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Abstract

FuDépth PrecagtstBampkoRdrdl by a System

Haunches

Full-depth precast panel systems are one of the categories of accelerated bridge
construction. This type of construction has mawlyantagesn comparison with other
methods of constructionPer AASHTO LRFD Specificationsthe spacing of shear
connectorss limitedto 4 ftfor concrete girdersand 2ft for steel girdersThe maximum
spacing for concrete girders increased froftta 4 ft based ortheresult of NCHRP 12
65 (NCHRP 584, 2008)The am of this research is to investigate the possibility ohgsi
adiscrete system of haunches instead of continuous haunch, extending the spacing of shear
connectors to 6 ft spacing for both steel and concrete girders, and developlepfiall
precast deck panel system that has no pocketlktide shear connectorare located at
transverseedge ofpanels.The outcome othis research can helpcrease the speed of

constuction, savenaterials, and simplify production of panels.

To achieve theeobjectives conceptual designs accommodatiing researcgoalsare
presentedAn extensiveanalytical investigation coverindpe essential considerations for
using this system and its effeain design parametessas conductedThe analytical
investigation consists of deck slab analysistribution factor for live loadoverall
composite system analysi¥ierendeel model, and thredimensional finite element

analysisfor compositeaction



In addition to the analytical investigatioan experimental program for 12 pusif
specimens with shear connectarasperformed The test results were compared with the
results obtained from nonlinear finite element analyBesed on the experimental and
analytical investigations, conclusionand suggestiongor future researchwork are

provided
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Chapter 1 Introduction

Transportatiorprojects especially highway bridge constructiohsyea greatmpact
on enhancing the quality of public life. Faepth precast deck panels have opened a new
era in bridge construction by accelerating the processrwdtructioras well as improving
the quality of bridges. Accelerated bridge construction (ABCylttaacted bridge ownsr
due to its proven performancgpeed of erectigrand extended service lif@ne of the
ideasused for increasing thepeedof construction irbridgesis using Full Depth Precast
Depth Panels. Instead of casting the deck in plabih istime-consumingPrecast Deck
Panels that covehe full width of the bridge are fabricated in a precast concrete yard and
shipped to the construction site where they are installed and connected with each other and
supporting girderdMany bridges hilt with full-depth precast concrete decks have been in
service for more than 40 years, and their performance has been exd@itgy ét al.
1976 Slavis 183, Issa et al. 1995Tadros and Baishya 199Badie et al. 2006Fowler
2008 Mander 2009and Culmo 2009. Since 2002, Federal Highway Administration has
considered fuldepth precast panel system as one of the ideasisthaistedby the

Accelerated Bridge Constructidnitiative (Culmo 2009)

Use of full depth precast panel systems on highway bridges has many advantages
compared to the cast-place (CIP) concrete decks that are commonly usdideiiSA,
which include: (1) high construction speed, (2) high quality because the panels are made
in precast concrete plants under tight tolerances, (3) high durability because high
performance concrete mixes are used to make the panels, (4) much reduced volume

changes due to creep, shrinkaged temperature change after being installed, (5) itean b
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used with steel or concrete girders, and (6) low maintenance cost and relatively long service

life (Badie et al. 2006a)

This type of construction has receivadyreat deal of attentidinom researchers for
more than 30 year$ (tz & Scalia 1984Issa et al. 199%Carter lii et al. 200,/Badie and
Tadros 2008andWeber et al. 2005 During this period, researébcused on the following
issues: (1) developing new systems with higher construction speed, (2) composite behavior
of the slabbeam system, (3) developing new connection details for the-fapahel,

panetto-girder,andpanelto-barrier connections

Ful depth precast concrete deck systaars prefabricated deck panels taae
installedwithout needing forms. Typically, panels span the widtthefldridge and extend
8 to 12 ftin the direction of traffic. Bridges that are wider than 5ir&normallydesigned
so the panels span half the width of the bridgd meet requirements for shipping limits
Full-depth precast panels have pockets or blmgs that are used to connect the deck
panels to the girders. After installing deck panels on the bridggate connectedcross
the transverse pant-panel joints. The deck paneise also connecteao the girder by
placing shear connectors in the pockets and filling the pockets and the haunch (space
between the panels and the supporting girders) witht gfdis connection forces the deck

to act compositely with the girders.



An example of a fulldepth precast deck systesrshownin Figurel-1 andFigurel1-2.

Figure 1-1 Full-depth precast deck system used in PEORIA STREET PEDESTRIAN BRH@§o,
lllinois

Figure 1-2 General View of the Precast Reinforced Concrete Sydfamane et al. 1998)

3



1.1 Curr ent full depth precast deck panel systems

All the current systems related to full depth precast deck panels have continuous
haunchand maximum spacing of the shear connectofdtidor concrete girders arift
for steel girdersA review of this type of construction systeis presentedn chapter2

(Literature Review).

1.2 Research objectives

The objectives of this research dasncategorizedhto three main parts

1- Replace the continuotmunchwith a discrete system of haunches
2- Develop a full depth precast deck panel that has no pickitie panel andll the
shearconnectorsre locatedt transverse panel

3- Extendthe spaaig of the shear connectors tdt.6

1.3 Significance of this research

This research has three main goals wiaieh

1- Increasespeed of construction
2- Savematerials

3- Simplify production ofthepanels

1.4 Research approach

The new ideaf using discrete haunchesmes with some challenges &ahe current
AASHTO LRFDspedfications do not address this way of constructitime effect of using
discrete haunchesin bridge designis explored and the following design issuesre

investigatedn this research.



1- Design the deck slal@he slab behaves like a tweay slab rather than omveay
slab.

2- Effect ofincreasing the spacing of shear connectofiota 2 an4 ft (for steel and
concree girders respectively to 6 ft.

3- Distribution factor for live loador the supporting girders.

In order b investigatehese issues, the following approachs developed

1.4.1 Develope conceptual d esigns
In order toperform an atypical and experimental study, wieould come up with

conceptual designs that fulfill the research objectives.

Three conceptual designs that fulfill the research objectireepresenteith chapter 3.
In these conceptual designs, discrete haunche$ & spacing of shear connectaaise

utilized.

1.4.2 Analytical i nvestigation

Analytical investigation of this research covers:

1- Deck slab analysis
2- Distribution factor for live load
3- Overall compositdbehaviorusing (a)Vierendeelmode| and (b)Non-linear 3D

Finite Elementanalysis

1.4.3 Experimental i nvestigation

Based on the availabtesourcesthefollowing challengeas addressed

9 Capacity of shear connectorsadt spacing (Push off specimen)



1.5 Structure of this document

Chapter 1: Introduction and plan

Chapter 2: Literature Review

This chapter reviews the literature related to precast panel syateinsemarkable
innovatons related to this systemiacent decades. The history of spacing between shear
connectors and the related literatfioe the use ofdiscrete haunches and extending the

spacing of shear connectane presented

Chapter 3Conceptual Designs

This chaptergives details of the development of three conceptiesignsthat are
presenteth NCHRP 1296 project. These conceptual designsdraaintained the research

goals and give flexibility of use for different projects to a designer.

Chapterd: Analytical investigation

This chapter provides details ahalytical investigation for proposed conceptual
designs.This chapter presents study of different aspects othe implementationof

conceptual designs the designof bridges.

Chapters: Experimental Investigation

This chapter provides details@tperimental investigatidior conceptual designs. The

capacity of shear connectorsedt spacing bythe pushoff specimensre presented



Chapter6: Conclusion and Recommendations

This chapter contains conclusions and recommendations for future reseakch



Chapter 2 Literature Review

2.1 Components of full depth precast deck p anel system
In thissectionabrief explanation of components thfe systenmof a Full Depth Precast
Deck Panel (FDPDP3ystemis presentedComponents oFDPDP systemare shownin

Figure2-1. Precast panels are the main component of this systdrall depth precast

deck panel systermnonsists of several components such as girder, deck panels, shear

pockets, shear studs or threddends, postensioning, and pretensioninger design

requirement. The main component of the systedeck panels.

Pockets for splicing
Longitudinal reinforcement

Figure 2-1 Components dhesystemnin Full Depth Precast Deck PanelsSfateof-the-art Report On Ful
depth Precast Concrete Bridge Deck Pargf41)

The literature review presented in Sections 2.2 through 2.3.1 of this document are

extracted from NCHRP 196 (Badie et al. IPG).



2.2 Full depth precast panels from the early stages up to recent

achievements
Full depthprecastprestressed elements haween usedn bridge construction of
North America in the late sixties and early sevenf{esderson 1972)Over the time
according tanincrease in demand and necessity of implementation of accelerated bridge

construction tahebridge industry, this system has improved significantly.

