
placement and removal. Do you see a need for research on the performance of shear
connectors at 4, 6 or even 8 feet?

Yes No

Please comment:

Q13: Please, provide the name, phone number and e-mail address of one person on
your
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staff who can help in answering questions on issues related to design and
construction

with precast concrete deck panels.

Name:

Title:

Phone:

E-mail:

Q14: Are you interested in receiving a copy of the findings of this survey?
Yes No
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Appendix B: NDOT Prefabricated Deck Panel Survey

Please tell us who is filling out this survey:

Name:

E-mail address:

Phone number:

Title:

State department of transportation or organization represented:

1. Has your state constructed bridges or performed deck replacement projects with
prefabricated deck panels in the past 10 years?
_Yes
___No

2. Inthe past 10 years, how many new bridges have been constructed using prefabricated
deck panels?
List number:

3. Inthe past 10 years, how many bridge deck replacement projects have been completed
using prefabricated deck panels?
List number:

4. Please indicate approximately how many of each of the following types of projects have
been completed in the past 10 years.

New bridges with full depth precast deck panels and steel girders

New bridges with full depth precast deck panels and prestressed concrete girders

New bridges with partial depth precast deck panels and steel girders

New bridges with partial depth precast deck panels and prestressed concrete girders

Bridge deck replacement with full depth precast deck panels and steel girders

Bridge deck replacement with full depth precast deck panels and prestressed concrete girders
panels and steel girders
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Bridge deck replacement with partial depth precast deck panels and prestressed concrete
girders

Considering all projects in the past 10 years (new bridges and bridge deck
replacements) that used full-depth precast deck panels, please indicate approximately
how many applied each of the following LONGITUDINAL connection details (provide
continuity across transverse joints):

Longitudinal post-tensioning with UHPC

Longitudinal post-tensioning with standard grout

Splicing reinforcing bars with UHPC

Splicing reinforcing bars with standard grout

Other type of longitudinal connection (please specify both connection type and number of
applications)

Not applicable

Considering all projects in the past 10 years (new bridges and bridge deck
replacements) that used full-depth precast deck panels, please indicate approximately
how many applied each of the following TRANSVERSE connection details (provide
continuity across longitudinal joints):

Transverse post-tensioning with UHPC

Transverse post-tensioning with standard grout

Splicing reinforcing bars with UHPC

Splicing reinforcing bars with standard grout

Other type of transverse connection (please specify both connection type and number of
applications)

Not applicable
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10.

11.

12.

13.

Considering all projects in the past 10 years (new bridges and bridge deck
replacements) that used partial-depth precast deck panels, please indicate
approximately how many applied each of the following reinforcement types:
Conventional longitudinal and transverse reinforcement

Conventional longitudinal and transverse reinforcement with transverse prestressing

Conventional longitudinal reinforcement with transverse prestressing

In general, are deck overlays used for full depth prefabricated bridge deck
construction?

_Yes

___No

Which of the following overlay options most closely represents standard practice for full
depth panels?

Asphalt

o 3/8" Multilayer
o 3/4" Polymer concrete
o] Other:

In general, are deck overlays used for partial depth prefabricated bridge deck
construction?

__Yes

___No

Which of the following overlay options most closely represents standard practice for
partial depth panels?

o Asphalt

o 3/8" Multilayer

o 3/4" Polymer concrete
o] Other:

Does your department prefer using partial depth or full depth precast deck panels over
the alternative and if so, why?

We have compiled a menu of details for full-depth panel-to-panel joint details based on
information found in publicly available documents. For each of the details shown, please
indicate which statement best represents your state's position.
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oo oW

We use a detail similar to this regularly

We have applied a similar detail but it is not considered regular practice
We have applied a similar detail but would not use it again

We have NOT applied a similar detail

Female-to-female shear key

Top of Precast Panel Shear Key filled with
non-shrink grout

\

/1

Closed cell polyethylene
foam backer rod

ii. Female to female shear key with welded steel plate

Grout keyway with
non-shrink grout

-
-

Welded shear
- stud

Lt

\ Steel plate
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iii. Transverse Shear Key with Shear Plate

Shear plat

Rapid setting

Bituminous overlay
cement grout

i |
. S .
- ¥ -
; - g v .
e
V' v < L} L . -
. . . T ¢ v
/
Precast concrete
deck panel

Adhesive tape or foam

iv. Female to Female Shear Key with HSS

Fill pocket with grout

. q. g
=" E 2
S
-
v. Female to female diamond shear key
Fill pocket with concrete
.y 4 o o
> 4 » » L =
%b L o ~ > i o> /: %
-3 P & % )
a L < P s §

Closed cell foam
backer rod

163




vi. Female to Female Shear Key with Bent Reinforcement

12 HR grout
I
Cl
< > :/\
AN z '
O >
-
_ ) I
I

Temp. Clamping Plate /

vii. Longitudinal cast-in-place joint

Top of Deck

Fill joint with
UHPC concrete \

N ) (3 L! '—A ] e
g:r . ‘1" ‘r | L : 1<—2>
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viii. Longitudinal cast-in-place joint over girder

Fill joint with Leveling bolt
UHPC concrete / 9

ix. Longitudinal Joint with spliced reinforcement

Rapid setting Split coupler with itumi
Bituminous overl
cement grout waterproof tape aY

Duct for post- .\ Adhesive tape or foam
Precast Concrete tensioning tendons
Deck Panel

14. We have compiled a menu of details for full-depth panels deck-to-girder details based
on information found in publicly available documents. For each of the details shown,
please indicate which statement best represents your state's position.

a. We use a detail similar to this regularly

b. We have applied a similar detail but it is not considered regular practice
c. We have applied a similar detail but would not use it again

d. We have NOT applied a similar detail
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Blockoutfor

Welded stud

Steel girder with shear studs and grouted haunch

Reinforcement

shear connectar shear connectaor passingthrough
\ blockout
-------- o 1
o . o] ] e
----------------- [E—— oy
E
k!

Bridge qgirder

Mon-shrink pourable groutin
blockout and panel haunch

ii. Steel girder with welded C-channel

]

High strength
grout

I ——— SteelChannel
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iii. Tub Girder to Deck Connection

Shear studswelded to

embedded plate Fill blockouts and Precastdeck
haunch with non-

shrink grout \

s R .{l;,-:y.,'.",..: T el s
& [ S S -t;__:;".gzj-.-_‘: R .
N R 1o i . -
o e B g b DR ] -
»~ Tk o M » = a
e ||
¥ | $ I

Steel plate with
O welded studs
@]

castinto precast
box beam

Precastposttensioned

box beam

iv. Prestressed concrete girder with shear studs
Blockautfor Place non-shrink pourable
Standardtopflange shearconnector ﬁ;ﬂuu;é?]blockoutand panel

reinforcement

Embeddedstesl plate for
welded shear studs

Welded shear studs

Shearreinforcement
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v. Prestressed concrete girder with projected reinforcement

Flace non-shrink pourable
shear connectors groutin blockout and panel
haunch

Blockout for

Standardtopflange
reinfarcement

Projected reinforcement

vi. Prestressed concrete girder with stirrups

/ Stirrup

Foam backerrod

. \ Prestressedconcrete girder
"/ ﬁ
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15. We have compiled a menu of details for partial-depth panels deck-to-girder details
based on information found in publicly available documents. For each of the details
shown, please indicate which statement best represents your state's position.

a. We use a detail similar to this regularly

b. We have applied a similar detail but it is not considered regular practice
c. We have applied a similar detail but would not use it again

d. We have NOT applied a similar detail

I. Steel girder with welded steel studs

\ / Shear connedors

Cast-in-place
concrete overpour \ Reinforcement

Crout dam /

deck panels

e
j[ \ CGrout bed Precastconcrete

Ii. Prestressed concrete girder with partial depth panels

Cast-in-place

Reinforcement \ concrete \

?JJ—JL—L//“
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lii. Prestressed concrete tub girder with partial depth panels

Cast-in-place
concrete deck \
1 1
P = [ 4TI
v Ty ——r - * r iy ol ll
s 4
I
Prestressed E;ejjding Form
concrete sinp overhan
sub-panel g

Iv. Prestressed concrete tub girder with partial depth panels and
leveling screws

Cast-in-place Extend panel .
concrete deck \ reinforcement \ ‘} Leveling screw
J P T '.- " :-“ : L‘T‘_.'_h :‘"“ ..:___‘_,-1 . :’_.hf—-\h . '-L.' ,-_‘
Sy — Vel 3 : . : F
Stay-in-place /
‘\‘ Precast precast deck
trapezoidal panel
tub girder

16. The following represents a standard detail for partial-depth panels panel-to-panel
connection based on information found in publicly available documents. Please indicate
which statement best represents your state's position regarding this particular detail.

a. We use a detail similar to this regularly

b. We have applied a similar detail but it is not considered regular practice
c. We have applied a similar detail but would not use it again

d. We have NOT applied a similar detail
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Partial Depth Transverse Panel Connection

1inch gap (sealed

to preventleakage) \

N

If your state’s detailing for the partial depth panel-to-panel connection varies from the
sample detail shown, please explain:

17. The following questions contain full-depth deck panel problems that have been reported
by DOT's and research studies. Please indicate for each problem which statement best
describes the frequency of occurrence for your state

a. We frequently observe this problem
b. We have observed this problem in the past but it is not common
c. We have never observed this problem

Joint leakage

Excessive surface wear

| |
Concrete spalling

Closure pour cracking

Reflective cracking

Differential panel movement

Other full-depth deck panel issue (please specify the issue)
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18. The following questions contain partial-depth deck panel problems that have been
reported by DOT's and research studies. Please indicate for each problem which
statement best describes the frequency of occurrence for your state.

a. We frequently observe this problem
b. We have observed this problem in the past but it is not common
c. We have never observed this problem

Joint leakage

Excessive surface wear

Concrete spalling

Closure pour cracking

Reflective cracking

Differential panel movement

Other full-depth deck panel issue (please specify the issue)

19. Please indicate limitations that have been imposed by the state on the use of full-depth
prefabricated deck panels for bridges with skew.
o Not permitted

o Permitted up to a maximum skew angle
o Nolimit

If applicable, what is the maximum skew angle (in degrees) permitted for the use of full-
depth prefabricated deck panels?

20. Please indicate limitations that have been imposed by the state on the use of full-depth
prefabricated deck panels for bridges with curvature.
o Not permitted
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o Permitted up to a maximum curvature
o Nolimit

If applicable, what is the minimum radius (ft) permitted for the use of full-depth
prefabricated deck panels?

21. Please indicate limitations that have been imposed by the state on the use of full-depth
prefabricated deck panels for bridges with superelevation.
o Not permitted

o Permitted up to a maximum superelevation
o Nolimit

If applicable, what is the maximum superelevation (%) permitted for the use of full-
depth prefabricated deck panels?

22. Please indicate limitations that have been imposed by the state on the use of partial-
depth prefabricated deck panels for bridges with skew.
o Not permitted

o Permitted up to a maximum skew angle
o Nolimit

If applicable, what is the maximum skew angle (in degrees) permitted for the use of
partial-depth prefabricated deck panels?

23. Please indicate limitations that have been imposed by the state on the use of partial-
depth prefabricated deck panels for bridges with curvature.
o Not permitted

o Permitted up to a maximum curvature
o Nolimit

If applicable, what is the minimum radius (ft) permitted for the use of partial-depth
prefabricated deck panels?

24. Please indicate limitations that have been imposed by the state on the use of partial-
depth prefabricated deck panels for bridges with superelevation.
o Not permitted

o Permitted up to a maximum superelevation
o Nolimit

If applicable, what is the maximum superelevation (%) permitted for the use of partial-
depth prefabricated deck panels?
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25. Please indicate limitations on maximum panel size that have been imposed by the state
for transporting the panels
Panel length
o Nolimit
o  Specified limit
If applicable, specify a length limit (in ft)

Panel width
o No limit

o  Specified limit
If applicable, specify a width limit (in ft)

Panel depth
o Nolimit

o  Specified limit
If applicable, specify a depth limit (in ft)

26. Which statement best represents the department’s use of site casting for the following
pre-fabricated bridge components?
a. Site casting is used regularly
b. Site casting is used sometimes depending on the project details
c. Site casting has been attempted only once or twice

d. Site casting has NEVER been attempted
Girders

Columns

Pier caps

Footings

Abutments

Deck Panels (Full)

Deck Panels (Partial)
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217.

28.

29.

30.

31.

If your department uses site casting of prefabricated deck panels, please answer each of
the following:

Please comment on the ease of construction and overall performance in comparison to panels
manufactured in a certified precast contractor facility.

Avre site cast specifications different than factory cast specifications? If so, how?

If your department uses site casting of prefabricated deck panels, please answer each of the
following: What are the prequalification or certification requirements for the contractors in
order to do site casting?

Is there a bridge project that represents the general practices of your department? If so,
would you indicate below so that we may follow-up to get more information?

Is there a bridge project that presented a unique challenge to your department? If so,
would you indicate below so that we may follow-up to get more information?

Does your state have standards and specifications for the design, fabrication and
construction of prefabricated deck panel systems? If so, would you indicate below so
that we may follow-up to get more information?

Which statement best represents your department perception of the overall
performance of the full depth prefabricated deck panel systems that have been used in
your projects?

____Excellent (Panel installation had no problems, only standard upkeep has been
needed...)

____Good (Panel installation only had minor issues, and/or minor maintenance needed...)

____Fair (Panel installation had multiple problems, significant repairs needed...)
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____Poor (Panel installation had major issues, major renovations required during bridge
life...)

32. Which statement best represents your department perception of the overall
performance of the partial depth prefabricated deck panel systems that have been used
in your projects?