A comprehensive study of futlepth precast panels is delivered at NCHR3.2
(Badie et al. 2006 In thissection the evolution of this system presentedh recent two
decadesFor more detailed investigation of tregstemrefer to NCHRP 165 (Badie et

al. 2006b)

Full-depth precast deck systems are typically more expensive than a conventional
castin-place deck, but the extra casbften offséby the decreased construction time, less
required maintenance, and extended service (Btateof-the-art Report On Fultiepth

Precast Concrete Bridge Deck Pari41)

2.2.1 Example of innovative connection details and full depth precast deck
panel systems developed in the past two decades
2.2.1.1 NCHRP 1241: University of Nebraska-Lincoln (1994 -1998)
The major aim of the NCHRP 3£1 was to developrecastdeck panel system with
connection detail thadelivers rapid replacement of bridge deckBadros andBaishya

1998a) The following products were developed and experimentally validated.

1- Debonded shear key system for prestressed concrete bridge girders made composite

with the concrete deciladros et al. 2002)The system employs the mechanical

9



anchorage of concrete shear keys created on the top fdrayeoncrete girder
combined with shear reinforcement crossing the interface, as shdwgune2-2.
Sealant is applied to the top surface to bith@kbond between the top flange and
the concrete decRhe system has the advantage of facilitating future ceoloval
while protecting the top flange of the girder from the damage. This systebecan
usedfor both CIP deck slabs and faépth precasdeck panel systems

Large size 1.25 inch diameter shear studs for composite action in steel girders
(Badie et al. 2002, 2007phear studs used in compessteel bridge construction
are typically 3/4in. or 7/8 in. diameter. The 1.2%. diameterstud, as shown in
Figure2-3 has about twice the streihgand higher fatigue capacity than the i3

in diameter studThis would increase bridge construction speed in future deck
replacement, and reduce the possibility of damage to studs and girder top flange
during deck removal. The idea of using large $iaes as shear connectors was
extenakd for concert girders in NCHRP -B5% (Badie and Tadros 2008 will be
discussed later in this section.

NUDECK System: The system was originally a continupasial depth system
(Badie et al. 1998)but quickly evolved into a full depth systefrallaha et al.
2004) The deck panels are typicallyiB. thick and usethe femaleto-female
transverse joint, as shown kigure2-4. The system is pretensioned transversely.
In the longitudinal direction, the system can be {pessioned where the pest
tensionings providedin the 8in. gapover the girder lines as shownFigure2-3,

or it canbe conventionally reinforcelly splicing the longitudinal bars utilizing

high strength spirals as shownRigure2-5.
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4- Full depth precast deck panel systgiviamane et al. 1998Yhis system provides
a stemmegbrecastppanel provided with blind shear pockets. Theahconnectors
and pocketsvere designedo created full composite action with the supporting
girders utilizing a mix of headed and headless studs to facilitate the deck removal.

The system is transversely pretensioned and longitudinallyt@asibned.

Figure 2-3 1.25 inch studs used on the

2002)

Skyline Bridge, Omaha, NfEallaha et al. 2004)

m | [

shiay 34 ouk

2.0D" 52 D" 1 buep 142 F2t 3~ 1\3 § 2nmuq

Figure 2-4 Full depth NUDECK systelfBadie et al. 1998)
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Spiral, 3" 0.D., 1" pitch,
0.25" wire dia er,, 145 ksi

#4 splice bar @ 2 ft spacing
#4 bar @ 2 ft spacing #4 bar @ 2 ft spacing

Backer rod

Figure 2-5 Splicing longitudinal bars using high strength spiréBadie et al. 1998)

2.2.1.2 The University of Illinois at Chicago (1998 -2006)

Issa et al(lssa et al. 199§)erformed finite element modeling of both simply supported
and continuous bridge spans. The purpose was to determine the amount of longitudinal
posttensioning required to keep the transverse joints of precast deck panels in
compression. The modeled sira@pan bridge was the Culpeper Bridge in VA, which
spans 54.5 ft and is 30 ft wide. The modeled continuous bridge was the Well and River
Bridge, located near the cityf the Niagara Falls. Botktructures had steel girdeihe
design recommendations inighproject havebeen usedor at least five bridge deck

replacement projects lile lllinois Department of Transportation.

Issa et al(lssa et al. 2003)onducted 28 pusbut tests including 14 full scale and 14
guarter scale specimens. The precast pavaie connectetb each flange of an A36 steel
beam using wided shear studs, as shownFigure2-6. The variables tested include the
number of shear studs in each pocket and the number of pockets presensjpecimen.

The pocket spacing was kept consistent at 2 ft. Therefore, as the number of pockets
12



increased, so did the length of the specimen. The study provided several findings. First, the
number of shear studs in each pocket does not proportionalbasethe load capacity.
Second, the load necessary to induce slippage is affected by the configuration and number
of studs in the pocket. Third, the ultimate strength increases with an increase in the number
of shear pockets. However, the rate of increaskependent on the number of shear studs

per pocket. Finally, the AASHTO LRFD specifications are conservative in deternineing
horizontal shear resistance of shear connectors. The authors also stated thaff push

specimens with up to two grout pockatg reliable in evaluating composite behavior.

Issa et al(lssa et al. 200&)onducted 11 small scale tests on a pamebncrete girder
comection. The specimens consisted of a concrete girder section with a precast panel
attached to either side, as showikrigure2-7. The tests evalualdhe effect of the number
and configuration of shear studs per pocket on the shear strength of the connection, as well
as embedment depth of the shear stud in the p@heltest results showed that: (1) the
shear strength of the connection increasedgtmmally with the number of studs, (2) the
configuration of shear studs in the pocket affected the load at which slippage was induced,
(3) the embedment depth of the shear stud in the panel affected the amount of slippage the
specimen could undergo beédiailure, and (4) threaded bolts could be used as a shear stud

for use with concrete girders.
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Figure 2-6 Pushout specimen used by Issa eflaka et al. 2003)
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Figure 2-7 Pushout specimen used by Issa et(tdsa et al. 2006)
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2.2.1.3 NCHRP 1265: George Washington University / University of
Nebraska-Lincoln (2003 -2008)

The objectives of the NCHRP 85 projectBadie and Tadros 2008)ere to develop:
(a) recommended guidelines and LRFD specifications language for design, fabrasadion
construction ofFDPDP systems without the use of pdstsioning or overlays, and (b)

connetion details for new deck pangystems that can be summarized as follow:

(1) Panelto-panel connection details: Two pa#telpanel connection detailwere
developed The connection detls were developed to splice the longitudinal reinforcing
bars to fully develop their yield strength while minimizing the required development length
utilizing steel tubes to confine the spliced bars, as shovaiginre 2-8. Detail #1 uses a
hidden steel tube on one edge of fame] and the longitudinal bars extend outside the
panel on the other edge. Detail #2 uses a hidden steel tube, on botthatlyesprovided
with a top surface slot where the splice bar baninserted This detail has been used
successfully on implementation bridges by TX DOT and Utah DOT, as shokigure
2-9. These details provide minimum exposure of the grouted area to the environment and

full longitudinal continuity of panels without using longitudinal ptestsioning.
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1" 7 grouting pipe

Detail 2: using hidden steel tube with a top slot
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I
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! L HSS 4x12x3/8",
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! « 1/2"strand e #5 bar @ #6 bar

Detail 1: using hi steel tube Detail 2: using hidden steel tube with a top slot

Figure 2-8 Panelto-panel connection details developed in NCHRP @ie and Tadros 2008)

Figure 2-9 NCHRP 584 paneto-panel connection Detail #2 used on Live Oak Bridge(Badie and
Tadros 2008)

(2) Panelto-girder connection details: New connection details were developed based
on extending the spacing between shear pockets to 48 inchesabatthe 24 inch LRFD
specification limit(Badie et al. 2010, 2011Yhe analytical and experimental program

conducted using these details with the extended spabowed that full composite action
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could be achievedThe paneto-concrete girder connection was developed using a cluster

of three 1¥in. doubleheaded studs embedded in the top flange of the concrete girder, as
shown inFigure2-10. This detail solves the mismatching problem currently encountered
between the vertical shear reinforcement of the girder and shear pocket of the precast
panels. The panab-steel girder corection detail was developed using 1#: studs
clustered in group 4. apart as shown ifrigure2-10. Thisdetailwasusedby some state

DOTs such a Utah DOT and TX DOT.
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Figure 2-10 NCHRP 584 paneio-girder connection for steel & concrete girdgiadie and Tadros 2008)

(3) Full depth panel systems: Two systenese developedBoth systems do not use

longitudinal postensioning. The first system is transversely pretensioned with discrete

shear pockets di3-inch spacing.

The second system conventionally reinforcedh both directions. The precast panel

has a hidden (blindjontinuous channel at the girder lines to house the shear connectors
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extending from the girder top flange into the deck. After the precast panehsiatied

and their elevation is adjusted using leveling screws, the continuous charenélied

with nonshrink grout through grouting pipes. The panel has three layers of reinforcement,
two transverse layers (top & bottom) for the flexural design of the deck, and one
longitudinal layer provided at the middle. The longitudinal reinforcement is spli¢cbd at
transverse edges of the panel using a mechanical coupling system that utilizes a steel tube

and heavy duty nuts. Details of this systam providedn Figure2-11 andFigure2-12.
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:!‘
-
.
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Figure 2-11 NCHRP 584 paneio-girder connection of the second syst@adie and Tadros 2008)
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Figure 2-12 NCHRP 584 panefo-panel connection of the second sys{Beadie and Tadros 2008)

2.2.1.4 PCI Northeast Chapter

I n 2001, the Northeast c¢haptRlDeghDedkCI publ
Panels Guidelines for Acceleratedid®ye Deck Replacement or Construct{iACINER
11-FDDP 2011) The second edition of this publicatioas releaseoh 2011. Appendix A
of this publication provides details for various components otlepth precast deck panel
systems Among them is the following panr#&-girder connection for concrete girders,
where a steel plate is installed on the top surface of the concrete girder, as shigurein
2-13. The steebplate is anchored to the top flange using headed steel studs. The shear
connection between the precast deck and the concrete girder is established using headed
steel studs welded to the steel plate and embedded in the precast panel shear pockets. These
studs can be welded to the steel plate before the precast paedlsstalledif hidden
(blind) shear pocketare usedor after the panelare installedif open shear pocketze

used
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Figure 2-13 Panetto-girder connection details provided in PCINER-FDDP 2011

2.2.1.5 Virginia Polytechnic Institute and State University (2007-2011)

The goals of the study conducted at Virginia Té8bholz et al. 2007; Sullivan et al.
2011)were to:(1) examine the possibility of extending the spacing between the shear
pockets beyond the 24 inch limit mandated by the LRFD Specifications, (2) study the
structural behavior ohe shear connection developed by the PCI Northeast region (shown
in Figure 2-11), (3) compare the structural behavior of a match cast paipzinel
connection detail with that of a mafemale grouted connectioA. full-scalemockupwas
built and tested in the lab, as shownFigure 2-14. The panels were poestnsioned
longitudinally.Test results showed that: (1) full composite action is achievable using either
hooked reinforcing bars or shear studs as shear connectot$ i ftgpocket spacing and
4 ft pocket spacing, (2) although the match cast and-fealale paneto-panel connection
details showed almost similar performance, the researcddmsimendising the female

female connection detail as it provides high faliritaand construction tolerancéhe
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researclalso recommended new formulas for tdesignof the horizontal shear connection

between the steplateand the supporting girder and between the steel plane and the precast

panel.
Live end ; Centerline of post-tensioning duct Dead end
e 40 ft -~
|- 8it ——f———— 81t — - 51| — ) Bt — ) 51
type 5 type 4 type 3 type 2 type 1
X i
Inside joints
Haunch Girder
Outside joints
! Centerline of prestressing strand
—— 391t o
Hooked reinforcing . L. Plates and shear
bars for the Centerline of post-tensioning duct studs for the
harizontal shear 1—.- 2 ft-6 in. -—|—- 2 ft-6 in. -—-| horizontal shear
connection connection
‘ M) 0000 0000 0000
|
Girder 1 Girder 2

EOOQOQU

Bearing pads

Support beam

Figure 2-14 Full scalemockup used by Sullivan et a{Sullivan et al. 2011)

2.2.1.6 Purdue University (2008-2010)
The research in this proje¢Erosch et al. 2010)ried to overcome some of the

fabrication, construction and durabylissuegshatexist with the details developed by other
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research projects. One of these issues is penetration of the shear pockets and transverse
panetto-panel connection to the top surface of the deck that may affetbrigeerm

durability of the finshed product. Although hidden (blind) shgaockets,like those
developed in NCHRP 584an be used to reduce the scale of the problem, they complicate

fabrication of the panels and block visual inspection of the grout.

The research programas conductedh four phases. First, the New England Region
(NER) systenwas evaluateth a series ofarge-scaletests in which the panels were placed
on a 40 ft prestressed concrete girder and subjected tepthirddoading to evaluate its
constructability and compite behavior. Second, the strength and geometry of the current
and new panel tgirder jointdetail were evaluated and compared in a series of direct shear
tests. Third, the strength and geometry of both the current and newt@aaglel joint
detail were evaluated and compared in a series of direct shear tests. Filaag,saale
specimenwas designedconstructed, and evaluatamevaluate the new system fullin

summary, the research project focused on:

(1) Developing new details for the pastelgirder connection, where the shear pockets
for the shear connectoese createdn a trough érmed in the girder top flange and the
shear connectors were built integrally with the precast panels during fabrication, as shown

in Figure2-15to Figure2-17.
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flange(Frosch et al. 2010)

Figure 2-16 Double headed shear stu(irosch et al. 2010)
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Figure 2-17 Precast panel with a matetast, circular, maldemale paneto-panel connectionRrosch et al.
2010)

Validation of the new connection detaigas confirmedhroughthe direct pushoff
shear specimen and fall-scale mockup. The following are the findings of the
experimental program: (a) use keyed trough surface, (b) minstwolembedment is .
for #4 - #6 studs, (c) provide minimum 4,000 psi concrete strendtieitnough (d) detail
girder to resist outward thrust, and (e) the horizontal strength of the joint can be estimated

based on the shear stud strength providea by 6 "Q

(2) Developing new details for the pattelpanel connection, where match cast circular
malefemale jointswere usedas shown irFigure 2-16 and Figure 2-17. Experimental
results showed that: (a) checking the shear strength of the joint is not required, (b) either
the 6in. or 8 in. radiusjoint is recommended, however, thar radiusjoint may be
preferable for constructability, arfd) commercial cementitious or epoxy based grout can

be used to join the precast panels.
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2.2.1.7 Utah State University (2010-2012)

Researchers at the Utah Staft@iversity developed a grouted petgnsioned, curved
strand connection that allows for a single panel replacefwWéeits et al. 2012FFigure2-18
indicates the details of thegposed connection. Curved longitudinal PT tendons are used
to compress only the transverse pawongbanel connection to protect it against leakage. The

tendons extend about 3 ft at each edge of the precast panel.

Blockouts, provided with a singlgrand anhorage deviceare created on the top
surface of the precast panels to install tendons. Stress analysis conducted using the finite
element method showdtgh stressconcentratiomearthe blockouts generated by the
applied PT force. Therefore, additiortalp and bottom transverse steel bars -aicB
spacing were provided at the edges to protect the panel from cracking. The proposed
connection detaiWas testedor flexure and vertical shear. Also, a fsltale, composite
section was constructed using @stcpanels on steeljirders to investigate the behavior
of the proposed connection due to negative moment, as sholgure 2-19. The test
resultshave shown satisfactory performancethie positive moment and vertical shear.
However, the fulscale composite test showed that the connection could not deliver the
required flexural capacity (i.e. the failure load was about 75 percent of the loadtealcu

using the method of transformed sections).
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Figure 2-18 Details of thecurvedstrandconnection developed by the Utah Stdteversity(Wells et al. 2012)

Figure 2-19 The fultscale, composite section test conducted at the Utah Stexersity(Wells et al. 2012)

2.2.1.8 Nebraska Department of Roads/ University of Nebraska-Lincoln
(2013)

Nebraska Department of Road®isits way to use a fullggcast deck panel system on
Kearney East Bypass, Kearney, Korcous et al. 203). The bridge has two equal 160
ft long spans. The precast panels are pretensioned transversely aridngiosied

longitudinally. The precast panels cover the full width of the bridgeaemdhadeskew to
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match the geometry of the bridge. The crsesstion of the bridge has a 2 percent slope.

Features of the project include:

1- The precast panels are 12 ft long instead of the common 8 ft long panel to minimize
the number of transverse joints by 33 percent.

2- The precast panelare providedwith blind (hidden) shear pockets at 48 inch
spacing similar to the blind shear pockets developed in NCHRP 584 to eliminate
the need for deck overlay, as showrrigure2-20.

3- Each shear pocket accommodatésl225 inch diameter 120 ksi threaded rods. The
threaded rods are anchored in the girder arakthe precast panels usindneavy
duty nut and aroversizel washer.

4- To accommodate theamberof the girder andnaintain a uniform embedment of
theshearconnetors in the shear pockethe threaded rods are covered with grease
to break the bond between them and the concrete girder. After the girders
installedon the bridge, the threaded rods elevationbakdjustedby turning them
up or down.

5- The longitudinal postensioned tendons (120.6 in. strands per girder line) are
provided in the haunch between the precast panels and the girder, as shown in
Figure2-20. The minimum height of theaunchat the tip of the girder is adjusted
to 2 inches to provide adequate space for the-tposioned tendons. The
longitudinal postensioning force is designéd provide for a full continuity over

the intermediate pier for superimposed dead and live loads.
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6- A harping devicas anchoredo the top flange at each end of the bridge. This device
is used to harp the strands into the first and last panel on the baisighown in
Figure2-21.

7- A special end panel is required at each end of the bridge to accommodate the
anchorage device of the longitudinal ptatsioning tendons.