____Excellent (Panel installation had no problems, only standard upkeep has been
needed...)

____Good (Panel installation only had minor issues, and/or minor maintenance needed...)

___Fair (Panel installation had multiple problems, significant repairs needed...)

____Poor (Panel installation had major issues, major renovations required during bridge
life...)
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Appendix C: NDOT Design Specifications

Introduction

As part of a research project titled “Toward Successful Implementation of Prefabricated
Deck Panels to Accelerate the Bridge Construction Process”, the authors have assembled
for Nevada Department of Transportation (NDOT) the following guidelines pertaining to
the design and construction of full-depth prefabricated deck panels. Full-depth deck
panels are used as an accelerated bridge construction technique to decrease or eliminate
the cure time required for the deck. The basis for the development of the guidelines was a
review of existing national and state-adopted guidelines, as well as a survey of current
practices by state DOTSs. The results of the survey indicated that specifications and
drawings from the PCI Northeast Full Depth Deck Panel Guidelines (PCI, 2011a) were
the most widely used, and have been evaluated favorable by most agencies that have
adopted them. As a result, the authors are recommending adoption of the PCI Northeast
Guidelines. The guidelines presented here represent the PCI Northeast Guidelines with
supplemental information as needed from other sources. Sources of supplemental
information include: 1) the State of the Art Report on Full-Depth Deck Panels (PClI,
2011b), 2) Oregon Department of Transportation (ODOT) prefabricated deck panel
guidelines (ODOT, 2015), 3) Utah Department of Transportation (UDOT) deck
guidelines (UDOT, 2015), 4) results from the survey of DOT current practices.

The guidelines are formatted as follows: the main numbered sections (e.g. 1.1) and
corresponding commentary sections preceded by C (e.g. C1.1) are exact replications of
the PCI Northeast Full Depth Deck Panel Guidelines (PCI, 2011a). Supplemental
commentary sections that correspond to the numbered sections are preceded by SC (e.g.
SC1.1). Appendix A contains the drawings from Appendix A of PCI (2011a). An
example illustrating the design of full-depth deck panels taken from PCI (2011b) can be
found in Appendix B.
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SECTION 1 General

Precast Full Depth Deck Panels (FDDP) may be used for new construction or for
replacement of existing deck slabs.

Commentary

This guideline is not for use on partial depth precast deck panels that are intended to be
overtopped with a reinforced concrete pour. Please refer to additional guidance on partial
depth deck panels at www.pcine.org.

1.1 Structure Types

Precast FDDP can be used on virtually any structure that is currently designed with a cast
in place deck. The following is a list of typical structure types that can be designed with
Precast Prestressed Concrete Full Depth Deck Panels:

e Prestressed Concrete Stringers

e Steel Stringers

o Steel Girder/Floorbeam Systems

e Steel Truss Systems

e Long Span Suspension and Cable Stayed Systems
Cl1

FDDP can be used on straight, skewed and curved bridges.

SECTION 2 Materials
2.1 Concrete

All mild reinforcement shall conform to the requirements of ASTM A615 and shall be
epoxy coated in accordance with ASTM D3963.

C2.1

Normal deck slab concrete may be used; however, this limits the use of prestressing in
the pieces. The designer should take advantage of high strength and high quality concrete
that is normally used in a precast plant.
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SC2.1

Section 2.1 text, copied directly from PCI (2011a), does not seem to apply here. To
provide further guidance on the development and selection of a suitable concrete mix, the
following information is included from PCI (2011b):

“The slab mix should be high-performance concrete with sufficient strength and
durability parameters. The deck panels may be shipped to the bridge site when their
strength is adequate to resist the shipping and handling stresses. This concrete strength
will depend on support and rigging conditions for handling and erection respectively and
may be well below the 28 day strength. Although the required strength can be achieved in
as little as one day with HPC mixes, it is common practice to install the panels at a
concrete age of 28 days or greater to ensure that a significant amount of the shrinkage
deformation (and creep for pretensioned members has occurred prior to panel installation.

State practices vary in using performance-based and prescriptive specifications for
concrete mixes. The following is an example mix developed for the Wacker Drive project
in Chicago that was shown to have worked well:”

Cement Type | 525 Ib/yd®

Natural Sand (FA-2) 1140 Ib/yd®

Coarse Aggregate 1800 Ib/yd®

Densified Silica 27 Io/yd® (5% by cement wt.)
Slag 79 Ib/yd® (15% by cement wt.)
Flyash 53 Ib/yd® (10% by cement wt.)
W/CM Ratio 0.37

Air Entraining Admixture (as Required)

Water-Reducing Admixture (as Required)

(Table 3.3.5-1 of PCI, 2011b)
2.2 Mild Reinforcement

All mild reinforcement shall conform to the requirements of ASTM A615 and shall be
epoxy coated in accordance with ASTM D3963.
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C2.2

FDDP systems have been built with transverse prestressing (prestressed); however, some
mild reinforcement will be required within the panel (distribution steel, slab overhang
steel, etc.). FDDP systems may also be designed with only mild reinforcement.

2.3 Prestressing Strand

The seven wire strand for pre-tensioning shall conform to the requirements of ASTM
A416, Grade 270, low relaxation, and shall be tensioned to the allowable stresses outlined
in the AASHTO specifications.

C2.3

Prestressing strand may be used for flexural resistance of the deck panels. A maximum
of four 0.6 inch or 0.5 inch diameter strand is typically used with a 2 inch nominal post
tensioning duct. If flat slab ducts are used, it is recommended that a maximum of four %2
inch strand be used.2.3

2.4 Post-Tensioning Duct
The use of 2 inch nominal diameter duct is recommended.
C2.4

2 inch diameter duct provides ample room for the recommended post-tensioning strand
and erection tolerances at the duct connections. Flat duct can also be used provided that
mandrels are used during casting to maintain the geometry of the duct.

2.5 Post Tensioning Anchorage Devices

Anchorage devices should be selected to provide the required concrete cover. The
anchorage device should normally be placed at mid-depth of the panel. Anchorage
devices should normally be kept a minimum horizontal distance of 18 inch from panel
edges and shear connector blockouts.

C2.5

For most deck panels, a four-strand flat anchorage assembly will provide the proper
cover. This assembly can be used with the 2 inch nominal ducts. In cases where the top
cover cannot be achieved, the anchorage device can be lowered slightly to provide the
required cover. Smaller dimensions can be used provided that the anchorage forces are
accounted for in the design of the panel.
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2.6 Grout for Transverse Shear Keys, Shear Connector Pockets, and Beam
Haunches

Grout for transverse shear keys, shear connector pockets and beam haunches should meet
the following general requirements:

. Non-shrink

. Flowable

. Moderate strength (5ksi)
. Low permeability

Field mixed grouts should not be used. The use of pre-qualified pre-bagged grouts is
preferred.

C2.6

Proportioned mixed grouts in general do not provide adequate quality and durability.
State agency prequalified grouts should be used if required.

SC2.6

Grout properties have been a source of problems for full-depth deck panel joints. UDOT
reported joint cracking due to grout shrinkage because grout quality standards were not
met. CME, which performed a detailed assessment of the performance of various ABC
details in Utah bridges, made the following recommendations regarding grout
specifications (Culmo, 2013):

“CME recommends modifying the existing grout specification used in ABC construction
to include pre-qualified products. There are many “non-shrink” grouts in the market that
meet common specifications. The performance of proprietary grouts varies significantly,
with the higher priced grouts performing the best. Simply specifying “non-shrink” grout
in a low bid environment will most likely lead to the use of an inexpensive, poor
performing grout. The Department should establish a prequalification procedure, evaluate
different grouts for performance such as the potential for shrinkage cracking, and develop
a pre-qualified list.”

PCI (2011b) identified an example bridge with grouted deck panel connections that
performed very well. The specifications of the grout for that application were as follows:
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Compressive Strength 1,200 ksi @ 6 hrs
4,500 ksi @ 1 day

6,500 ksi @ 28 days

Flexural Strength 0.550 ksi @ 1 day
(ASTM C78, air cured) 0.600 ksi @ 28 days
Slant Shear Bond 2,500 ksi @ 28 days

(ASTM C882)

Freeze-Thaw Resistance RDF of 80%

(ASTM C666, A modified)

Scaling Resistance 0 scaling rating

(ASTM C672, 25 cycles)

Shrinkage 0.03% @ 28 days

(ASTM C596)

Sulfate Resistance 0.10% @ 28 weeks

(ASTM C1012)

Table 3.3.5-1 of PCI (2011b)
2.7 Grout for Post-Tensioning Ducts

Grout for post tensioning ducts shall be specifically formulated to fill post tensioning
systems. Pre-bagged grouts should be used.

SECTION 3 Design Requirements
3.1 General

In general, the design of full depth deck panels should follow the requirements of the
AASHTO LRFD Bridge Design Specifications.

A. The empirical design method outlined in Section 9.7.2 is not applicable to precast
deck panels.
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B. The design of transverse shear keys and longitudinal post-tensioning shall conform to
Section 9.7.5

3.2 Framing Geometry and Layout

Panels should be laid out perpendicular to the main supporting members. The main
reinforcement (herein referred to as transverse reinforcement) should run along the length
of the panel, generally transverse to the main supporting members. Distribution
reinforcement shall consist of post-tensioning strand running the length of the deck,
generally parallel to the main supporting members.

Deck panels can be set to match the cross slope of the finished roadway. For crowned
roadways, a small closure pour should be incorporated into the design at the crown. For
narrow roadways, it may be possible to install the panels level and crown the wearing
surface.

For bridges with minor skews as shown in the details, the panels can be designed to
follow the skew of the bridge. For larger skews, the panels should be laid out in a squared
pattern.

C3.2

The terminology for this document is based on construction of typical stringer bridges
where the FDDP are installed perpendicular to the stringers. Construction of other
systems such as floorbeam bridges may result in panels that are running parallel with the
roadway. In this case, the designer should account for the adjustment in the terminology.

Most states layout bridge framing along the cross slope of the roadway, which leads to a
sloped deck panel. Roadway crowns are always an issue in precast FDDP bridges. It is
very difficult to construct precast FDDP with a built-in crown, especially if pretensioned
prestressing is used. A small closure pour has proven to be a very effective means of
accommodating the crown of the deck without adding significant time to the construction
of the bridge. Often, this closure pour is completed at the same time as the end closure
pours or parapet placement.

SC3.2

Appendix A presents two different panel configurations for skewed bridges depending on
the level of skew, one for skew angles between 0 and 15° (referred to as “minor skews”
in Section 3.2), and the second for skew angles > 15° (referred to as larger skews in
Section 3.2). In the best practices survey of state DOTSs, several states have limited the
maximum skew angle to 30° for application of full-depth deck panels.
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Section 3.2 discusses using a longitudinal closure pour to accommodate roadway crown.
This option is used only if the panel layout requires a longitudinal joint. In general, PCI
(2011b) recommends avoiding longitudinal joints and makes the following additional
recommendations:

“Avoid longitudinal construction joints in bridge decks. Only use longitudinal
construction joints when unavoidable (e.g., widenings, phased construction, very wide
structures). The following applies to longitudinal construction joints. For deck widths
greater than 120 ft (i.e., where the finishing machine span width must exceed 120 ft),
make provisions to permit placing the deck in practical widths. If a longitudinal
construction joint is necessary, avoid locating the joint underneath a wheel line. Closure
pours are not required but can be useful for phased construction projects. A closure pour
serves two useful purposes:

e Defers final connection of the phases until after the deflection from deck slab
weight has occurred

e Provides the width needed to provide a smooth transition between differences in
final grades that result from differential deflection between the phases

Cross slopes can be created by either varying the elevation of the girders or by varying
the haunch depth across the girder lines. Crowns can be created in several ways. One
approach is to screed the top panel surface to the required crown alignment. This is only
suitable for relatively narrow bridge widths. The deck panel can be significantly thicker
at the crown than at its ends. Another approach is to form the crown in the plant by
creating an internal hinge in the panel that enables the panel to rotate under its self-
weight. In bridges with a longitudinal joint, the crown is preferably formed utilizing flat
panels with the crown at the joint.”

An additional parameter that can cause difficulties in the incorporation of full-depth deck
panels is superelevation. According to the best practices survey of DOTSs, some states
have opted to limit application of prefabricated deck panels in bridges with
superelevation. Among states that applied a limit, the maximum allowed superelevation
ranged from 2% to 4%. Other states reported no limitations for superelevation.

3.3 Concrete Design Strength

The design of deck panels without prestressing should be based on a minimum concrete
compressive strength (f’c) of not less than 5 ksi. For designs with prestressing, the
recommended concrete compressive strength is 6 ksi. The compressive strength of the
concrete at the time of transfer (f’ci) should not be less than 4 ksi.
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3.4 Strand Pattern

Typical strand patterns are laid out with zero eccentricity in order to resist the positive
and negative moments in bridge decks.

C3.4

This is based on typical design equations for slabs in the AASHTO specifications where
the maximum positive moment is equal to the maximum negative moment. Concentric
prestress is also desirable in order to minimize the cambering of the panel after casting.

3.5 Allowable Concrete Stresses
The allowable stresses in the deck panels shall conform to the AASHTO specifications.
3.6 Transverse Flexure Design

Deck panels may be designed with mild reinforcement, prestressing strand, bonded post-
tensioning strand, or combinations of each. Moments for design shall be based on the
AASHTO specifications for concrete deck slabs.

C3.6

In many cases, the design of interior bays can be handled with mild reinforcing and/or
prestressing. Some projects have been completed with post-tensioning systems; however,
costs for large amounts of transverse stressing and grouting can be prohibitive. In
general, panels with spans of 10 feet or less can be designed with only mild
reinforcement resisting the flexural moments. Prestressing may be used for longer spans.

SC3.6

The following text expands upon the transverse flexure design methods discussed in the
main specification and presents information on how the full-depth deck panel should be
designed in the transverse direction (PCI, 2011b):

“The precast deck panel system is designed using the strip design method, where a
transverse strip of the deck is analyzed as a continuous beam supported by the bridge
girders. The girders are considered rigid supports with no settlement. The strip method
concept results in providing the main reinforcement in the transverse direction of the
deck. Once the flexural effects due to dead and live loads are determined the transverse
strip is designed as a pretensioned or conventionally-reinforced concrete member, where
service stresses at critical sections are checked against the AASHTO LRFD allowable
stresses and then the nominal flexural resistance and reinforcement limits are checked.
Proper AASHTO LRFD load combinations should be used for various checks. For
example in a pretensioned panel, SERVICE | and SERVICE IlI limit states should be
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used for checking allowable compressive and tensile stresses, respectively; and
STRENGTH I limit state should be used for checking the nominal flexural resistance.