8- Two continuous bent plates, welded to metal tabs embedded in the girder top flange,

are used to form fdnaunch

Construction steps are as below:

1- The girdersare installedand thehaunchbarrier formsare setof the girder top
flange. Hevation of the side bent plates is surveyed to adjust for the elevation of
the finished deck.

2- The elevation of the shear connectors (threaded rods) is surveyed to guarantee full
penetration in the shear pockets.

3- The tendons are laid on the top flangd #mough the harping devices at each end
of the bridge.

4- Deck panels are installed using the special lifting inserts provided at the shear
pocket locations to minimize deck penetrations.

5- All transverse joints are filled with neshrink grout and cured. Mén the grout
reaches 34si compressive strength, the longitudinal strands aretpnsioned
and anchored at the end special panels.

6- Finally, the hauncheare filled with flowable concrete/grout poured from the 4

inch diameter sleeves provided at tloeket locations.
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2.2.1.9 Princess Margaret Bridge Rehabilitation
Rehabilitation of the Princess Margaret Bridge, New Brunswick, Canada, required
using a fulldepthprecast deck panel systémminimize the construction time and closure
period(Zaki and Girgis 2012)The old superstructummnsisted of a casb-place concrete
deck slab supported on traverse floor beams at 2 ih. spacing. The floor beanwgere
supportedon two longitudinal deck trusses at 31- & in. spacingin one stretch of the

bridge and two plate girders at 3% & in. spacingn another stretch.
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The new precast deck system used at the deck trusses and plate girders area consisted
of precastouble teganels with the pretensioned ribs oriented transverse to the direction
of traffic. A typical double tee was 14 {19 in. wide and 31 ft- 6 in. long as shown in
Figure 2-22. The ribs were orientated in the transverse direction to comprise the floor
beams and to span between the two main girder lines as shéiguia2-23. The double
tees were longitudinally pestnsioned, whicleliminatedcoupling of the longitudinal
reinforcement. The longitudinal petginsioned tendons were installed in two ducts located

just below the deck slab of the doulde and directly above the longitudinal supporting

deck trusses and plate girders, as showsigare2-24.

Figure 2-22 The precast doubleesystem used ahe PrincesMargaret Bridge, New Brunswick, Canaizaki
and Girgis 2012)

32



——2-15.2 mm strands

—
‘ / | 8-15.2 mm strands

9-15.2 mm strands™, 1 H 1
\ J e
% 1‘ I - *(Ejr
] 50
J 'L [ ol ‘m:'* i l !
| . ‘

. -

™~ T _2-15.2 mm strands -15.2 mm sirands
TS2-15M

Figure 2-23 Cross section of the precast doutdesystenused on the Princess Margaret Bridge, New
Brunswick,Canada(Zaki and Girgis 2012)

The double tees were made composite with the longitudinal supporting deck
trusses/plate girders through a cast in place concrete spine beams located directly above
the decktrusses and plate girders, as showrigure2-24. Steel studs welded to the top
flange of deck trusses/plate girders and embedded in the spine beams were used to create
the composite action between the deck trusses/plate girders and the spine beams. The spine
beams were made composite with the doulds by creating eight shear pockets per every
double tee (four shear pockets over every longitudinal deck truss/plate tlrdbape
reinforcing bars embedded in the spine beam$extended through the shear pockets
provided for the required horizontalesdr reinforcement, as shown kigure 2-25. The

concreteof the spine beamsas casthrough the shear pockets.
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Figure 2-24 The longitudinal postensioned tendons used on the Princess Margaret Bridge, New
Brunswick, Canad@Zaki and Girgis 2012)
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2.2.1.10NCHRP 1269: Longitudinal Joints of Integral Deck Bulb Tees
(2009)

Integral deckoulb teesare precast, prestie=d concrete-beams, buldees, or multi
stemmed girders with an integral deck that is cast monolithically and prestressed with the
girder (Oesterle et al. 2009 hese girders are manufactured in precast concrete plants
under closely controlled and monitored conditions, trarieddo the construction site, and
placed side by siden the bridge. Load transfer between adjacent units is accomplished

using specially designed longitudinal connections along with a grouted shear key.

The most widely used longitudinal connection between taltikteesis a combination
of a continuously grouted shear key and welded transverse ties, as sHegura?-26.
This type of connection is intended to transfer shear and prevent relative vertical
displacements across the longitudinal joints. The survey conducted in NCHR® 12
(Oesterle et al. 200%as shown that this connection detail is susceptible to agckie
to shrinkage of the grout filling the shear key, temperature change effects and twisting of

the individual girders about their shear center, which is above the flange.

Figure 2-26 Typical connectiomletail using grouted shear key and welded steel p(&@esterle et al. 2009)
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NCHRP 1269 (Oesterle et al. 2009as developed a longitudinal joint detail that
includes headed reinforcement bars lap splicedgamgtedwithin a narrow joint formed
at the longitudinal edges of tipgecast deck portion of the precast girders. The geometry
and the reinforcement for the alternate jan¢ shownn Figure2-27. The headed steel
bars are staggered atré spacingand extended outside the longitudinal edge of the integral
deck. The headed bars help in developing the yield strength of the spliced bars in a short
distance, about . of lap splice. Two No. 5 longitudinal bars are set in the grouted shear
key to help in confining the headed studs and develop their yield strength. Laboratory
testing indicated that the joint detail has sufficient strength, fatigue characteristics, and
crack control for the maximum loads determined from the analytical studies for all
combinations of span length, girder spacing, girder depth, and bridge skew used in the

analytical studies of NCHRP 169.

%5 bar spacing #5 longiudinal  #5 bar spac
H’ﬁ in (Tvp) ‘\headed bar (Tvp )/8 n (Tvp.)
Centerline of Joint See "Joint 2 i‘"J VI _ / g \ r;// .
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r \#4 bar spacing . 14 bar specin
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Figure 2-27 New connection detail developed in NCHRP6BZOesterle et al. 2009)
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2.2.1.11 UHPFRC for Prefabricated Bridge Component Connections

Advanced cementitious composite materials, whose mechanical and durability
properties far exceed those of conventi@muaicete present an opportunitg enhance the
performance of fielecast connections significantlyhus facilitating the wider use of
modular prefabricated systemdlltra-high performance fiber reinforced concrete
(UHPFRC) represents a class of such advanoementitious composite materials
UHPFRCs can significantly shorten the development length of embedded discrete steel
reinforcement and can exhibit exceptional bond whasing against previously cast
concrete. These propertialfowedfor a redesign ofite modular component connection to
facilitate accelerated construction and enhancedterg system performancdeesearch,
developmentand deployment effort focused on UHPFRC connectionbé@as conducted
by the U.S. Federal Highway Administrati@@raybeal and Swenty 2012jhis program
is building on a decade of experience with UHPFRC applica{@Grsybeal 2011salong
with past efforts specifically focused on UHPFRC connectigasup et al. 2000; Hansen
and Jensen 1999p create practical solutions which address clear needs within the

American highway transportation system.

More recently, te concept of using UHPC properties to redesign connections between
modular bridge components Haesen recognizeith North America. As of early 2012, field
cast UHPC connections between prefabricated bridge companengtémplementedh 18
bridges in the Uited States and Canada. These bridges use a range of details to connect
different precast concrete modular bridge components, including adjacent box beams, full

depth precast deck panels, and declo-tee girders.
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Two fundamental differences between tlield-cast UHPFRC concept and
conventional modular component connection concept are simplicity and performance. The
UHPFRC connection concept allows for small, simple connections while delivering better
overall performance. The exceptional durability of RFHFRC hadeen well documented
UHPFRC contains no coarse aggregate, so it does not exhibiagarlyicro cracking
common to conventional concrete. This feature, combined with the discontinuous pore
structure in the homogeneous cementitious matrix, gegultoncrete with an extremely
low permeability. Table 2-1 presentsa selectset of material properties for the UHPC

investigated in the study condadtby FHWA.

Table2-1 Material properties for the UHPFRC investigated in the study conducted byAHi@vaybeal
and Swenty 2012)

Property Value

158 |h/ft3

Linit weight (2,535 kg/m3)

7.500-8,500 ksi

Modulus of elasticity (52-59 GPa)

25-32 ksi

Compressive strength (170-220 MPFa)

Post-cracking 1.0-1.5 ksi

tensile strength (7.0-10.3 MPa)
Chloride ion penetrability

(ASTM C1202-12)'® Very low to negligible

The FHWA study developed design details for the: (1) Ptmgirder composite
connection, and (2) pantd-panel connection. The connection designs deployed have

tended to mimic nowontact lap splice connections wétiemalefemale shear key profile.
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221111 Panel-to-Girder = Composite  Connection  Detail
(Graybeal FHWA-HRT-12-041)

Figure 2-28 and Figure 2-29 provide schematic illustrations of this connection for
precast concrete deck panels supported by steel and concrete girders, respectively. The
connection detail comgs of a hidden continuous open channel provided at every girder
line on the underside tiie precast deck panel, throughich the bottom mat of transverse
deck reinforcement passes. The continuous channel accommodates the shear connectors,
which are stel studs welded to the top flange of the steel girders or reinforcing bars
embedded in the web of the concrete girders and extended outside the top flange. The
channelis providedwith grouting holes that provide access to fill the channel with grout.

The concept of the continuous open chanmat originally developeth the NCHRP 12
65 (Badie and Tadros 2008} owever, the primary difference is that the extension height

of the sheaconnectors is reduced not interfere with the precast deck.

m _ _ , , . _ , _

\l-lll/_lj I 1T 1 11111

Figure 2-28 Schematic illustrations of the composite connection for precast concrete deck panels supported by
steel girderdGraybeal FHWAHRT-12-041)
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Figure 2-29 Schematic illustrations of the composite connection for precast concrete deck panels supported by
concrete girdergGraybeal FHWAHRT-12-041)

The connection detail was tested using tweft36ng concrete beam/deck specimens.
The two test specimens had the same basic precast panel and girder designs, but one beam
(Beam 1)was builtas a conventional specimen with conventional composite connectio
details, and the other beam (Beamw®)s builtas a UHPFRC specimen with the new
connection detail. For each beamg halfof the beam simulated a steel girdennection
and the other half simulated a concrete girder connedtigure 2-30 to Figure 2-23

indicate the connection details used loase beams.
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Figure 2-31 Beam 1 (Conventional composite connection): Transverse cross section of emulative concrete girder
connectionGraybeal FHWAHRT-12-041)
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Figure 2-32 Beam 2 (UHPC composite moection): Transverse cross section of emulative steel girder
connectionGraybeal FHWAHRT-12-041)
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Figure 2-33 Beam 2 (UHPC composite connection): Transverse cross section of emulative concrete girder
conrection(Graybeal FHWAHRT-12-041)
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The field-cast paneto-girder connection of Beam 2 used a UHPFRC mix, which
yielded 22.1, 27.0, 27.7 and 29.7 ksi compressive strength at 21, 97, 180 and 270 days
respectivelyThe UHPFRC mix design included 317.5 kg (1&§) of Ductal Premix 20.3
kg (44.8 Ibs) of wate#.3 kg (9.5 Ibs) of Chryso Premia 150 superplasticizer, and 22.6 kg

(50 Ibs) of 12.7 mm long by 0.2 mm diameter (0.5 in. long by 0.008 in. diameter) straight

steel fibers.

Figure 2-34 Cracking apparent on north face of haunch near east end of the Bpdor 1o starting of
structural loading(Graybeal FHWAHRT-12-041)

Figure 2-35 Crackingapparenton topof deck at grout pocket near east end of Bearidk to starting of
structural loading(Graybeal FHWAHRT-12-041)
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The test program for each specimen included two phases. First, eagetasterwas
subjectedto cyclic loadsin order tosimulate the type of servidevel fatigue loadings
commonly applied to highway bridge structures. A fstage loading programas usegd
where the first three stages each subjected the test specimen to more than 2 million cycles
of structural loading. Téa final stage subjected the test specimen to more than 5 million
additional cycles of structural loading. The vertical shear force range was increased by
approximately on¢hird at each successive stage, resulting in the final stage applying twice

the verical shear force range as the initial stage.

The results of the cyclic load test demonstrate that the horizontal shear interface of
Beam 1 remaied intact throughout the entiretf the cyclic loading. No differential
movement was observed electronicaltysually at various levels of the cyclic load. The
conventional grout remained well bonded to the precast surfaces with no indication of
cracking,delaminationor debonding. The new connection detail of Beam 2 succeeded in
resisting all cyclic structurdbads to which thewere subjectedhroughout the testing
program. No damage was observed within the UHPFRC composite connection or in the

adjoining steel connectors throughdiue duration othis testing.

After the completion of the cyclic loading pregn, each specimemas subjecteto
static loadingDuring the static testing to failure, the UHPFRC test specimen carried a peak
applieda shearload of 498 kips (2215 kN), which corresponds to a horizontal shear per
unit length of 12.0 kips/inch (2.1 kNfm). At this load, the prestressed girder began to fail
in a combination of horizontal and vertical shear in the web and top flange of the girder.

Horizontal shear distressas also observeith the precast deck elements adjacent to the
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haunch The conventinal test specimen carried a peak appdieelitoad of 445 kips (1980
kN), which corresponds to a horizontal shear per unit length of 10.45 kips/inch (1.83
kN/mm). More details of the cyclic and static tests &&nfoundin the following

referencgGraybeal 2010%raybeal FHWAHRT-12-041

2.21.11.2 Panel-to-Panel Connection Detail (Graybeal, FHWA-
HRT-11-023)

The connection detail is made of a fersfEmale castn-place as shown ifrigure

2-36. No. 5 bars, which represent the deck reinforcement, extend inside the connection.
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Figure 2-36 UHPC longitudinal connection specimen with amontact, lapsplice detail(Graybeal
FHWA-HRT-11-023)

The No. 5 bars of adjacent panelse staggeredo avoid interference inside the
connection. Two No. 5 bars are set in the connection parallel to the transverse edge of the
panel to provide confinement that helps in reducing the development length of the spliced

bars. UHPC mix is used to fill the connecti The connection detailas testedor fatigue
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and ultimatestates The tested components simulated a 94.arb§4.7-inch portion of a

bridge deck that included a 6 inch (152 mm) wide feddt UHPC connection. The
specimensvere loadean a simple spg with the load applied through a simulated wheel
patch placed adjacent to the connection near midspan. Cyclic loads were applied first, with
the test program including at least 2 million cycles to a load just below the cracking strength
of the specimendllowed by at least 5 million cycles to a load larger than the cracking
strength of the specimen. After the completion of the cyclic testing, each test sp&eisnen
statically loadedo failure. The tests showele satisfactorybehavior of the connection

detail.

2.2.2 Shear Connector Spacing

The AASHTO LRFD Specifications (AASHTO LRFD 2012) state that spacing
between the shear connectors for steel or concrete girders should not 2k¢eetihe
original sourcef the current maximum connector spacing2df in. are unclear. An
investigation described in NCHRP Report 5@hadie and Tadros 200&)n full-depth
precast concrete deck panels, attributes
in 1943 (Newmark and Siess 1943Jhe 24in. limit first appeared in the 4th edition of the
AASHTO Standard Specifications for Highway Bridges in 1944 and was kept without any
changes in the following edits until the latest edition of the AASHTO Standard
Specifications (AASHTO Standard 2002). When the first edition of the AASHTO LRFD
Specifications appeared in 1994, fakin. limit wasadoptegdand itwas keptwvithout any
changes in the following editionsitil the 6th edition (AASHTO LRFD 2012 is very
important to remember that the 24.recommendetly Newmark & SiesgNewmark and

Siess 1943yas developed for shear connectors uniformly distributed along the length of
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the supporting girders, which is the common case wherrcatice decksre usedand
not for clusters of studs, which is the case for wherdith precast concrete deck dane

are used

During the last 15 years, extending the spacing between the shear connection clusters
of precast composite concrete bridge decks and girders has received great interests. There
are two important reasons why closely spaced blockouts are waidesir precast concrete
deck panels. First, each blockout requires special labor for fabrication and grouting.
Second, a precast concrete deck panel manufactured with blockouts spaced ata34
have a definite plane of weakness through the blockoenings. Special care must be
taken to reinforce this weak section, particularly for effects of moving and handling to
avoid cracking. In both cases, minimizing the number of connectors and blockouts is

preferred(Oliva and Okumus 2013)

These connections using steel studs were the focus of afiustestigation by(Issa
et al. 2003)n which clusters of studs in a pocket were found to have less capacity than the
sum of individualD ¢ twalpac iTthye VARAISWHET Of dir st uds
of the 2012 AASHTORFD Speci fications, however, mat c h
for two stud clusters in a single pocket. The test data showed a 15 to 25% capacity reduction
when the number of studs was increased or the number of pockets increased. AASHTO
does not specifitly change capacity with the number of studs in a cluster, but taking the
capacity as 85% or |l ess of AASHTOG6s value wt

pocket is recommended based on I ssads wor k.
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Since pushoff specimens do not providen accuraterepresentation of the composite
deck/girder behavior due to their limited size and lack of stability of the specimens during
testing, a series of recent research activitae re-examined the needs of composite deck

connections through testing of fullade composite beams.

Testing of panels connected to-B4ong steel girders with both Zad. and 48in.
connectoispacing was conducted at thaiversity of Wisconsin(Markowski et al. 2005)
and found no reduction in composite action stiffness or strength with the wider spacing,
even after 2 million cycles of repeated seeMoading. On testing to thieeoretical ultimate
capacity, no deck uplift was detected and thend8onnectorspacing provided an actual
ultimate load capacity higher than predicted using AASHTO procedures, even though no

capacity reductiomvas takerfor multiple studs per pocket.