The strength design procedure of a prestressed concrete member is essentially the same
as that for a conventionally-reinforced concrete member. However, some differences in
behavior occur in the stress-strain relationship between the prestressing steel and the mild
reinforcement. It is highly recommended to utilize the strain compatibility concept in
determining the nominal flexural resistance of the deck for the following reasons:

e Variation of the stress-strain relationship between the prestressing and mild steel
non-prestressed reinforcement

e To accurately account for the effect of various tensile reinforcement layers
especially those that are close to neutral axis of the section”

3.7 Panel Overhang Design

The design of the panel overhangs shall be in accordance with the AASHTO
specifications. Special attention should be given to the design of the panel overhang with
regard to the development of prestressing strand. If the strand cannot be developed within
the panel overhang, a design using mild reinforcement or post-tensioning in conjunction
with prestressing may be necessary in order to accommodate the overhang moments.

C3.7

The barrier weight and impact loads have a significant effect on the overhang design. The
panel reinforcing needs to be designed to accommodate these forces. It is not desirable to
have a large bending moment applied within the transfer and development zone of the
prestressed component. In many cases, the maximum slab moment in the overhang
occurs at the face of the curb, which is usually very close to the end of the precast panel.
Mild reinforcement is often used to handle the slab overhang moments near the ends of
the panels.

SC3.7

PCI (2011b) provides the following additional guidance on designing barriers and
overhangs:

“As a general rule, the overhang length should not be more than half the girder spacing
with 4 ft. 3 in. a recommended maximum.”

and

“Precast bridge deck design should account for a barrier crash load.”
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Specific details on designing the overhang to withstand the impact of a vehicle crash load
are given in a design example in Appendix B of these guidelines.

3.8 Design for Handling

Design lifting hardware and panel reinforcement according to the provisions in Chapter 5
of the PCI Design Handbook (seventh edition). The criteria for “no discernable cracking”
should be followed. The panels shall also be checked for placement stresses assuming
that the panel is supported on every other girder. The design of the prestress for handling
will be the responsibility of the contractor.

C3.8

This provision is based on the fact that during erection, every other leveling device will
be in contact with the girders prior to the leveling of the panels. Fabricators and
contractors normally determine lifting points based on their handling equipment. The
amount of prestress will vary based on the lifting methods employed. The design and
review of this prestressing should be treated as a working drawing submission since the
prestress is being used for a temporary condition.

SC3.8
Clarification about prestressed reinforcement calculations is discussed in ODOT (2015):

“Prestressed reinforcement is typically used on the long side of deck panels that span
between the bridge girders. This is the main reinforcement that provides flexural strength
for resisting applied loads during shipment, erection, superimposed dead load, and
vehicular live load. Panel thickness may be increased to accommodate final surface
grinding and reinforcement detailing.”

Several states have imposed panel dimension limits because of transportation
requirements. Oregon DOT has set the length limit at 50 feet and the width limit at 10
feet because of shipping weight and maximum shipping width (ODOT, 2015). Utah DOT
has not set length or width limits but has specified a minimum depth limit of 8.75 inches
(UDQT, 2015). The recent survey of DOTs on the use of deck panels asked DOTSs if
transportation limits had been applied for length, width, or depth. The range of response
from each DOT for each of the three dimensions is shown below.
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Transportation Limits Range Among States

Length (maximum allowed) 10 to 41 ft.
Width (maximum allowed) 6 to 12 ft.
Depth (minimum allowed) 3.5in.t0 8.75n.

The authors recommend that dimension limits be set based on local transportation
limitations. Common transportation vehicles used by the state should be evaluated to set
specific guidelines.

3.9 Longitudinal Distribution Design within each FDDP

Reinforcement for distribution shall be comprised of mild reinforcement. The design of
distribution reinforcement should be according to the AASHTO specifications based on a
slab with mild reinforcement. The mild reinforcement does not need to pass through the
joints between the deck panels.

C3.9

This steel is to be placed within each panel. The spacing of the steel will need to be
adjusted to avoid blockouts and provide proper cover around blockouts. The designer
should detail a bar layout for each panel.

SC3.9

The following section clarifies how longitudinal reinforcement should be designed (PClI,
2011b):

“Typically, conventional longitudinal reinforcement is provided in the deck slab to: (1)
control shrinkage cracking, and (2) distribute the live load in the longitudinal direction.
However, the design engineer may opt to utilize longitudinal post-tensioning conforming
to LRFD Specifications 9.7.5.3 to provide live load distribution across panel joints and
secure the joint against leakage.”

and

“The longitudinal bars in the top and bottom of the slab may be sized for temperature and
shrinkage requirements per LRFD Specifications 5.10.8, or it may be accommodated
through handling and transportation reinforcement. In slabs where longitudinal post-
tensioning is not used, LRFD Specifications 9.7.3.2 requires reinforcement in the bottom
of slabs.”
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Section 2.4.3 of PCI (2011Db) contains further information.
3.10 Longitudinal Post-Tensioning

The design of transverse joints and longitudinal post-tensioning shall be in accordance
with AASHTO Section 9.7.5. Post-tensioning combined with a grouted shear key should
be used to provide continuity between deck panels. This post-tensioning should be
located at mid-depth in the units and should run the entire length of the bridge or between
closure pours. For continuous spans, the designer should design for additional prestress to
overcome the service load tensile stress due to negative composite dead load and live
load moments to achieve an effective minimum prestress of 0.250 ksi under all service
loading conditions. The minimum final post-tensioning force per duct and the minimum
effective prestress shall be shown on the plans, as well as a sequence for stressing the
ducts (generally starting at the center and working to the outside). The plans should note
the assumptions used to develop the post-tensioning force including the assumptions used
for loss calculations. The project specifications should include requirements for
submission of calculations for the design of the post-tensioning system. These
calculations should account for the actual system and ducts that are proposed.

C3.10

Research has shown that moderate post-tensioning combined with a grouted shear key is
the best way to provide continuity between full depth panels.

SC3.10

Oregon DOT lists CIP joints as an option for transverse joint connections. ODOT uses
UHPC and CIP joints as their default construction type for full-depth decks. The
following information from ODOT (2015) implies they use their own non-proprietary
UHPC mix.

“Two possible types of transverse joint connections are CIP reinforced concrete and
longitudinal posttensioning along the length of the bridge. Each connection type has its
own advantages and disadvantages.

For CIP joint connections, Ultra High Performance Concrete (UHPC) is the preferred
material due to its superior bond properties, durability, compressive strength, and tensile
strength. There are a number of proprietary UHPC products on the global market, such as
BCV®, BSI®, CRC®, Densit®. The only satisfactory UHPC joint material available on
the domestic market is Ductal® JS1000 by Lafarge North America, Inc. Since use of this
material would be considered a “sole source”, a finding of public interest letter (with
approval from FHWA) must be secured before going to bid. In the past there was also an
issue with steel fibers used in the Ductal® JS1000 product since the steel fibers were
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manufactured in Europe and therefore did not meet the “Buy America” provisions for
steel. Based on an FHWA Policy Memorandum published on February 12, 2014, steel
fiber reinforcement, as used in the Ductal® JS1000 product, is now produced by Bekaert
Corporation at a production facility in Rome, GA and commercially available to all
potential purchasers. For other UHPC products made outside the USA, they would be
able to meet the “Buy America” requirements as long as they used the steel fibers from
the Rome, GA facility.

Note also that there are other types of steel fiber reinforcement that are made in the USA.
However, at this time only those from the Rome, GA are thought to meet the size and
shape needed for the UHPC application.

Due to the nature of new superior materials, UHPC is much more expensive than
conventional concrete. Based on an FHWA publication, FHWA-HRT-13-100 published
October 2013, the commercially available product by Lafarge is sold for about
$2000/yd>. This price includes material cost of the proprietary blend and fiber
reinforcement, as well as costs associated with development and delivery. The same
publication also reveals that there are a number of researchers, who have conducted
testing programs to develop non-proprietary cost-effective UHPC mixes, which meet all
the requirements for UHPC. All materials used in the research project were locally
available in three regions across the U.S. One of the material sources is from the Pacific
Northwest area. The result shows that it is possible to produce UHPC under $1000/yd®
using these domestic materials with a non-proprietary blend. Note that the fiber
reinforcement is responsible for one half the total cost.

With the excellent bond behavior provided by UHPC, a non-contact splice length for
rebar extending out from deck panels is significantly shorter than that required in
conventional concrete. To ensure good bonding against precast deck panels, pre-wetting
the interface and an exposed aggregate finish is recommended. FHWA Research,
Development, and Technology published FHWA-HRT-14-084 in October 2014. This
document provides substantial information regarding design and construction of UHPC.”

3.10.1 Losses in Post Tensioning

Losses due to elastic shortening, anchorage set and friction in the ducts should be
accounted for in the design of the post-tensioning. Long-term losses in longitudinal post-
tensioning stress due to creep and shrinkage need not be accounted for in the design.

C3.10.1

Most designers do not account for long-term losses in the deck panel on steel beam
bridges. This is due to several reasons:
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A. The amount of post-tensioning stress specified is considered to be somewhat arbitrary
and high; therefore, minor losses in post-tensioning are considered acceptable and
insignificant.

B. The design of composite beams accounts for some creep by using a modified modular
ratio for long-term loads.

3.10.2 Anchorage Zone Design

The design of the reinforcement in the anchorage zones shall conform to the AASHTO
specifications. The design of the local zone reinforcement is the responsibility of the
anchorage device manufacturer. The design of the general zone reinforcement is the
responsibility of the designer.

C3.10.2

The local zone reinforcement is highly dependent on the geometry of the anchorage
device, which is under the control of the device manufacturer. The general zone
reinforcement is affected by the geometry of the panel, which is under the control of the
designer.

3.11 Composite Deck Design

Deck panels should be made composite with the supporting members. Composite action
is achieved with shear connectors placed in blockouts in the panel. Shear connectors shall
consist of welded studs or hooked reinforcing steel on concrete girders. Spacing of shear
connector blockouts shall be kept at approximately 2 feet on center where possible. The
design for variable horizontal shear can be accommodated by varying the number of
shear connectors per blockout. Special panels with larger reinforced blockouts may be
required for continuous girder bridges. These special panels should only be used where
necessary. They can be combined with regular panels with nominally spaced shear
connector blockouts.

C3.11

The effectiveness of using welded stud shear connectors on steel beams has been verified
through several research projects. The design of the shear connectors can be based on the
requirements for cast-in-place slabs. A embedded steel plate can be used in concrete
beams to achieve the same effect. This has also been verified through research. The use
of hooked reinforcing steel for shear transfer has also been studied. The AASHTO
provisions for horizontal shear design are appropriate for this design. The 2 foot
maximum shear connector spacing has been in the AASHTO specifications for many
years. Recent research has shown that the spacing can be increased to 4 feet without any
reduction in composite action. This can only be achieved if a confinement pocket is
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provided such as a steel tube or confinement reinforcement. Larger diameter shear studs
have been tested and been found to perform adequately; however, they may not be
readily available. Large spacing of shear connectors will require a large number of shear
connectors per pocket, which may become problematic. In most cases, limiting the
blockout spacing to 2 foot maximum will limit the number of shear connectors to a
reasonable number. The design of short span and continuous steel girders for ultimate
flexural strength typically requires a significant amount of shear connectors from the
points of maximum moment to the adjacent supports. The number of studs is primarily
controlled by the beam spacing (not the necessarily the beam size). On short span
bridges, this distance can be very short, which will necessitate very close shear connector
spacing. Large pockets can disrupt the spacing of panel reinforcement. Therefore it is
desirable to run the reinforcement through the large pockets (see typical details).

3.12 Closure Pours

In order to account for increased length of the overall deck due to build-up of tolerance
effects, small closure pours may be necessary. Closure pours can also be used to
accommodate cross slope changes in the deck.

C3.12

A cast-in-place concrete closure pour has been used at the end of the bridge deck to
account for construction tolerances and varying field conditions. This closure pour can
also accommodate the complex geometry that often occurs between the panel, end cross-
frames and bridge joints. It may be possible to increase the width of the joints between
the pieces in order to accommodate the buildup of tolerances. In this case, the connection
to the end cross-frames would need to be investigated. There is a concern with this
approach since the post-tensioning anchor head will be located directly under a deck
joint. For this reason, most designers have opted for the small closure pour at the end of
the deck. The accommodation of deck cross slope in a precast panel needs to be
addressed. Casting a piece with a crown can be done; however, this will have an effect on
the transverse prestressing design (if used). Casting a piece with an angle point at the
crown is also problematic for the same reasons. Small longitudinal closure pours have
been successfully used. The reinforcing can be projected from each piece and forming
support can be provided by inserts in the precast panels.

SC3.12

Although UDOT avoids closure pours they have provided the following list as guidelines
for closure pours if they are needed. (UDOT, 2015)
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“When a closure pour is used, the following applies:
e Use a minimum closure pour width of 3 ft.

e Locate lap splices in the transverse reinforcing within the longitudinal closure
pour. Allow transverse shrinkage of the deck concrete to occur by leaving the
joint open as long as the construction schedule permits.

e Do not tie contact lap splices or couple reinforcing between different phases until
placing adjacent phases of the deck.

e Consider the deflections of the bridge on either side of the closure pour to ensure
proper transverse fit up.

e Do not rigidly connect diaphragms/cross frames in the closure pour bay of
structural steel girders or prestressed concrete girders until after placing adjacent
phases of the deck. If concrete diaphragms are used for prestressed girders,
construct the concrete diaphragms in the closure pour bay of prestressed concrete
girders after adjacent portions of the bridge are complete. Pour the diaphragms as
part of the closure pour.

e Support the finishing machine on an overhang jack connected to the girder loaded
by the deck pour. Do not place one edge of the finishing machine on a previously
poured deck. Indicate in the plan sheets or the project specifications that this
method of constructing the closure pour is not allowed.”

3.13 Curved Bridge Issues

The post-tensioning ducts on curved bridges should follow the curvature of the roadway.
The design of the longitudinal post-tensioning should take into account the losses due to
friction in the post-tensioning ducts due to curvature.