In NCHRP 1265, Badie & Tadros (NCHRP 584, 2008) tested two composite beams
wherethespacingoetween the shear connectors clusters setait 24 and 4&. The beams
consisted of a full depth precast deck panels supportestezl| girders. The composite
beams were exposed to two million cycles of fatigue load and then tested to failure. The
test results have shown that extending the stud spacing from 2étdd8no detrimental
effect either on the composite beam stifs@r the ultimate flexural capacity. The study
recommended providing special confinement of the shear connector individual diusters

guaranteehefull development of the steel studs.

Another studyvas conductedt Virginia Tech(Scholz et al. 2007; Sullivan et al. 2011)
to examine the possibility of extendiniget spacing between the shear pockets beyond the
24 inch limit mandated by the LRFD Specificationsfull-scalemockupwas built and
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tested in the lab, where the spacing between the shear connector wlasteefat 48in.

The test results have showntth(@) full composite action is achievable using either hooked
reinforcing bars or shear studs as shear connectors in both 2 ft pocket spacing and 4 ft
pocket spacing. The reseasorecommended new formulas to design for the horizontal
shear connectiohetween the steg@late and the supporting girder and between the steel

plane and the precast panel.

As a result of these studies, fosightinch spacingwas successfully usedn
implementation projects in NE, TX/A, and Wisconsin. At its 2013 annuaksting, the
AASHTO Highway Subcommittee on Bridges and Structures approved a change to Article
5.8.4.2 of the LRFD Bridge Design Specifications (AASHTO LRFD 2012) to permit a
longitudinal spacing up to 4. but not greater than the beam depth. This ckand|

become effective with the 2014 Interim Revisions.

Usingadiscretesystem of haunches is a relatively new approach that will increase the
construction speed, decrease the labor cost, and enhance the quality of connection by
ensuring the appropriatplacing of the grout in its position. Recently, the National
Cooperative Highway Research Program (NCHRP) issued a new project; NCHFP 12
AiSimplified FullDepth Precast Concrete Deck Panel Systeiiitse goal of the project is
to develop simplifiedsystems that increase construction speed, enhance inspection of the
system connections including the blind grouting of the haunch, and develop language for
the AASHTO LRFD Bridge Design and Construction Specifications to give enough

guidance to design engger.
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This section contains the findings in the literature relatébdeonplementatiorof
discrete haunches and extending the spacing of shear connectors. The first section is about
the full-depth precast deck system thais developeth Japan intheealy 1990s that uses
a variable depth panel and system of discrete haunches. The second section is about the
experimental program that is in progress at Federal Highway Administration at Turner
Fairbank Highway Research Center. The FHW/Ajgrt is an invedigation of the
possibilityof extending the spacing of shear connectors beyond the currentigt for
steel girdersThese systemare comparedb the proposegdystem and the outcomeare

evaluatedperthe expectations.
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2.2.2.1 Discrete Haunches: Suehiro Viaduct, Kansai International

Airport Line, Japan
Based on the investigation of available resources, very limited preoyecesbuiltby
using discrete haunches. Onasticcessfubxample of implementation of discrete haunch
is Suehiro Viaduct, Kansai International Airport Line, Jagltatsui et al. 1994 and

Manabe and Matsui 2004)

Deck panels had variable thickness: A precast slab systasnh adoptedn the
construction of Suehiro Viaduct on the Kansai International Airport Line because of its

proven labor savis and higher durability.

The system used in this project is similar to the one of the conceptual design for
research plan, which has variable thickness and discrete haunches. In this project, Shear
connectors are only provided at the transverse panelnel jpint at a wide spacing of 4
ft-11in. Discrete haunches, rather than continumausnch were used where only the space
between the steel girder and the thickened ends of the paalilled with grout. The
superstructure was designed asioncompositegirder, conforming to the Japanese

specification Figure2-37 andFigure2-38 give a good descriptioof this system.

= Precast Slab Breadth . 6.3in.
] 4 ft — 11 in. (1500 mm) é [ (160 mm) i
e ey
{__ e S = . === = . -
: o 10.2 in.
] i . Precast Slab Chanmnel e recast Slab Channe
( f'_(panels) = 7 ksi (260 mm) } ® mlh“‘- .

Figure 2-37 Cross section of the precast pafeMatsui et al. 1994)
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Figure 2-38 The precast deck during construction showing wide spacing of shear conr{&tatssi et al.
1994)

Figure 2-39 The precast deck before grouting the paiogbanel and paneto-girder joints(Matsui et al.
1994)
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Using this system helps the design engineer to:

1. Reduce the construction time agout 40% compared the castin-placeslab.
2. Reducehe amount of labor and material required to fill the haunch

3. Reducehe selfweight of deck

4. Allow for the splicing of the supporting steel girders without the need of using thick

haunch

The outcome of this project wasiccessfyland no problem haseen reportegdince
the construction. The full depth precast panel construction with dis@etehesesulted

in desirable outcomes.
Prior toconstructionan experimental program was deveddgo validate the concept:

1- Single slab test tobservehemodeof failures for individual precast panelsdgure
2-40): the result showed thaganelswith PT failed in flexure by crushing of
concrete, while panels without PT failed in punching shear. The failure load was
1.27 to 1.52 times higher théme designvalue.

2- Continuous slab test to measure the strength of gtaspelnel joint Figure 2-41):
Three specimens consisting of two panels that were ncadénuouswere
fabricatedwith differentposttensioningevel. Thesespecimensvere subjectetb

1.5 million cycles of fatigue loading to test for possible leakage. After confirmation
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of no leakage report, theyere testedor failure. The failure result indicated that

two panels had 1.7 times higher strength @haimglepanel.

Figure 2-41 Continuous slab tegMatsui et al. 1994)

There are many similares between the proposed system and the system used in
Suehiro Viaduct Airport. The only main difference between these two systems is that the

deck of Suehiro Viaduatias designeds nonrcomposite with the girder. Therefoeefew
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shear connectorwere used just to anchor the precast slab with the supporting girders
However, the field instrumentation and analysis conducted by Dr. MgMadreabe and
Matsui 2004)on the bridge found that theuperstructure behaves as a partial composite

system.

It is a common practice in the United States that Slgibderassembliesre designed
as composite structure due to superimposed loAdtcle 6.10.1.2 of the LRFD
Specifications (AASHTO LRFD 2015) states that neoomposite sections are not
recommended but are permitted. The conceptual design presented in the research

assuming full composite action between the precast deck and the supporting girders.

2.2.2.2 Extending the spacing of shear connectors
Investigatiors on extending the spacing between shear connectors are categuozed

two sections which are for concrete abek$ girders.

2.2.2.2.1 Steel girder : FHWA Experimental Program (Provines and Ocel
2014, NABC & WSBS)

Researchers at th€urnerFairbank Highway Research Center, FHWA has been
evaluating if the current AASHTO strength and fatigue limit states are applicable to
clustered shear studs used for precast deck panel systems. Based on the review of current
domestic and internationahear stud specifications, the researchers found that the
AASHTO provisions warrant revisiting. The fatigue provisions may be overly
conservative, while the strength provisions may not be conservatieeigh The
experimental program includes 16 laigpde tests using four different configurations of

shear stud spacing, which range from a typicalcaptace detail with studs every 12 or
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241n. to configurations moreonduciveto precast panels with clustered shear studs spaced
at 36 and 4&. From thel6 largescale testg} arestatic and 12 are fatigue tests to evaluate
both the strength and fatigue AASHTO limit states. Upon completion of-ta@e tests,
smallscale push out fatigue aride static test will be performed to compare the two
methodsof concrete placement. The static test will focus on evaluating the AASHTO
minimum longitudinal and transverse stud spacing, while the fatigue tests will focus on

evaluating the AASHTO shear stud constant amplitude fatigue limit of 3.5 ksi.

Eachlarge scke testin the study consists of 301lting W27x84 rolled steel beam and
two concrete deck panels fabricated 3G certifiedprecast produceas shown ifrigure
2-42. Pockets were casito the deck panels and were sized depending on the number of
studs in each pockefable2-2 shows the experimental test matrix with the four different

shear stud clustepacing.

The beams were designed to induce a shear failure in studs for the statid test an
accelerate fatigeitesting, withlL2 studs in each shear span correspond to approximately 38
% of the compositeaction. Since beams were designed as partially composite action, the

AISC specificationgAISC 2005)were used to determine flexuralistance and rigidity.

Prior toplacing the concrete deck panels on steel beams, the top Wasgmateavith
a thin layer ofgreaseso the majority of shear force transferred between the steel beam and
the deck panels was transmitted through shear .stdsit with an expected strength of
8.0 ksi was used to fill the pockets, haunches, and transverse joints in the center of the

beam.
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The

beams

have

t w o -6 loshemrdpanpon eachtersd ofvihie beam, a n

all of theshearstuds have a diameter of 7/8 amdwere selected due to their use in typical

bridge construction. Clustered studs are spaced longitudinally at a pitchiof @ 5imes

the stud diameter), which is slightly less than the minimum AASHTO LRFD spacing of

6d. The smaller pitch was chosen to minimize the length of the pockets and is currently

allowed by somefidge owners such as Texas DOT.
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Figure 2-42 large scale test beam with 86 clusterspacing(Provinesand Ocel 2014b)

Table2-2 large scale experimental test mat(Rrovinesand Ocel 2014b)

Stud cluster | # of longitudinal | Total # of studs | # of static |# of fatigue
spacing studs / cluster / shear span tests tests
12" 1 12 1 3
24" 2 12 1 3
36" 3 12 1 3
48" 4 12 1 3

Throughout fatigue testing, measurements from the strain gauges in both the steel beam

and the concrete deck were used to calculate the location of the neutral axis (N.A.). The
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calculated N.A. locations were then dd4e determine how composite action was affected

by cycling loads. When testing began, the steel beam and concrete deck were expected to
behave as two separate flexural members because horizontal shear force was no longer
being transferrethetween two eleents.Figure 2-43 shows a plot of the location of the

N.A. for the steel beam at four cross steel cross sections along the west shear span for beam

1F1. The composite section and bsiex beam N.A are alsorpvided as a reference.

Table 2-3 provides a summary of the fatigue tests and includesfdhewing
information: the naming convention, basttidgeametry, initial average stress range on
shear studs in each shear span, andmber of cycles to failure. To date} largescale

static and/ largescale fatigue test haveen completed

Figure2-44indicates SN plot of completed largscale tests obtained from the fatigue
tests.Figure 2-45 and Figure 2-46 shaw the results obtained from the static tefigure
2-45 shows the momerdisplacement curve for each of the four static tdStpire 2-46

shows the relative slip and uplift result at 90% of the ultimate load for static tests.
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Figure 2-43 location of steel beam N.A. for west shear span section of beaiPddvinesand Ocel 2014b)

Table2-3 Summary of &l data for largescale fatigue testdrovinesand el 2014b)

Beam  Stud cluster  Stud stress Cycles to Shear span
name  spacing (in) range (ksi) failure failed
1F1 12 20 175,000 West
2F1 24 20 174,000 West
3F2 36 20 51,000 East
4F 1 48 20 91,000 East
1F2 12 16 - -
2F2 24 16 260,000 East
3F1 36 16 747,000 West
4F2 48 16 680,000 West
1F3 12 10 - -
2F3 24 10 - -
3F3 36 10 - -
4F3 48 10 13.1 mill+ test ongoing
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and Ocel 2014b)

Test results show:

1. Regardles®f the spacing between clusters, the specimens were not able to reach

the nominal design capacity. The measured flexural capacity was about 80 percent

of the nominal design capacity.

2. The static test results suggest a shear factor, closer to magnitudet@.8diacd

in some international provisions, should be applied to shear stud strength equation

in AASHTO.

3. The extended cluster spacing up to 48 in. does not appear to have a negative effect

on either the relative slip or uplift between the concrete dedlstael beam. This

is consistent with the conclusion reported in NCHRP6&ZBadie and Tadros

2008) A failure criterion for shear studs irr¢ge-scale fatigue testsassbeen defined
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as a complete loss in composite action monitored by the movement of the neutral

axis in the steel beam.

According to the results obtained in NCHRP-@2(Badie and Tadros 2008)
and recently athe Universityof NebraskgMorcous et al2013), the full strength
of studscould be develope if special confinement in theteel tubes or individual
tiesis providedaround the shear pockets. This factor can play a significant role
especially wherthe extendedspacing between shear connectars used|t is
important to mention that no special confinemeas providedo thestudclusters
in any of specimens tested at FHWA. The only source of confinemasprovided

by slab reinforcement that was designedgshe LRFD Empirical Design Method.

2.2.2.2.2 Concrete girder : NCHRP 1265 (Badie and Tadros 2008)

As mentioned in the literature review of thesearch ign section2.2.1.3 of this
dissertation.In NCHRP 1265, Badie & Tadros (NCHRP 584, 2008), two
composite beams were testwidh the spacing between shear connectoar.
and48in. The test results showed that extending spacing between shear connectors
had no unfavorable effect on the compw$eam stiffness or the ultimate flexural

capacity.
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2.3 Prediction Methods for Horizontal Shear Capacity

This section presents prediction methods for horizontal shear capacity. The presented
methods of designing for interface shear connection include AASHTO LRFD Bridge
Design Specification$AASHTO LRFD 2015)and American Concrete Institute (ACI)
Building Code Requirements for Structural Concrete ACI-BA§ACI Committee 318

2014)

To have a sufficient desigthe shear capacity tieinterfacemust be greater than the
horizontal shear stress developed at the interface. The sources of resstarcntal
shear are frictional, cohies between the girder and grout, the dowel action of the shear
reinforcement crossing the cracked plane, and the clamping force developed in shear

reinforcement.

The dowel action cabe definedas the shear resistance of the reinforcing bar. A
reinforcing bar has resistance contribution in shear deformation from the relative slip
between the two members forming the interface as welhasial deformation from the

separation of two members at the interface caused by a crack.

2.3.1 AASHTO LRFD Bridge Design Spcification (2015)

AASHTO LRFD uses the following equation to determine the demand for horizontal

shear.

w N

Where:
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0 Horizontal factored shear force per unit area of interface
w  Factored vertical shear force at specifiedisac
@  Width of the interface

'Q  The distance between the centroid of the tension steel and tktbiokidess of

the slab to compute a factored interface shear stress
The factored interface shear force in force unit ipayletermineas:
w L&
The following equation has to be satisfied to have a safe design.
®w &
Where,
®w (1 OEUAkEA DGO ORI OCORARD
@ .1 1 EERADE U0GH AMIOE OB AGRRD
e TIBO

The AASHTO LRFD Bridge Specifications (Article 5.8.4.1) provides equations
determininghe nominal shear resistance at an interfabe interim provisions presented
in this section(AASHTO LRFD 2015). The nominal shear resistance at the interface

between two concretegroutor steel cast at different times can be expressed as

~

®» ‘80 8Q 0 DR8N
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Where,

@ .11 EEADE U0GH AMIOE OB AGRRAD

0 Area of concrete considered to be engaged in interface shear tré@sfer
0 area of shear reinforcement crossing the shear plane within the aré@
® Cohesion factor specified in Article 5.8.4.3 (ksi)

Friction coefficient specified in article 5.8.4.3

"Q Yield strength of reinforcement but design value not to exceed 60

C

Permanent net compressive force normal to the shear plane; if force is tensile,

™ QQn i

C

"Q Specified 28day compressive strength of the weaker concrete on eitheofside

interface (ksi)

0 Fraction of concrete strength available to resist interface shear, as specified in

Article 5.8.4.3

0 Limiting interface shear resistance specified in Article 5.8.4.3 (ksi)

Following values whiclare presenteih Article 5.8.4.3(AASHTO LRFD 2015)shall

be takerfor cohesion and friction factors:

1 For a casin-place concrete slab on clean concgtder surfaces, free of laitance
with asurfaceroughened to an amplitude of 0.25
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6 ™ Qi Q
8t
v T
0 p& Qi f&@ normatweight concrete and 1.3 ksi for lighteight concrete

1 For normalweight concrete cast monolithically

6 mQi Q
© g

0 T8 U

U  PB ksi

1 For lightweight concrete placed monolithically, or roronolithically, against a
clean surface, free of laitance, with surface intentionally roughened to an

amplitude of 0.25 in.:

6 ™ TQI Q
o
0 T& UL
0  p8rksi

1 For normalweight concrete placed against a clean surface, with surface

intentionally roughened to an amplitude of 0.25 in.:

6 ™ TQI Q
o8t
0 T8 U
0  p®ksi
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9 For concrete placed against a clean concrete suffaeef laitance, but o
intentiondly roughened:

6 My W Q

T
L TR
0 T@pksi

1 For concrete anchored to-esled structural steel by headed studs or by reinforcing
barswhereall steel in contact with concrete is clean and free of paint:

6 mTicW Q

LT
L TR
0  TEKSI

AASHTO LRFD Specifications provide a method to calculate the shear
resistance of an interface with steel girders and shear studs or steel channels. The
nominal shear resistance of one stud shear connector embedded in a concrete deck

shallbe takeras (Article 6.10.10.4.3):

0 ™Mo Q0 0 O
Where,
0 cross sectional area of a shear connectoiéin
‘O  modulus of elasticity of the deck concrete determined as specified in

Article 5.4.2.4 (ksi)
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"O specified minmum tensile strength of a stud shear connector determined
as specified in Article 6.4.4(ksi)

"Q 28-day compressive strength concrete in the deck (ksi)

2.3.2 American Concrete Institute (ACI 318 -14)

The ACI 31814 (ACI Committee 318 2014rovides the following

expressions fothe shearinterface:

w 0 88

Where,w is the nominal shear strength;is the coefficient of friction'Qis the yield
strength of the shear connector (ksi); @&nd is the area of the shear transfer reinforcement

“®@ . This equation is valid when the shear connector is perpendicular to the shear plane.
Where shear friction reinforcement is inclined to #iear plane, suctmat the shear force

produces tension in shefriction reinforcementw shall be computed by:

w 0 8Q‘i Q¢ |A1O

Where| is the angle between shear reinforcement and shear plane. The coefficient of

friction * shall be taken as:

1 p8&_dConcrete placed monolithically

1 p8ud Concrete placed against hardened concrete with surface intentionally
roughened to 0.250in. amplitude.