C3.13

For curved bridges, the pieces can be cast in a trapezoidal shape so that the joints
between deck panels are radial. The post-tensioning can be run along the curve. For large
radius curves, it is acceptable to run the post-tensioning duct straight within each panel
combined with small angle points at the hand hole splice locations. The amount of
friction losses in a curved duct can become significant. It may be necessary to specify
jacking the post-tensioning strand from each end in order to overcome the friction losses
in the ducts.
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SC3.13

Because of the complexities associated with deck panel design for bridges with curvature,
the authors recommend that full-depth deck panels for curved bridges only be attempted
once experience has been gained in the use of full-depth deck panels. ODOT guidance for
limitations on use of full-depth deck panels is summarized as follows (ODOT, 2015):

“Deck panels can accommodate skew, superelevation, slight horizontal curve, and
vertical roadway profile. For a mild vertical roadway profile, a flat layout of deck panels
constructed on bridge girders is adequate and makes the construction of joint connections
easier. When the vertical roadway profile is significant, chorded deck panels are
recommended to fit the profile with CIP reinforced concrete joints connecting the deck
panels. Reinforcement and anchor bolts for bridge railing can be cast into the deck panels
as well.”

SECTION 4 Construction
4.1 Construction Sequence

In order to avoid inducing undesirable stresses in the girders, the sequence of
construction for precast concrete deck panels shall be such that the longitudinal post-
tensioning is accomplished after the transverse panel joints have been grouted and before
the panel has been made composite with the girders.

The following sequence of construction should be included on the plans:
1. Clean surfaces of shear keys.
2. Preset leveling bolts to anticipated height
3. Place all precast deck panels on girders in a span.
4. Adjust leveling devices on deck panels to bring panels to grade.

5. All leveling bolts shall be torqued to approximately the same value (20
percent maximum deviation).

6. Install longitudinal post-tensioning strand (un-tensioned) in ducts and seal
joints in ducts between deck panels.

7. Place a flowable non-shrink grout in all transverse joints. The grout shall be
rodded or vibrated to ensure all voids are filled.

8. After the grout in the transverse joints has attained a strength of 1000 psi
(based on grout manufacturers’ recommendations), the longitudinal
posttensioning strands may be stressed. The contractor shall determine the
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jacking force required to achieve the minimum final post-tensioning force
shown on the plans accounting for all losses.

9. Grout post-tensioning ducts.
10. Install shear connectors in all blockouts.

11. Form haunches between the top of the girders and the bottom of the deck
panels.

12. Grout all haunches and shear connector blockouts with a flowable non-shrink
grout.

13. Cast end closure pours.

14. Cast parapets and/or sidewalks.

15. Place overlay (if required) and open Bridge
C4.1

If the post-tensioning is applied after the deck is made composite with the beams, the
post-tensioning will induce a positive moment into the beam. The construction sequence
outlined in the detail sheets ensures that this will not occur. Follow State specifications.
High-pressure water blasting can be used for this cleaning. Sand blasting should be
avoided if there is coated projecting reinforcement. Setting of the panels high and
lowering them into position will require less torque. The FHWA manual entitled “Post-
Tensioning Tendon Installation and Grouting Manual” should be followed for this
operation. The interim strength of the transverse joint grout may need to be adjusted
based on the level of post-tensioning stress specified. The FHWA manual entitled “Post-
Tensioning Tendon Installation and Grouting Manual” should be followed for this
operation. Haunch forms can be set before setting panels. Closure pours can be designed
for lower initial concrete strength, which would allow for earlier opening of the bridge.
Final strength of the closure pour concrete should follow State standards for deck panels.
No vehicles or heavy equipment should be allowed on the panels until the installation
sequence is complete and all materials have achieved adequate strength.

4.2 Deck Elevations

The plans should include the elevations of each panel (generally each corner of each
panel) based on the required elevation of the panels after all panels are placed on a span.
The following equation can be used to determine the deck elevations:

A=B-W+C
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A = Deck Elevation shown on plans

B = Finished Elevation of Deck

W = Thickness of Wearing Surface

C = Deflection due to Composite Loads
C4.2

These elevations are the anticipated elevations just after the erection of the panels. The
deflection due to composite loads shall account for all loads applied after the deck panels
have been placed, including, but not limited, to the wearing surface, parapets, sidewalks
and railings.

4.3 Casting Tolerances

Tolerances for casting panels shall be shown on the plans or in the specifications. Special
attention should be given to the location of the longitudinal post-tensioning ducts. The
ducts should be oversized in order to accommodate the specified tolerances.

C4.3

Recommended tolerances for precast deck panels have been developed by the committee.
It is very important to have many of the tolerances measured from a common working
point. Center-to-center measurements can lead to a buildup of measuring errors and
unacceptable results. The location of the post-tensioning ducts requires the most stringent
tolerances. Misalignment of the ducts can cause significant problems in the field. It is
common for post-tensioning ducts to flex during concrete placement. For this reason, it is
recommended that the duct be properly secured to the deck reinforcing or stiffened by a
reinforcing bar. Mandrels can also be used to position the duct and prevent deformation
during casting.

SC4.3

Because of the absence of a certified precast plant in the state of Nevada, site casting of
full-depth deck panels may be a more viable form of construction for full-depth deck
panels.

The survey of current practice requested information from other DOT’s about the
frequency of site casting in other areas. The findings of the survey showed that site
casting has not been commonly implemented around the United States for full-depth deck
panels. If the use of site casting is desired, interim guidelines should be developed for the
manufacture and use of site-cast full-depth deck panels.
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4.4 Vertical Adjustment

Leveling bolts should be used to adjust the grade of the deck panels after placement. The
design of leveling devices is typically accomplished by the designer. If bolts are used,
each bolt should be able to resist two times the tributary dead load of the panel. The
design of the bolts should also account for the cross slope of the roadway. The plans or
specifications should note that each bolt should be torqued to approximately the same
value so that there is approximately equal load on each leveling bolt.

C4.4

The most common size of leveling bolt is 1 inch diameter. The bolts should be detailed so
that they can be removed easily after grout placement. The device should also be recessed
so that the top surface can be sealed with grout after bolt removal. The details included in
this guide are the most common type used. Designers should show this detail, but allow
the contractor to substitute alternate devices, provided they can meet the criteria
described in this section. The cross slope of the roadway will induce bending in the bolts.
In this case, the bolts should be designed for the bending or canted to match the cross
slope of the road. These bolts serve two purposes. They allow for grade adjustment in the
field after deck placement, and they also provide proper dead load distribution to each
girder. For this reason, there should be the same number of leveling bolts over each beam
(typically two per beam). The amount of torque on each bolt should be within 20% of an
average torque that is determined in the field. This value offers sufficient uniform
distribution. Minor variation in each bolt load can be overcome by distribution through
the beam cross-frames.

4.5 Horizontal Adjustment

The transverse joints between deck panels should have a nominal width of % inch. The
width of this joint may be adjusted in the field by +3/8 inch to account for casting
tolerances.

C4.5

Casting tolerances such as panel width and sweep can lead to a build-up of deck length.
This buildup of length has been referred to as dimensional growth. If ten panels that are
exactly 8 feet wide are laid side by side, the overall deck length would measure
somewhat over 80 feet due to the uneven seating of the panels. The width of the joints
between each deck panel can be used to account for this effect. For this reason, the
allowable width of the panel joints should be closely related to the specified fabrication
tolerances. The value of % inch +3/8 inch has been found to be an adequate joint width
variation to account for these effects. It is not necessary to design the deck layout to
account for dimensional growth of the panels. If the variation in joint width does not
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adequately account for the tolerance, the closure pours at the ends of the spans can be
used to make up any minor differences.

4.6 Parapets, Curbs, and Railings

Cast-in-place parapets or curbs combined with railings should normally be used for the
final traffic barrier.

C4.6

Cast-in-place parapets and curbs offer a number of benefits to the finished structure:
e They assist with connecting the adjacent deck panels in the deck overhang region.

e They provide a means of sealing the gutterline and prevent water leakage through
the parapet.

e Most cast-in-place barriers are crash-tested. There are very few crash-tested
precast barrier systems.

e The cast-in-place parapet or curb can be used to encase the ends of the deck
panels.

There have been concerns from several agencies that the construction of a cast-in-place
barrier system will increase the time for construction. This is true; however, for very
rapid deck placement projects, the final barrier can be constructed after the bridge is
opened to traffic. Temporary precast concrete barriers can be used in the shoulders. The
permanent barrier can then be constructed behind the temporary barrier. Encasing the
edge of the deck panels offers a number of benefits. If the panels are prestressed
transversely, the edge of the panels will have numerous locations where the prestressing
strand are cut and patched. Long-term deterioration of the patched strand ends is a
concern. The ends of the panels can also be uneven due to casting tolerances. By casting
a concrete curb or parapet over the deck end, a uniform deck edge can be produced that
will enhance the appearance of the completed deck.
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Specifications Appendix A (Details)

Full Depth Deck Fanels Guidelines—Appendix A
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Specifications Appendix B (Design Example)
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LRFD Specifications by Sameh 8. Badie, Ph.D., PE, Associate Professor, George Washington
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DESIGN EXAMPLE OUTLINE
3.1 DESIGH CRITERLA

D.2 DESIGN OF THE PRECAST DECK PANEL S¥STEM

[0.2.1 Design of the Positive Moment Areas between Girder Lines
[3.2.1.1 Estimate Required Presiress Force
D.2.1.2 Estimate Prestress Losses
D.2.1.3 Check of Concrete Stresses at Service Loads at the Positive Moment Area
[3.2,1.4 Check of flexural sirength
[3.2.1.5 Check of maximum reinforcement limit
D.2.1.6 Check of Minimum Reinforcement Limit

[3.2.2 Design of Panel-to-Corder Connection for Full Composite Action

[1.2.3 Design of the Negative Moment Areas over Interior Girder Lines

[0.2.4 Design of the Overhang (negative moment section at exterior girder ling)

[.2.4.1 Case I Due to Transverse Vehicular Collision Loads Using Extreme Event
Limit State 11

[D.2.4.2 Case 2: Due Dead and Live Loads
[0.2.5 Design of Longitudinal Reinforcement
22,6 Miseellaneous Deaign lsaues
D.2.6.1 Check of Concrete Stresses at Time of Transferring the Prestressing Force

[2.2.6.2 Check of Concrete Stresses durimg Lifting the Panel from the Prestressing
Bed

3.3 DETAILS OF THE PRECAST DECK PANEL SYSTEM
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D.1 DESIGN CRITERIA

Design specifications AASHTO LEFD Specifications (2008 Interim Revisions)

Bridge type
Span length
Total width
Superstructure

Dieck slab

Single span, slab/girder system
120 fi
44 ft (two=lane, undivided two-way bridze)

Four steel girders spaced at 12 ft with top flange width of the steel girders
= 12 in. with a 4 ft cantilever at each end for support of side barriers.

OR

Four BT-T2 recast, prestressed conerete girders space at 12 1l
Precast prestressed full-depth concrete panel system
Structural slab thickness = 8 in,

*  Article 9.7.5.1 of the LEFD Specifications states that the depth of a precast
concrete slab excluding any  prowvisions for grinding, grooving, and
sacrificial surface, should not be less than 7.0 in.

*  Minimum clear concrete cover on top and bottom reinforcement shall be
in accordance  with  the provisions of Article 5123 of LEFD
Specifications, which are 2.0 and 1.00in., respectively,

Panel dimensions; 44 fi = 8 f1 = & in. thick
Creometrical properties of the panel cross section:
A= (% in {8 )12 in/ft) = T68 in®
;_ BxI2)E)
12

= 4096 in’
1
5= 5 = ‘:3”:‘;—”“ — 1024 in*

Concrete properties:
Mormal weight conerete, density = 0,150 kef
Concrete compressive strength at 28-day, (7. = 6.0 ksi

E. = modulus of clasticity of panel at 28 days [LRFD
Specifications 5.4.2.4]

= 33,000(0.150) " /6.0 = 4696 ksi [LRFD Eq. 5.4,2.4-1]

Concrete strength at release, [~ = 5.0 ksi
E = modulus of elasticity of slab at release

= 33,000(0.150) " /5.0 = 4287 ksi

Reinforcement type: The precast panel system is transversely pretensioned
and longitudinally post-tensioned
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Composite system;

Pretensioning reinforcement:
Ve in. diameter, 270 ksi, low relaxation, 7 wire strands
Prestress force is released at | day
Eo=modulus of elasticity of prestressing strands = 28,500 ksi
Ultimate tensile strength fo, = 270 ksi
Yield strength fy, = 0.9 o = 0.9 = 270 = 243 ksi
Imitial prestress just before detensioning the strands =
0,750, =(0.75)(270) = 202.5 ksi
Post-tensioning reinforcement:
I in. diameter high strength rods, 150 ksi
Conventional reinforcement:
ASTM A615 Grade 60
Curing: Relative humidity (7)) = T0%
Speam curing for 1 day
Shear pockets are filled with a non-shrink growt that vields @ = 6.0 ksi

The precast panel is made composite with the supporting girders. Two
cases are considered as follows:

1. Steel girders; where composite action is created by welding 1% in.
diameter steel studs on the top surtace of the girders. The studs are
embedded in the panel in prefabricated shear pockets,

Shear studs used in composite steel bridge construction are typically ¥4 in.
or % in. in diameter. A recent development is the 1'% in. diameter
studs. ™ ** The 1% in. diameter stud has about twice the strength of a % in.
diameter stud and higher fatigue capacity. Using the 1% in. diameter studs
will result in the following benefits:

*  reduced labor as fewer studs will be welded

*  higher construction speed

*  reduced possibility of damage to the studs and the top Mlange of the
girder during future deck remonval

* smaller shear pockets and lesser amount of grouting material

2 Conerete girders: The web shear reinforcement is extended info the
deck as shear connectors.,

Time of installation of the precast deck panels on the supporting girders
= 90 days.

Future wearing surface: 2 in. of concrete wearing surface, (11150 ket

Side harriers:

™I Barriers, 420 plf, the barrier is 16 in. wide at bottom and 42 in. high,
The center of gravity of the barrier is at 5.2 in. from the exterior face.
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D.2 DESIGN OF THE PRECAST DECK PANEL SYSTEM

In order to develop the precast deck panel system, the following elements of the system need to
be designed in the following order:

1. Design of the positive moment areas between girder lines

2. Design of the panel-to-girder connection for full composite action

3 Design of the nezative moment areas over interior girder lines

4. Design of overhang part of the panel

5, Design of the longiiudimal remforcement

6. Miscellaneows issues
Final details of the precast deck panel system are given in Figures D.2.4.1-1 to D.3-5,

D.2.1 Design of the Positive Moment Areas between Girder Lines

Article 4.6.2.1.1 of the LRFD Specificavions states that the deck slab can be analyzed by
subdividing it into strips perpendicular to the supporting girders. This method is called the “Strip
Method.” Also, Article 4.6.2.1.1 states that wherever the strip method is used, the extreme
positive moment in any section between girder lines shall be taken to apply to all positive
moment regions. Similarly, the exireme negative moment over any mterior girder line shall be
taken to apply to the negative moment regions at all interior girder lines.

The deck slab 15 then analyzed as a continuous beam supported by the girders. The girders are
considered as rigid supports with cero settlement and their width is taken equal to zero.

Loads applied on the deck slab:

A 12-in. wide strip is considered in the following calculations.

O Dead loads due to:
Panel sell weight = (8 2H0, 1500 = (0L100 kit (uniformly distributed load)
Barrier sell weight = 0,420 k/Uside (concentrated load)

OW: Dead load due to:
2 in. concrete wearing surface = (271 200,150 = 0.025 Kt

Lz Live load HL-93 due to truck load and lanme load with dynamic allowance and multi-
presence factor

Deaign Limit States and Load Factors (2008 Interim Revisions 34,10
I. STREMGTHI:

Strength [ limit state shall be taken to ensure that strength and stability, both local and global, are
provided to resist the specified statically significant load combination relating to the normal
vehicular use of the bridge without wind.

D Minimumn = 0090, Maximum = 1.25
OW: Minimum = 0,65, Maximum = 1.50
LL: 1.75
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2. SERVICEI:

Service | limil state shall be used lor checking deflection and to control erack width in reinforced
concrels structures.

P 1,00
D 100
LL: 1.00
3. SERVICE INI:

Service [T limit state shall be used for checking tension in prestressed concrete structures with
the objective of erack control. {2008 Interim Revisions 3.4.1)

D 1.00
LW 100
LL: 080

Figure D.2-1 shows the service load moment due to O and DW for a 1 ft strip.

Lo 17T | 127 A 120 , BT
I T 1 1
0.100 kK
T e AT
1.280 k-t 1.280 Ak

0.520M-kM

0.766 f-kimt 0768 i-8M
i () Bending momant dus fo panal waight, 0100 k't i
= 1.488 fkift 1.408 filft =
= =
L 0,500 kit S
= =
0,263 M-kt
5.2 F:) 1% F— 3
0.300 fi-kift
,f*.

(o) Berding marment due fo barrer weight, 0420 k /i { side

0003 Rids 0300 8KR_ 5 347 nun 0.342 B-kif 005 fict
Q243 Rk 0.1 08 f-kifl 0243 RkE

(£) Bending roment due to wearing surface, 0025 kML

Figure [.2-1. Service load bending moment.
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D.2.1.1 Estimate Required Prestress Force

Assume that the tensile stresses at SERVICE T Limit state at bottom surface of the panel, f.
controls the design. The strand group is made concentric with the panel cross-section in order 1o
avold having the panel deflected upward or downward after releasing of the prestress force, i.e.
strand eccentricity e, = zero, therefore:
4= Foe  Macmce )
oA s,
Investigation of the bending moment (Figure D.2-1) shows that the midspan section of the
center span controls the design, where;

Panel wit, (DC) Moanet = (.520 fi-kip/ft
Barrier wt. () M arries = (0,300 ft-kip/fi
Wearing surface (OH) M =1(,108 ft-kip/ft

Moment due to live load can be determined vsing the equivalent strip on which the wheels of the
32-kip axle of the design truck will be wsed. In this case, various combinations of one, two or
three trucks with the proper multi-presence factor showld be considered 1o get the maximum
moment effects, However, Table Ad-1 of the LEFD Specifications gives the maximum moment
elTect based on mirder spacing,

Refer to Articles 3.6.1.3.3, 4.6.2.1.2 and Appendix A4 of the LRFD Specifications,
Live lood, Mrg oo — 800 fi-kips/fl
Therefore, at SERVICE 111 limit stage:
Meggpcenr = 1.0 Mpet 10 Mpy + 0.8 My
= 100,520+ 0.3) + 1.0 (0.108) + 0.8 (8.01)
= 7.336 fi-kips/ft
= (7.336 N-kipsM) (& t'panel)
= 54688 fi-kips/panel
Assume Y in. diameter, seven-wire, 270 ksi, low relaxation strands are used
Initial prestress just before detensioning the strands = 0,750, = (L7330 270) = 202.5 ksi

Assume that the total presiressed losses (e elastic shortening, creep, shrinkage, and presiress
loss) at service = 10%. Therefore, the effective prestress in the strands at service, f. = (202.5 ksi)
(1<0.10) = 182250 k=i

Effective prestress foree Py, = A, ( 182.250) kips/strand

Allowable tensile stress in pretensioned members, for components with bonded prestressing
tendons or reinforcement that are subjected to not worse than moderate corrosion conditions,

(LEFD Specifications 5.9.4.2)
= 0,191, =0.196.0 = 0.465 ksi
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The tensile stress at battom fiber of the section at SERVICE 111 limit state is;

P
oaes - Fre_ (58688012)
ToR 1024

Pop=171.072 kips = 5 (0,153 im” /strand) (182,250 ksi), where # = number of strands per panel
Therefore, n = 6.133 strands

Try (&) Yo-in. diameter, 270 ksi strands per panel, placed on two layers, four strands per layer.
For each layer, provide 2 in. clear concrete cover to satisfy the minimum clear concrete cover
requirements of Article 53.12.3 of the LRFD Specifications.

Since this estimate is hased om only satislying the service tensile stresses in concrete and on
cstimated prestress losses, the following steps are required to finalize the design of the maximum
posilive moment section:

I. Determine the exact presiress losses
2. Check concrete stresses

3. Check flexural capacity
4

. Check remnforcement linnits

D.2.1.2 Estimate Prestress Losses

LEFD Specifications provides two methods to calculate the prestress losses, which are the
approximate method (Article 5.9.5.3) and the refined method (Article 5.9.5.4) The refined

method 15 used here as it provides a more accurate measure of presiress losses,
Tonal prestress losses is:
Afor = Aags + Ay [LRFD Eq. 5.9.5.1-1]
Where,
Afses = sum ol all losses or gains due 10 elastic shorlening
Afper = losses due to long-term shrinkage and creep of conerete, and relaxation of steel

= (elfpmn + Afocwt Afpprhia + (psn + Afpcot Afprzlay [LRFD Eq. 5.9.5.4.1-1]
{Afpse + Afpcpt Afpgily= sum of time-dependent losses between transfer and deck
placement
{Afpso + Aforot Afpezlar= sum of time-dependent losses afler deck placement (fo final
age)

Article 393544 of the LEFD Specificalions states thal tof precast elements with no
topping, which is the case for full-depth precast deck panel systems, the value for time of
“deck placement™ may be taken as the value of time of installation of the precast element.
In this example, the time of installation of the precast deck is taken 90 days, and the final
age is taken 75 vears (27,375 days).
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The frllowing losses are from transfer o time ol installation of the precast deck:

Afisi

= presiress loss due o shrinkage of concrete

Afpcr = presiress loss due to creep of conerete

Aferi

= prestress [oss due to relaxation of steel

The following losses are from time of installation of the precast deck o final age:

Afesp = prestress loss due to shrinkage of concrete

Afeen = prestress loss due to creep of concrete

Afpwz

= prestress loss due to relaxation of steel

The gross section area of the concrete section is used in the prestress losses caleulations.

Elustic shortening loss:
Moes= (Ep/ Ecd frgp [LRFD Eg. 5.9.5.2.3a-1]
Where,

E, = modulus of elasticity of prestressing strands = 28,300 ksi

Fe = conerete strength at release = 5.0 ksi

Eq E n]m-:lulus of elasticity of panel at transter = 4287 ksi (Note that £ is the same as

e
S = the conerete stress al the center of gravity of the prestressing strands due 1o the

presiressang foree immediately atter transfer and selt-weight of the member at the
seetion of maximum moment.

The Commentary to Article 5.9.5.2.3a of the LRFD Specificarions states that ., may be
assumed to be 20 percent of the initial prestress before transfer and the analysis iterated
until acceptable accuracy is achieved, However, i this example, 1% initial loss is
assumed and then checked later.

Strand stress immediately after release = 202.5 (1,00-0.01) = 200,475 k=i

Since the strand group is concentric with the panel cross section, fiz, = j

P, = total prestressing force at release = (8 strands)0.153 in*/strand){ 200,475 ksi) =

[

24538 kips
245381

= (1,320 ksi
68 l

Therefore, loss due to elastic shortening:

28,500
L-‘i L% =
Voes = 4087

(0.3207 = 2127 ksi

127

Imitial prestress loss = 2127, 100 = 1.05%
xnzs

The initial prestress loss is very close 0 the assumead value, so a secomd ileration is not

NECessary.
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Time-dependent losses between transfer and time of deck installation:

Shrinkage of concrete loss:

Mosr = Enia Ep Kig [LRFD Eq. 5.9.5.4.2a-1]
Where, gy = conerete shrinkage strain of panel between transfer and deck placement
Eoig = by e ky . (048 % 107 [LRFD Eq. 54.2.3.3-1]
ke = factor for effect of the volume-to-surface ratio of the component

= 145 — 0.13(F/8) = 1.000 [LRFD Fg. 5.4.2.3.2-2]

{RHANI2)
28+ (Bl 2]

ko= 145 =013 (3.692) =0.970 <1.000, therefore use & = 1,000

Where ( F/85) = volume-to-surface ratio (in.) = =3.692 in.

kpe = humidity factor for shrinkage = (2.00 — 0.0144)} [LRFD Eq. 5.4.2.3.3-2]

K

Where I = relative humidity (assume T0%)

Felative humidity varies significantly from onc arca of the coumtry to another; sce
Figure 5.4.2.3.3-1 in the LEFD Specifications.

-ﬁ:l'ls = Z-UU - ﬂ'ﬂ'H{?ﬂ] = ].UZU

= factor for the effect of conerete strength = I i"" [LRFD Eq. 5.4.2.3.2-4]
+ ol
b -2 083
1+5
=time development factor = ! [LRFDY Eg. 5.4.2.3.2-5]

61 =4 4t

Where { = maturity of concrete, defined as age of concrete between time of loading
for creep caleulations, or end of curing for shrinkage caleulations, and
time being considered for analysis of creep or shrinkage effects = 90 — |
= B9 days

b

= = 0.685
61-4(5)+89

Kt

£rg = ( 1.000)(1.020)(0.833)(0.685)(0.48>107) = 2.794= 107

Kia

K=

= transformed section coefficient that accounts for time-dependent interaction
between conerete and bonded steel in the section being considered tor the time
period between transfer and deck placement

2
L4 "—‘fr—J [1+0.70,0,.0)]

T [LRFD Eq. 5.9.5.4.2a-2]
1+ £
E, 4

(7]

223



Where,
€y = gecentricity of prestressing force = 2ero
i (i, 1) = creep coefficient at final time due to loading introduced at transfer
=019 ko Ky b B, 1S [LRFD Eq, 5.4.2.3.2-1]
i = final age = 27,375 days
f = age at transfer =1 day
kre = humidity Factor for creep = (1.56 — 0.008F)  [LRFD Eq. 5.4.2.3.2-3]
= 1,56 — 0,008 T0) = 1.000

. i t
= time development faclor = ———— LRFI) Eg. 5.4.2.3.2-5
f = time developm 6l-df e IRIDEA !

~ (27,375-1) 0,060
61-4(5)+(27,375-1)
i . 1= (1.9 1.000)(1.000)(0.83340.999) 17" =1.581
ki = ! =0.974

+[1}1;{;n )(E[{;';;S}J{un)[l +0.7(1.581)]

Afosn = (2794 10°)(28,500)(0.978) = 7.788 ksi

Cregp of concretg loss;

E
Afpce = 2= St ) K [LRFD Eg. 5.9.5.4.2b-1]

s (tq, 4) = creep coefficient = (1.9) &, . ki . k. k. """ [LRFD Egq. 5.4.2.3.2-1]
= (1.9 1000W 1000} 083306851 =1.084

Ay = (2“’5”“ ){u_sz-u )(1.084)(0.978) = 2.255 (ksi)

4287
Belaxvation of strands loss:
A, =£&-D55 IRFIY Eg. 5954 2e-1
AT K _f B [I. - 5954 2e-1)
L By
Where:

e = stress in prestressing strands immediately after transfer, taken not less than 0.55fpy
=202.5-2.127 = 2000373 ksi = 0.55(243) = 133.650 ksi
K =30 ksi for Low relaxation strands

200,373 7 200373
At =
oar 30 ( 243

. 0.55] = 1.834 (ksi)
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Time-dependent losses between time of installution of the precast deck and final age:
Shrinkage of concrete logs:

Afsn = EnarFp Kar [LRFD Eq, 5.9.5.4.3a-1]
Where, &= concrele shrinkage strain of panel between deck installation and final age
= Epif - Epidt
Eryr= conerete shrinkage strain of panel between initial and final age
Enir = ks - ke kp . g (0.482107) |[LRFD Eg. 5.4.2.3.3-1]
k.= 1.000 {from above) |LRFI Eg. 5.4.2.3.2-2]
ke = 1020 from above) |[LRFD Eg. 5.4.2.3.3-2]
ke = 0833 (from above) [LRFD» Eq. 5.4.2.3.2-4]
kyy = time development factor = ! |LRFIY Eq. 5.4.2.3.2-5]

G141 +t

Where | = maturity of concrete, defined as age of concrete between time of loading
for ereep calculations, or end of curing for shrinkage calculations, and
time being considered for analysis of creep or shrinkage effects
=27375 -1 =27,374 davs

_ 27,374

61-4(5)+27,374

ey = (1LO0OOK 1O20)0,833)(0,999)(0,48= 107" = 4,074 10
Ergr= Eny- Erg = 3.074x 107 = 2. 794107 = 1,280 107

Ky = .999 {same as above)

Ky = transformed section coefficient that accounts for time-dependent interaction
between conerete and bonded steel in the sechion being considered for the tme
period between deck installation and final time

1

K= . [LRFD Eq. 5.9.5.4.2a-2]
1+ E A, [] + Ae,’ ][|+[]_'?1"[!.,|{.I' f ]]
E, 4 I o
Where,
A = gross area of the composite section
Epe = geeentricity of prestressing force with respect to the composite section
I = Moment of inertia of the composite section

Since the precast panel has no composite topping, Ky = K= 0978

Afps = (1.280:107)(28,500)00.978) = 3.568 ksi
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Creep of concrete loss:

E E
Afpen = E"—.fwzpﬁ[{r )= K, 4 F’.afdspﬁ{fr,mxﬂ [LRFD Eg. 5.9.5.4.3b-1]

el

Where A = change of stresses at centroid of prestressing strands due to long-term losses
between transfer and deck installation combined with deck weight and
superimposed loads, Since the strand group 15 concentric with the panel cross
section, Afs = Fem

Wit 0 = (1.9 ky . Koo o ke, 17011E [LRFD Eg. 5.4.2.3.2-1]
= {19} 1.0003( LODDK0.833)(0.999)( 1™ "* =1 581
ity 1= (090 ks ko ke b, 701 [LRFD Eq. 5.4.2,3,2-1]
= (193 1.0001 1.000)0.833)(0.685)( 17" =1.084
' 28, 500 .
Afpcn = [ oy ] (0.320)(1.581-1.084 )(0.978 )+ (zero )= 1.034 (ksi}

Refavarion of sirands lngs:
Aforz = Afore = 1.834 ksi [LRFD Eq. 5.9.5.4.3¢-1]

Total fosses af transfer (initial losses):
.:ffl,,m =2 127 k=i
Stress in tendons after transfer = 202.5 — 2,127 = 200,373 ksi
Prestressing force immediately after transfer = (200.373)(BN0.153) = 245257 kips

Toral fosses af final age (service):
Time-dependent fosses,
Afper = (Apsn + Mpcwt Afowadia + (Afpso + Afpcot Afpralar [LRFD Eq. 5.9.5.4.1-1]
= (7. 788+2.255+1.834) + (3.568+1.034+1.834) = 18.313 ksi
Total prestress Iosses = Afes+ Afer=2127 + T35 = 200440 ksi
Stress in tendons after all losses, f, = 202.5 - 20.440= 182.060 ksi

Check prestressing stress limit at service limit state; Table 5.93-1 of the LREFD
Specifications states that fo,. = 0.8 f,. therefore:

e = 182060 ksi = 0.8 f = 0LB{243) = 194.4 ksi 0K
(2044000 100
Total prestress losses, Y= —————= [1{LIA4 %
pre (2025) ’
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Since the caleulated wal prestress losses (10.094%) 15 close enough 1o the assumed total
losses {10%) used in estimating the required number of strands, no refinement of the
required number of strands is done

Prestressing force at service, P, = (182060080, 153) = 222,841 kips

D.2.1.3 Check of Concrete Stresses at Service at the Positive Moment Area
Prestressing force at service, P = 222,841 kips
Stress limits for conerete: [LREFTY Art, 5.94.7]
*  Compression siress limits: at SERVICE [ limat stage:
Due to live load and 50% of the sum of effective prestress and permanent loads
=040 = (0.40)(6.0) =+ 2.4 ksi
Due to sum of effective prestress and permanent loads
=045 £, = (D.45)(6.0) = + 2.7 ksi
Duse 1o effective prestress, permanent loads, and transient loads
=06 = (06)(6.0) =+ 3.6 ksi
* Tensile stress limits: For components with bonded prestressing tendons, limit state
Service 1
= —0.19,/ =-0.195.0 = ~0.465 ksi

Concrete stress at the top fiber of the deck, SERVICE 1:
LUnder permanent and transient loads, SERVICE 1:

{M.'E‘F.RI'J'-I"}'. f]

5

P
=+-4
fi=+ =
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Due to live load and
50%% of the sum of
cffective prestress and
permanent loads

D to sum of effective
prestress and permanent
loads

Due to effective prestress,
permanent loads, and
transient loads

M\'ﬁ.’.’d K&
(L Moe | (1.0H0.520 + 0.3){0.5) + (LON0.520 + 0.3) + (100,520 + 0.3} 4
+
{40 My (100, TOR)0.5) + (L0300, 108) (100 T08)
+
1.0 M. (LONEDT) FLONEDT)
i
=847 fi-kips/ft =093 fi-kips/fi = £.94 fi-kips/ft
=8 ft = 67.8 fi-kips/panel | =8 fi = 7.44 fi-kips/panel =8 ft=T71.52 fi-kips/panel
0.5 222 841 +{ﬁ?.3}f12} 222.S4I+{?.44){I2]= 122.34]+{?1.52}(I2]=
i ’ T63 1024 768 1024 Tal 1024
+ 0, 940 ksi +# (0,377 ksi #1128 ksi
s + 2.4 ksi +2.7 ksi +3.6 ksi
ik
Check LK. LK. K

Conerete stress at the hottom fiber of the deck, SERVICE TII;

£ = Foe _ Mguircs o)
& A Sﬁ

Mapmyice i = 58,088 fi-k/panc] (sce Section D2, 1-1 of this example)

_ 222841 (SR.6BE)(12)

A

THE 1024

Tensile stress limit: -0.46

- 0.39% ksi

5 ksi
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D.2.1.4 Check of Flexural Strength
Moment due io STRENGTH T Limit Siate (LRFD, Art. 3.4.1),
Mergevars = 125 Moo+ 1.5 Mow + 175 Mg
L25(0,5200+ 0.300) + 1.5 (0.108) + 1,75 (8.010)
15.205 fi-kips/fi
= § ft/pancl 121640 ft-kips/panc|

The design procedure given by the LRFD Specifications (Art. 5.7.3,1.1) cannot be used with this
case because the LEFD procedure assumes thal the strand group is lomped gl the center of
gravity of the group. In this example, there are two layers of strands that are far away from each
other, one layer is close to the top fiber and the second laver is close to the bottom layer.
Therefore, the LEFD Specifications procedure will significantly under-estimate the flexural
strength.

In this example, the flexural strength is determined using the strain compatibility approach and
the power stress-strain formula for all types of reinforcement. The analysis procedure of the
strain compatibility approach can be found in Section 8.2.2.5 of the PCI Bridee Design
Manual * The analysis uses an iterative process, where the stress in every layer of reinforcement
is assumed and the depth of the equivalent compression block is determined based on the
assumed values, Then, the stress in every laver of reinforcement 15 determined and checked
against the assumed values. If the assumed and calculated values do not match, a second iteration
15 required using the values of the reinforcement stresses determined from the previous round of
calculations.

Assume that net stress in the top and bottom layer of strands at ultimate is 243 ksi tension, Mote
that this value is chosen arbitrary and will be checked later,

From equilibrium of forces, T=
Where: T = Tension force in strands = 4, [ /)
= Compression force in concrete = L85 W)
i =Width of section = (8 12) = % in.
[(4)(D.153)(243)] + [(4UD.153)(243)] = (0.RSEN96N er)
Drepth of rectangular stress block, a = 0,608 in.
histance from top of section @ neutral axis, ¢ = i)
B=085 - 0.05(f7. —4)= 0.85 - 0.05(6 — 4) = 0.75
= 0608075 = 0811 in,
Check the assumed stresses in each laver of strands:
* Top laver:
Diepth of top layer = 2,25 in,
Decompression stress, fp. = 182,060 ksi (tension)

Decompression strain = 182.050 na%E=107

b
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Total strain, &, = u.muc%a +6388=107 = 5.323%107 + 6388107 =

117112107

Based on the power stress-strain formula developed by Devalapura and Tadros |Section
8.2.2.5 in the PCY Bridge Design Manmj’w]

{';Q:',, = 270 ksi
1 [Es :
1+ Fr

KF o

(}is a calibration factor used in the power equation.

fﬂ__=£FEF @+

Where:

Foe = (11711 107)( 28,5000 0,031+ (1-0031) =

1+ (2R,30001 1710 =107) LR
(1.04)(243)

= 251.223 ka1 < 270 kai
Therefore, f. = 251.223 ksi

*  Bottom laver:
Depth of bottom layer = 5.75 in.

5.75-0.811

= (L3
o ( 0.811

}+ﬁ.3 BEe 107 = 18.270% 107 + 6388107 = 24 638=107

fe = (24.658x10°)(28,500) |0.031 + (1-0.031 _|-

[(21-1._5:1{}}-[24;&53;‘m’}]w}ll .

(104 )i 24.5)

= 266653 ksi < 270 ksi
Therefore, f,, = 266,653 ksi

Since the caleulated stresses do not match the assumed values, a second round of caleulations is
required. In this round of calculations, assume that the stress at the top laver of strands = 251.223
k=i and at the bottom layer of sirands = 266,653 ksi, This iterative process should be continued
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wnitil the caleulated values match the assumed values, Resulis of the final round of calculations
are as follow:

Depth of rectangular stress block, a = 0.644 in,

Depth of the neutral axis, ¢ =0.85% in

Strain in top layer of strands = 11.250=107 {tension)
Stress in top layver of strands = 249,579 ksi (tension)
Strain in bottom layer of strands = 23 4702107 (lension)

Since the total strain in this layer is » 0,005, the strength reduction factor according to
Article 3.5.4.2.1 of the LRFD Specifications = 1.0

Stress in bottom laver of strands = 265,397 ksi (tension)

The flexural capacity of the section:

a 0
M, =X [Mﬁ'*](dr'EJ'l' A..(ﬁ](d,-i]]

0.644

=10 [{4 30 |53)(249.5?9](2.25 -

)+ (4)(0.153)265 597)[5_?5 . D.idd]]

= 1,176,777 in-kips/pan]
= 98.065 ft-kips/panel < Msmrexarss = 121,640 fi-kips/panel NG

Since the Mexural capacity is not safe, add two layers of Grade 60 bars, The first laver close
T The 1op [bser of e section and the second layer close W e Botiam ke ol the section,
Each layer consists of 4 Mo, 5, Grade &0 steel, with a 2 in. clear concrete cover. Assume that
the decompression stress in both layers = 25 ksi (compression). Using the strain
compatibility procedure, results of the final round of calculations are as follows:

Diepth of rectangular stress block, a= 0,906 n,

Depth of the neutral axis, ¢ = 1.208 in.

Strain in top laver of strands = £.976:< 107 {lension)
Stress i top layer of strands = 232,053 ksi {tension)
Strain in top layer of Mo, 5 bars = 18802107 {tension)
Stress in top layer of Mo, 5 bars = 54,546 ksi (tension)
Strain in bottom layer of strands = 17.670= 107 {tension)

Since the total atrain in this layer is = (L0045, the strength reduction factor according to
Article 5.5.4.2.1 of the LRFD Specifications = 1,0

Stress in bottom laver of strands = 260,306 ksi (tension)
Strain in bottom laver of Mo, 5 bars = 10,2601 o {tension)
Stress in bottom layver of Mo, 5 bars = 60,000 ksi (tension)
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The Nexural capacity of the section:

J +(4)0. lSE}fZFﬂ.HJﬁJ[ 575 0.1;045]]

(.90
2z

¢M, =10 [{4]-[t}.l533(2321}53)[2_7_5 -

10 [[4 ¥0.3 nfsa.ﬁm[ 23125 “';ﬂ] +()03 mm{s.ﬁs?s - @]J

1,614,171 in-kips/panel
= 134514 fi-kips/panz| = Merrencrii = 1216 fi-kips/pane] OK

D.2.1.5 Check of Maximum Reinforcement Limit [LEFD Specifications 5.7.3.3.1)
The maximum reinforcement limit is already incorporated in the strength reduction factor, as
shown in Section 10.2.1.4 of this example.
In editions of and interims to the LRFD Specifications prior to 2005, Article 5.7.3.3.1 limited the
tension reinforcement guantity 0 a maximum amount such that the ratio (e did not exceed
0142, where ¢ = the neutral axis depth and .. is effective depth of the steel reinforeement.

d, = 2otsd, * A S A,

A frAf,

¢ 1.208
i

(]

=400 in. (due to symmetry of reinforcement)

= 0302 =042 OK
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D.2.1.6 Check of Minimum Reinforcement Limit (L7 FD Specificanions 5.7.3.3.2)

Article 5.7.3.3.2 states that the amount of presiressed and nonprestressed tensile reinforcement
shall be adequate o develop a factored flexural resistance, M, al least equal 1o 1.2 M, where:

Mo = Sul fi + fine) = MJ“{;‘_ _ C] [LRFD Eg. 5.7.3.3.2-1]

Where,

& = section modulus for the extreme fiber of the composite section where tensile siress is
caused by externally applied loads (in*)

See = section modulus for the extreme fiber of the monalithic or non-composite scction
where tensile stress is caused by externally applied loads (in*)

Since there is no composile Wpping, 5. = 5, = 1024 in'

Jope = compressive stress in concrele due to effective presiress forces only (after
allowance for all prestress losses) at extreme fiber of section where tensile stress is

222841 _ 4 200 ksi

caused by externally applied loads (ksi) =

= Allowable tensile stress in pretensioned members (LEFD Table 5.9.4.2.2-1)
= 019, 7 = 0.19/6.0 = 0.465 ksi

Mg = total unlactored dead load moment

1.2 My = 1.2 | 1024 (0.465+0.290) - zero | = 927.744 in-Kips
=77.312 fi-kips
<= g, = 134514 fi-kips OK

D.2.2 Design of Panel-to—Girder Connection for Full Composite Action

Shear connectors that are fully anchored with the girder are extended into the deck panel to
create full composite action between the deck panels and the girders, Typically, this 1s achieved
by creating shear pockets in the panel over girder hines to accommodate the shear connectors,
The shear connectors have o be clustered in groups to match the locations of these shear
pockets. As a rule of thumb, the fewer the number of shear pockets that a precast panel has, the
less expensive the panel will be due 1w savings on time and labor associated with forming of
these pockets.

The LRFD Specifications do not provide any guidelines on the maximum spacing between the
stud clusters. [t has been a common practice to limit the maximum spacing to 24 in. based on the
recommendations given by the LRFD specifications for shear connectors used with cast-in-place
deck slabs. Recently, the idea of extending the maximum spacing to 48 in. for clustered studs has
been investigated in the NCHRP 12-65." The investigation has shown that extending the spacing
between clusters of studs to 48 in. has no detrimental effect on the composite action. In this
example, 4% in. spacing is considered.

In order to determine the size of the shear pockets of the precast panel, either for use with steel or
precast conerete girders, it is required o determine the amount of shear connector reinforcement
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that is required, Two cases are considered in this example: (1) steel girders, and (2) concrele
girders.

More information on the design of cluster of studs at 48 in, can be found in references 50 and 51.

The calculations provided in this section are Tor illustration purposes only and are not 1o be used
fior all bridge projects. 1018 the responsibility of the design engineer to design the horizontal shear
reinforcement in liew of the design of the composite slab/girder system of the bridge being
considered. Since the design parameters of the composite slab/girder system are not given in this
example, an empirical approach, developed based on a parametric study conducted in NCHRP
12-41", is used here to estimate the number and size of the required shear connectors.

Steel girder bridzes:

As stated i the design eriteria, 1% in, diameter studs™ " are used as the shear connectors. The
use of this large size studs is advantageous for precast deck panel systems because one 1% in.
digmeter stud replaces two ¥ in, diameter studs, which will reduce the size of the shear pockets
and the amount of grouting material needed to fill them.

In a study conducted in NCHREP 12-41," the researchers conducted a parametric study for the
horizontal shear requirement for a wide range of simply supported bridges, where the span length
ranged from 40 to 130 ft and the girder spacing ranged from 6 (o 12 fi. The researchers found
that wsing 1% in. studs umiformly spaced at & . throvghout the span of the brdge would
sulTiciently satisly the horizonial shear requirements.

Therefore, for the precast panel system in this example, il the clusters of studs are spaced at 48
in., each cluster will hawve (8) 1 Y-, studs. Using two studs per row, and the stud rows spaced at
6 in., the shear pocket will be 12 in. wide (in the transverse direction) and 24 in. long (in the
longitudinal direction). Note, that the & in. stud spacing satisfies the LRFD specifications that set
the minimum stud spacing to four times the stud diameter.

Concrete girder bridees:

For precast conerete girders, typically, the vertical shear reinforcement is extended above the top
flange to provide the required horizontal shear reinforcement. The vertical shear reinforcement
usually takes an L-shape or an inverted U-shape to provide for anchorage and fully develop the
vield strength of the remmforcement. Although this detail provides an inexpensive way to provide
for the composite actior, it is not convenient for the production of the precast concrete girders.
This is because the locations of the shear pockets have to be pre-determined, and only the shear
reinforcement within these locations should extend outside the top flange. For this reason, it is
recommended to separate the vertical shear reinforcement of the precast ginder from the
horizontal shear reinforcement required for full composite action. This can be done by providing
fior the horizontal shear reinforcement in the form of separate inverted U-shape bars that are
it led vndy il shcan pocket locations.

To determine the amount of reinforcement required ?er shear pocket, the design examples
prowided in Chapter 9 of the PCI-Bridege Design Manual ¥ were studied. Four design examples of
slab/T-girder bridge systems are given in this reference, where the bridge structures range from
simply supported span Lo three continuous span structures, with a span length up to 120 1t and
girder spacing from 9 to 12 fl. Studving these examples reveals that the maximum horizontal
factored shear force at the interface hetween the deck slab and the precast concrete girders is
about 3.7 kipdin. of the girder length.
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Therelore, the reguired horizontal nominal shear sirength per panel
= 3.7 wligh
Where ¢ = 0.9
w = panel length
Fo= (3.7 kipfin. (96 in.f{ 0.9) = 393 kips

The shear connector system consists of individual inverted No. 5 U-bars that are embedded in the
wop fMange of the girder and extended into the panel shear pockets. The mverted U-bars are
clustered at 48 in. This detail has been successfully used on bridges in Nebraska,

Using {6) Mo. 5 U-bars per pocket spaced at 7 in., two U-bars per row, the pocket will be 12 in.
wide (in the transverse direction) and 24 in. long (in the longitudinal direction).

The nominal shear resistance of the interface plane is:

Vo= cde+ pidgh + Py [LRFD Eqg. 5.8.4.1-3]

Where:

o = cohesion factor = 0.24 ksi for conerete placed against clean, hardened concrete
with surface intentionally roughened to an amplitude of 0.25 in. (LRFD Sect.
5.8.4.3)

u = friction factor = 1.0 for concrete placed against clean, hardened concrete with

surface intentionally roughened to an amplitude of 0.25 in. |[LRFD Sect. 5.8.4.3]
As = area of concrete engaged in shear transfer
= (12 in.)(24 in.M2 pockets) = 576 in®

(Mote: the width of the pocket has to be less than the width of the top flange of the
concrete girder)

5 = shear reinforcement strength = 60 ksi
P = permanent net compressive force normal to the shear plane; if force is tensile,
P, =0

(Mote; Po = rero because the panel weight is ignored)
A = grea of shear reinforcement crossing the shear plane

= [{6:) No 5 U-bars = 2 legs = 0.31 in/leg)](2 pockets) = 7.44 in"/panel
Fa = (0,24 ksip(576 in") + 1007440060 ksi}

= 584.04 kaps/panel = 396 kips/panel OK

D.2.3 Design of the Negative Moment Areas over Interior Girder Lines

The design of the negative moment section provided in this section is conducted on the precast
panel after the shear pockets are grouted. It s assumed in these calculations that the grout
material has the same concrete strength as the precast concrete panel, i.c. 6.0 ksi,

The reader should note that the negative moment sechion should also be checked at time of
prestress release and at time of installing the panel on the bridgze, At these stages, the cross
section of the panel after subtracting the shear pockets should be used as the effective concrete
area. These calculations are given in Section 2.6 of this example,
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Article 4.6.2.1.6 of the LRFD Specifications states that the eritical section for Nexural design at
the negative moment area should be at a specific distance from the centerline of the support. This
distance is defined as follows:

= For slabs supported on concrete 1-shape girders: The least of 13 in. or % of the width of
the flange of the concrete girder

*  For slabs supported on steel girders: ¥ the width of the flange of the steel girder from
centerling of the support

It this section, the precast deck panels are assumed 1o be supported on steel girders because this
type of support provides higher flexural effiects in the slab compared to any concrete girders.

Assume that the minimum widih of steel girder top flange 15 12 ., therefore at 12/4 = 3 in. from
the centerline of the support, the bending moment s as follows:

Slab wt. My =-1.123 f-kips/ft
Barrier wt. Merier = H0.263 fi-kipa/fi
Wearing surface M, =-0.300 fi-laps/ft
Live load Misiim =-0.400 fi-kips/ft [Table Ad.1, LRFD Specifications)

Mirgengrns = L25 (DO + LA (DW)+ 175 (LL+IM)
1.25(-1.0253+H0.263) + 1.5(-0.300) + 1.75(-9.40)
-17.98 fi-kips/fi

= & ft/panel -143.84 fi-kips/panel

Try twa layers of reinforcement, each layer hag (4) Mi-in, strands and (6} Mo, S bars, Provide a 2.0
in. clear concrete cover over each layer. The decompression stress in the strands, £, = 182,060
k=i (tension), and in the Mo, 5 bars = 25 ksi (compression), are shown in Section [2.2.1.2 and
[2.2.1.4 of this example respectively, Using the Strain Compatibility analysis in conjunciion with
the power formula,** the final round of calculations yields the following results:

Depth of the rectangular stress block, a = (L988 in.
Depth of the newtral axis, ¢ = 1.317 in

Strain in top layer of strands = 16.490+ 107 (tension)
Stress in top layer of strands = 259,080 ksi (tension)
Strain in top layer of No. 5 bars = 9.094x 10~ (tension)
Stress in wp layer of No. § bars = 60,000 ksi (tension)
Strain in bottom layer of strands = 8.5 3= 1o (tension)

Since the total strain in this layer is = 0.003, the strength reduction tactor according to
Article 5.5.4.2.1 of the LRFD Specifications = 1.0

Stress in bottom layer of strands = 223,620 ksi (tension)
Strain in bottom layer of No. 5 bars = 1.4062 107 {tension)
Stress in boftom layer of Mo, 5 bars = 40,762 kai (fension )

236



The Mexural capacity of the section:

ia i

oM, =¥ [*"‘Mfﬂ'l[“’" - E]* AME ](d'_i]]

=1,793.473 in.-kips./panel = 149,456 fi-kips/panel
= aﬂ"fulw.l,e,m ;= 14384 ﬂ-kipsfpmu:l Ok

Simce the maximum negative moment at the interior supports dies very quickly, provide two of
the (&) Mo, 3 bars on each layer for 3 ft (i.e, one-fourth of the girder spacing) on each side of the
girder line, This distance 15 adeguate o cover the negative moment area over the interior
supports and to fully develop these bars. The rest of the No. 5 bars (four Mo, 3 bars on each
layer) are provided for the full length of the panel. This 15 becavse they are serving both the
positive and negative moment areas.

D.2.4 Design of the Overhang (negative moment section at exterior girder
line)

Most of the highway agencies have their own policies regarding the design of the overhang. This
section provides the design of overhang according to the guidelines given in Article A13.4.1 of
the LRFD Specifications, where the overhang should be designed for the following cases
separately.

D.2.4.1 Case |: Due to Transverse Vehicular Collision Loads Using Extreme
Event Limit State Il

Since the Mew Jersey Barrier adopted in this example is crash tested, and since the LRFD states
that the deck should be stronger than the railing svstem used, the collision moment and the
horizontal collision force will be determined based on the remnforcement and geometry of the
Mew Jersey Barrier as follows:

The base of the NJ Barrier is 16 in. wide and reinforced with Mo, 5 closed stirmaps at 12 in.
spacing. One leg of the stirrup is close to the inner face of the barrier and the other leg is close to
the exterior face of the barrier. Using a 2 in. clear concrete cover over each laver and using the
strain compatibility analy&iﬁ.u the nominal fexural capacity of the section = 286.2 in.-kips/tt,

Article 1.3.2.1 of the LEFD Specifications states that the strength reduction factor for the
Extreme Event Limit State, ¢= 1.0, Therefore, the flexural capacity of the base section is:

Mo = 1.0 = 286.2 in-kaps/ft = 23,85 fi-kips'fi
Im order to somplete the design of the overhang, it is required o determing the total tranaverss
resistance of the barrier, £y, and the critical length of the wall failure, £, at the top surface of the
barrier. Typically, these parameters depend on the barrier dimensions and failure mechanisms,
Since the calculations of these parameters are beyond the scope of this document, they are taken
from the following publication:

National Highway Institute. Locd and Resistance Factor Design of Highway Bridges,
NHI Course No 13061, Publication No FHWA  HI-95. Federal Highway
Administration ™
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In lecture 16 of this publication, a N1 Barrier identical 1o the NI Barrier used in this example is
considered, and the values for &, and L, are as follow:

Ruw=147.03 kips, L. = 13.589 t

To determine the tensile force at the base of the barrier, Thu aasume that £, is distributed over a
distance of (£, + 2H) at the barrier base, where H is the height of the barrier, /= 42 in.

Thawe = R/ (Lo + 2H) = 147.03 / [13.589 + (2)(42/12)] = 7.14 kips/ft

Therefore, due o the collision foree, the following straining actions are transfemred 1o the precast
panel at the inner face of the barrier:

Migse = 2385 fi-kapa/ft and Taee = 7.14 kaps/ft (tension foree)

Twe sections of the overhang need to be checked. The first section is at the inner face of the

barrier (Section 1-1, Figure [0.2.4.1-1) and the second section is at 3 in. from the centerline of
the exterior girder line (Section 2-2, Figore L2.4.1-1).
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Figure [2.2.4.1-1. Overhang design parameters.
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heck ¢ ity of section 1-1:

M = 23.850 f-kips it

Thase =714 kips/ft

Miarvier = (04200 16-5.2¥12 = 0.378 fi-kipsfi
Mitas = (0100M 1612572 = 0.089 fi-kips/fi
Mserirce = 23,850 + 0,378 + 0,089 = 24,317 fi-kips
Mexrress evevr i = 1.25DC + 1. .50W + 1.0CT

= 1.25(0.378-+0.089) + 1023 .85)
= 24.434 fi-kips/ft = 195.472 fi-kips /panel
T EXTREME SVENT it = (1.0)(7.14) = 7.14 kips/ft = 57.12 kips /panel

As a starting point, assume that this section is reinforced with the same amount of reinforcement
provided at the interior givder lines, which is: two layers of Grade 270 strands, each layer has (4)
Y in. strands, and two lavers of Grade 60 steel, each laver has (2) No. 5 hars.

Since section (1-1) is 16 in. away from the edge of the panel, it is required to check the
maximum strength that can be provided by the reinforcement based on the available embedment
length.

For the ' in. strands, the development length is,

G =Kffas— (23 e ds [LRFD Eg. 5.11.4.2-1]
THIET
()18 JHJ}]{“-:‘]

= (lﬁl} 0 -

=689 in./12 =574 fi
Where:
&= L0 for pretensioned panels with depth equal to or less than 24 in.
The value of £, is taken from the caleulations of the negative moment section
over the interior girder lines,

=7
Available strength = 259.%0{%) = 52.643 ksi

It is assumed that the sirands are recessed 2 in. from the edge of the panel o
satisfy the corrosion protection requirements. It is clear that the strands can
develop only a small amount of their tensile strength, Therefore, they will be
ignared inthe analysia of this section.
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The development length for the No.5 Grade 60 siraight bars,
1,254, 1,
greater| | f. [LRFD Art. 5.11.2]

0.4d, 1, I."II

£

(L25)(0.3 1M e0)

§
=95
|
= greaten v6.0 ;) =1 5in,

3
(U.d}{g]{ﬁﬂj =130

Assume that the No.S bars are epoxy coated. Since the concrete cover 15 = 3 dy
and the bar spacing 15 = 6dl, (LEFD, Article 5.11.2.1.2) therefore,

f=11.2215)= 18 in.

Available sirength, f = Eﬂ[%ﬁ) =467 ksi

It is assumed that a 2 in. clear concrete cover is provided from the edge of the
pane] to the Mo, 5 bars to satisfy the comosion protection requirements.

Based on the available strength of the strands, it is clear that section 1-1 should be designed as a
partially pretensioned section, However, to simplify the calculations, this scetion is designed as a
conventionally-reinforced section, ignoring the prestressed strands,

In addadition L the (4) Nia. 5 bars, provide (17) Moo 7 bars close o e wp surface of the deck with
2 in. elear. In order o make the maximum benefit of these bars, provide them with a 90-degree
standard hook where the tail of the standard hook will be embedded in the barrier. This detail is
selected because the thickness of the panel and the required conerete cover do not provide
enough distance to provide for a 180-degree standard hook within the panel thickness.

The development length of the No. T bar standard hook: is:

2
L 04, _ [33.0)[8)

= 13.0in. > (Badyand 6.0 in, LEFI}Eqg. 5.11.2.4.1-1
o ',‘II_,I":_ _.‘l'fm_ (Bely ) [ q |
For epoxy coated bars, #;=(1.2)(13.6) = 16.3 in. |[LEFD, Sect. 5.11.2.4.2]
P
Available strength, f; = 6({]:1—;) = 51.5 ksi
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Therelore, the wotal reinforcement provided at this section (ignoring the strands) is as follows:

Maximum
Lavers Twpe Area {inj} Dcpg];;rzr;l E:;mm developed
i strength (ksi)
(2} Mo, 5 top Straight bar 20,510 8-2-0.5(5/8) 6.7
=0.62 = 5.6875 '
{17y No. 7 top H-degree standard | 17{0.60) B-2-0.3(7/8) 515
hook =102 = 55625 '
{2} No. § Straight bar 2(0.31) 24+0.5(5/8) 167
bottom - 0.62 = 23125 ‘

Depth of the plastic center of the cross section (measured from bottom fiber) =
[46.7 - (0.85)06) [ (0.62)5.6875) + (6223125 ]+ 51.5 - (0 B5)6) |[(10.2905.5625) |+ (085N 6 H6HE ) 4)
[46.7 - (D.85)6) HO.62 + 0.62) + [51.5 —(0R5HE) (10.2) + (DR5N6)HTAHE)
=4.167 in.

Assume that the three layers of reinforcement are on the tension side of the neutral axis, and that
the stress in these layers equal to the maximum developed strength, therelore:

T&.‘m&'.w: EVENT I = T C

57.12 = (46.7H0.62+0.62) + (S1.5) 10.2) — (DRI HBHIE)a)
a = 1.075 in.

c = {aj% 1= 1.075/0.75 = 1.433 in.

The assumption, that all layers of reinforcement are on the tension side of the neutral axis, is
valid.
Check the stress in each layer:

(2) No. 5 top: & = 0,003 =) _ 0 gogo1 = 0.002,
;

Therefore, £ = lesser of 60L0 or 46,7 ksi,; use 46,7 ksi (tension)
Since g = &= 0,0089] = 0.005, therefore, ¢= 09
(17) No. 7 top: &= 0003 “=) = 0.00864 > 0.002,
Therefore, £ = lesser of 600 or 51,5 ksi; use 51.5 ksi (tension)
i2) No. 5 bottom: & = O.MSI[{LT_E'J = 0.00184 < 0.002,

Therefore, §; = lesser of 29,000=0.00184= 53.4 or 46.7 ksi; use = 46.7 ksi
(tension)

The assumed values of stress are valid.
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Taking the moment about the plastic center;

oM, = Pl (0.62%46.TH5.6875-4.167) + (10.2x51.5)(5.5625-4.167) + (0.62x46.7H2.3125-
4.167) + (0.85%6)(96=1 075K 4.167- (0.5%1.075) }

= 0.9 (2633.T) = 2370.3 in.-kips
= |97.5 ﬁ-k‘i'[}.ﬁ > Mevreews srent = 195,472 11—kips.-'pan¢l Ok

Check capacity of section 2-2:

At the inside face of the barrier {section 1=1), the collision effects, M. and T, are distributed
over L. and (L, + 21, respectively. Assume that these efTects will spread between sections 1-1
and 2-2 at a 307 angle. Therefore the collision effects at section 2-2 are:

Moz = {Mpaseizi-i * L) { [Le+ (2 % % tan30)]

={23.38 » 13,580} /(13.589 + 2 = %K tan 30

= 19.40 fi-kips/fi
MNote that the distance between section 1-1 and 2-2 = 29 in.
T hareiz.a = R/ (L + 20 +2 = 29 tan30)

— 147.03 /[ 13.589 + (2 = %}ﬂzx %}mm]

= 6.29 kips/ft
Mot = (812 = 150 (3.752) =070 fit-kip/fi
Micrrier =042 [(45-52)(12)] = 1.40 fi-kips'fi
M., = [(2/12) = 0L.150) (2.417%2) = 0.073 fr-kip/ft
M gxrrens Event i = 1.25DC + 1.5DW + L.OCT

= 1.25(0.70 + 140} + 1.25(0.073) + 1.0(19.40)
=2217 fi-kips/ft = B = 177.36 fi-kips/panel
T ExTREME EVENT I = L0629 = 6.29 kips/ft = 50.32 kips/panel

At section 2-2, the strands are still not fully developed, but the three lavers of reinforcing bars,
(2) Mo, 5 top, (17) Moo 7 top and (23 No. 5 bottom, are fully developed. To simplify the
caleulations, the strands are ignored. Running the flexural analysis similar to section 1-1, the
axial and corresponding flexural design capacity of the section are:

¢l = 50.32 kips/panel, and
lfhllf" = 229.3 ﬂvkips-"panc] - a‘r’f::'ﬂw_p_'m: EFENTH™ I??.g'ﬁ ﬂ-k]'pi‘lpﬂl'.ll'.‘l 0[{
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D.2.4.2 Case 2: Due Dead and Live Loads

Due to combined dead and live load, the flexural capacity of section 2-2 should be checked,
Load effects at section 2-2 are as follows:

Mitas = (8/12 = 0.150) (3.757/2) = 0.70 f-kip/fi
Mharrier = 0,42 [(45-5.2)/(12)] = 1.40 fi-kips/ft
M., =[(2/12) (01503 (2.417%2)] = 0.073 fi-kips/fi

Live load effects:

Article 3.6.1.3 of the LEFD Specificationy stales thal where primary sirips are fransverse and
their span does not exceed 150 11, the wransverse strips should be designed for the wheels of the
32.0 kip axle. Also, the center of the outside 16.0-kip wheel must be positioned 1 i from the
curb face for the design of the deck overhang.

Article 4.6.2.1.3 of the LRFIY Specificarions states that the live load effects should be distributed
aver a distance, L (in.) = 45.0 + 1LY, where X (in.) = distance from the wheel load to the
section under consideration = 17 in.

Live load moment, Myrope = (IMIfm) ¢ T6I7XD AL

Where, m = multiple presence factor (one loaded lane)
=1.20 [LRFI} Specifications, Table 3.6.1.1.2-1]
M = dynamic load allowance
=1.33 |LRFD Kpecificarions, Table 3.6.2.1-1]
{ I(:{E]
Myson =133%12 % = 7.34 fi-kips/fi
45+ (10 —||=
[ (1 2]] 12

Megeserer = 1250C + LADW + 1L75(LLA M)
= 1L25(0.70 + 1400+ 1.5(0.073) + 1.75(7.34)
= 15.58 ft-kips/ft = 124.6 fi-kips/panel
At section 2-2, the pure flexural design capacity (ignoring the strands) is;
g, = 2293 fi-kips/panel = Muen = 124.6 fi-kips/panel 0K
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D.2.5 Design of Longitudinal Reinforcement

Longitudinal post-tensioning 1s provided for the following reasons:
(1) to put the panel-to-pane] joints in compression
(2} to help in distributing the live load in the longitudinal direction
{3} to provide for the shrinkage and temperature reinforcement

Trv high-strength, 150 ksi, 1.0 in, diameter, threaded bars, Assume that the cffective prestress,
Joen after seating, anchorage, and time dependent losses is 65% of the maximum tensile capacity,
S = DS TREN150) = Th.S kips
Article 9.7.5.3 of the LRFD Specificarions states that a minimum effective stress of 0.25 ksi on
concrete should be provided on precast components joined together by longitudinal post-
lensioning.
Required efTective posi-tensioning force = (0,25 ksi)(8 in.){44x12 in.) = 1056 kips
Required number of post-lensioning bars = 1056/76.5 = 13.8 bars
Use (14} 1.0 in. diameter, 150 ksi bars across the full width of the bridge as follows: 3 bars at 36
in. per girder spacing and one bar per each cantilever at mid distance of the cantilever,
Article 5108 of the LRFD Specifications states that the longitudinal  post-tensioning
reinforcement can be used as shrinkage and temperature reinforcement it it provides a minimum
stress of 0011 ksi on the gross concrete area, which is already satisfied in this example. Articles
S108.2 and 501034 of the LRFD Specifications state that if maximum spacing of post-
tensioning tendons does not exceed 72 in. or four times the slab thickness, 32 in., or 18 in., no
additional conventional reinforcement should be provided between the post-tensioning tendons.
However, in order to protect the panel from shrinkage cracking before the post-tensioning
remforcement 15 added, conventional welded wire reinforcement 15 provided.
Article 5108 of the LEFD Speciffcations states that for bars or welded wire reinforcement, the
area of shrinkage reinforcement per foot, 4, , on each face and in each direction, shall satisfy:
- 13004
tO2b+R)f,

0.11= 4, =060

[LRFIY Eq. 5.10.8-1]

[LRFD Eg. 5.10.8-2]
Where, b = least width of component section (in.)
= least thickness of component section {in.)

3 . A
Ay = _ULINIZNEY o oo i< 0,11 i/

(202 + B)6d)
Therefore, 4, =011 in2/ft
Use two layers of D4.5 at 6 in. (lop and bottom layers), therefore, provided shrinkage and
temperature reinforcement = 2(0.045= %j = 0.180 in”
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D.2.6 Miscellaneous Design Issues

The previows sections presented detalled design caleulations of the proposed system under
service conditions, i.e. afier the deck panel system 15 installed, connecied with the supporting
girders, and opened for traffic, However, during the life span of the precast panels from the time
of fabrication to the time of opening the bridge to traffic, there are some other stages where the
stresses of the deck panel have to be checked, These stages typically result from the fact that the
panel is a pretensioned concrele member, For this iype of member, the pretension force is usually
released between |8 and 24 hours afler casting the concrete, Al that age, the conerete does not
have its full design strength and the prestressing force is at its maximum value. This stage is
typically called “At Transfer”™ or “At Release.” At this stage the critical section is at the girder
lines where there are ungrouted shear pockets that reduce the size of the concrete cross section
that will resist the applied prestressing force.

Adfter the prestressing force 15 released, the panel will be lifted and moved to a temporary storage
location. The locations of the lifting points on the panel have to be pre-determined by the design
engincer in order to make sure that the stresses, due to the weight of the panel combined with the
prestressing force, will not cause any damage to the panel.

The design engineer also has to check the stresses in the panel at time of installation on the
supporting girders, At this stage, the concrete has reached s full design strength and all the
creep and shrinkage deformation has been attaimed, Also, the prestressing strands have had
almost all the relaxation deformation, The loads that should be vsed at this stage are the panel
weight, the prestressing force after all losses, and any construction load, The construction loads
can be concentrated loads due g0 a fork lift that will be used to carry the panels and install them
in plage or o uniform live lood that represents the orew and equipment thot are uwsed during
installation of the panels. Typically, the construction loads vary in magnitude and natre from
one project to another depending on the way the precast panels are installed. Therefore, it is the
contractor’s responsibility to provide the design engineer with the construction plan, and it is the
design engineer’s responsibility o check the stresses in the panel to accommodate this plan. The
design engineer must state clearly on the plans that the construction plan of the panels must be
checked and approved by himdher prior to construetion. Check of stresses in the panel for the
ahove discussed stages are given in the next scotions,
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D.2.6.1 Check of Concrete Stresses at Time of Transferring the Prestressing
Force

e =5.0ksi
S = atrand stress after initial clastic shontening losses = 200,373 ksi [See Sect. [.2.1.2]
P = (200.373)(8)(0.153) = 245,257 kips
Stress limits for concrete: [LEFD A, 5.9.4.1]
*  Compression: [LREFD Art. 5.9.4.1.1]
0o fu=06=50=+30ksi
*  Tension: [LEFTY Art. 5.9.4.1.2]

In areas with bonded reinforcement sufficient to resist 120% of the tension force in the
cracked concrete computed on the basis of an uneracked section:

0.24,1, =0.244/5.0 = -0.537 ksi

L
Stresses at top ot bottom fibers of the slab:
frorfy = P A= 245257/ TeE = + 0,319 ksi
Compressive stress limit for concrete: +3.0 ksi OK

D.2.6.2 Check of Concrete Stresses During Lifting the Panel from the
Prestressing Bed

The following sssumptions are used to check the stresses during lifting the panel from the
prestressing bed:

I, The time elapsed between releasing the strands and lifting wp the panel is very short,
Therefore the concrete strength ' and strand stress f; used o check stresses at release
will be used at this stage,

2. The panel will be lifted at every girder line.

Check of stresses at mid span section of the exterior span:

FA = (P A)+ (Maas ! S

= (245257 / T68) + (07688 12) / (1024)

=+ .39 ksi

Compressive stress limit for conerete: +3.0 ksi OK
i = (P /A - (Mogap 7 5

={245.257 /768 ) — (DLTHENEN12) S1024)

=+ {1247 ksi

Compressive stress limil Tor conerete: +3.0 ksi OK
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Check of stresses at fGrst interior givder lime:

fi =P/ A) - (Maas /59

= (245257 T68) — (L2812 /{1024)

=+ 0,199 ksi

Compressive stress limit for concrete: +3.0 ksi 0K
B = (P A} - (Mags / Sy)

= (245257 T6R) + (LZBWEWI2) (1024}

=+ (1439 ksi

Compressive stress limit for concrete: +3.0 Ksi 0K

D.3 DETAILS OF THE PRECAST DECK PANEL SYSTEM

Details of the precise deck panel svstem are given in Figures D.3-1 to [.3-5,
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