1 m@_dConcrete placed against hardened concrete not intentionally roughened.

1 m_dcorcrete anchored to aslled structural steel beams with headed studs or

reinforcing bar connectors
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Where,_ p8tfor normal weight concrete and 0.75 for all light weight
concrete.

To achieve a ductile failure of the systems with normeight concrete, ACI
31814 provides the following upper limit fop 8

w 0QFIRW ht YR o fp @ ® 1T

Where,0 is the interface area of the concrete engaged in shear tra@sferFor all

other cases, the upper limits foris as below.
® 0 "QFIR"Q6 hp man
2.3.3 Summary of prediction methods
AASHTO LRFD and ACI predictions are conservative. It is important to mention that,
according to the prediction methodise effectof using Ultra High Performance Concrete
(UHPC) haspractically no effect onthe capacityof the horizontal shear connection.

Comparison of using UHPC wit  tht migi afthe same conditions may not have any

effect on predicted capacity of that connection.

The equation for shear friction has theuamsption that the shear connectors are spread
uniformly across the beam. However, the efedtusing clustered shear connectars

not mentionedlirectly. It is important to consider theeffecs.

2.4 Current Challenges

2.4.1 Blind Grouting of haunch between panels

One of the challenges thamgineergaceduring construction of fultlepth precast

deck panel systemis the blind grouting of the haunch between the panels and the
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supporting girders. Since ti@aunchis air tight, the panels should be provided with holes
every 2 to 4 fin order tovent the air out during grouting. Also, a flowable grout mix must

be used to guarantee complete grouting. This problem has become more critical after the
AASHTO LRFD BridgeSpecifications increased the maximum spacing between shear
pockets to 48nchesbecause the grout has to travel a long distance between pockets in a
very tight space. As such, quality inspection of the grob#achchhas become a concern

and required cafel investigation. Therefore, using this systeequiresthe enhancement

of the quality of the connection amdprovingthe reliability of proper pour of concrete in

the pocket.

2.4.2 Fabrication Issues

The need to create pockets in the panels for some obitheéeipth precast deck systems
exists This practice cabe performedHowever it is more efficient to move the pockets
away from inside the panels amto adjacent space between panklsreover, extending
the spacing between shear connectors can isettb@ speed of construction significantly.

Thisis consistentvith the goal of Accelerated Bridge Construction

In order to mitigate these challenges, conceptual designs introducedand

investigated in the following chapters.
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Chapter 3 Conceptual Designs

In this chapter, three conceptual designs for reaching the outlinedagegiseesented
Three conceptual designs wRtostTensioning(PT) andNon PostTensioning(NON PT)

optionsareintroduced
Sections 3.1 through 3.6 are extracted from NCHRBELBadie et al. IPG).

3.1 Introduction
The criteria and details of three conceptual designs (CDs), namelly, CD-2,

and CD3 are showrin Table3-1.

Table3-1 Criteria of the Conceptual Designs

CD-1 CD-2 | CD-3
Girder Type Concrete and Steel
Simply supported (with or without PT
Span Type P Supl ( P )
- Continuous (only with PT)
Longitudinal PT With & without PT With & without PT With PT
Horizontal shear Shear pockets Continuous channel Shear pockets
connection at transverse joints in the haunch in the panels
Shear pocket -
p 6 fi NA 6 ft
spacing
Grouting Only at transverse joints At the haunch Only at shear pockets
Does construction
require underside No No No
accessibility?

In order tocome up with realistic concepts, the following guidelinese used

1- A bridgemodelwas used to determine the order of magnitofig€a) horizontal
shear force that is required to design the horizontal gleg#orcementand (b)

amount of negative moment at the intermediate support (i.e. gerjnformation
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of the model bridgéncluded: Twecontinuous span (150 ft each), Girder spacing
= 10 ft, Bridge width = 58 ft, Number of girders = 6 girders (New FL Bulb Tee
Girder, 72inch deep). AASHTO LRFD, 6th edition, 2012, Design Specifications

was used in the design.

It is important o note that the criteria of the model bridge were not set to present a
lower or upper limit of the applicability of the conceptdakignsbut to come up

with a realistic configuration of the basic criteria of the conceptual designs.

2- Whenno guidance igrovided by the LRFD Specificatiorsr whenthe more
sophisticated analysis is required, simple statics and acceptable approximations
were usedo design some of the components of the conceptual designs, sheh as

distribution factor othelive load forConceptual Design No. 1.

3.2 Proposed Longitudinal Post -Tensioning (PT) System
The longitudinal PT system thas usedwith the proposed CDss madeof
encapsulated 0.61. diametertendons. Tendonare madeof unbonded sevewire
strand coated with corrosianhibiting grease and encased in polyethylene sheathing

according to ASTM416, as shownhingure3-1.
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Plastic Sheathing

3

Strand

PT coating
(Corrosion

e on Saction inhibiting grease)

Figure 3-1 Unbonded sevewire strand coated with corrosion inhibiting grease and encased in
polyethylene sheathing

The function of the PT coating (corrosion inhibiting grease) is to: (a) allow a free
movement of the strand inside thieeathing, (b) increase protection against corrosion and
provide a norconductive environment for corrosion, and (3) reduce friction between the
strand and sheathind.he function of the polyethylene sheathing is to: (a) provide
corrosion protection to th&rand, and (b) provide protection against damage and moisture

penetration.

The encapsulated strands will be fed inside longitudinal PT ducts that are embedded in
the precast panel$he functionof the ducts is to: (a) maintain voided path for the sgand
during fabrication of the panels, and (b) add as a third layer of protection to the strands

duringtheservicelife of the deck. There are two types of PT ducts thabeansed
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1- 5/64 in. (1.98 mm) thickvalled polyethylene/polypropylene plastic flat tkjc
which can accommodate three 0.6 inch diameter encapsulated strands per duct, as
shown inFigure3-2.

2- 0.051in. (1.27 mm) thickvalled metal circuladucts, which can accommodate four

0.6 inch diameter encapsulated strands per duct, as shéugune3-3.

The plastic flatduct is usedfor CD-1(PT) because of the relatively thin slab
thickness used in this system (i.e. Bi&h), and the metal circular duct for CE{PT)
and CD3(PT) because it can accommodate larger number of encapsulated strands (e.g.

4 strands compared to 3 strandstfa flat duct).

The ductsare embeddenh the precagbanelsand they are not either spliced at the
transverse joints between panels or grouted. Sprayed foam can be used to seal the ends
of the ducts at the transverse joints and stop the grout fromgfiltie ducts during

grouting of the transverse joints between the precast panels.

This system of unbonded tendons (fed through ungrouted duass$uccessfully
usedon the Arbor Rail Line Bridge replacement, Nebraska City, Nebi#kanessey

and Bexten 2002)
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thick flat duct

Figure 3-2 Polyethylengdolypropylene plastic flat PT duct

DOUBLE SPIRALS
ACVANCE
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Sirand
|
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1.938" 2375

SECTION A-A

Pitch =
A173 £.0005"
Min. Thickness

SECTION VIEW
SCALE 2:1

Figure 3-3 Metal circular PT duct
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3.3 Conceptual Design No.1 (CD-1)
The CD1 is shown inFigure 3-4. This concept has two features: (1) the precast
deck panels are connected to the supporting girders, tovaatoenposite action, only
at the panel transverse joints (as a result, the precast panels could possibly behave as
oneway slabs in the longitudinal direction), and (2) no grouting is required to fill the

gap formed between the unconnected panéits ard the tops of supporting beams.

Transverse Full Depth Deck
Joint Typ. Panel Typ.

-Beam

Figure 3-4 Conceptual Design No. 1 (CD)

The following temporary approximatiomgere madeluring the preliminary design of

this concept:

1- The thickened transverse edges of the precast panels act as continuous beams
supported by the supporting girders.

2- The slab of the precast panels acts as a continuouwanslab supported by the
thickened transverse edges.

3- Distribution of the live lod was determined using Table 4.6.1.2.3 of the LRFD

Specifications.
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Two versions of this system were developed. The first version was developed

without utilizing longitudinal PT, while the second version was developed utilizing

longitudinal PT.

3.3.1 CD-1 Withou t Longitudinal Post -Tensioning

3.3.1.1 Construction Steps

The construction steps for this system:

1-

2-

Girders are installed.

Grout dams, which are used to limit the grouting only under transverse ribs,

are attached to the panelgothe top surface of the girdemtdlange using

construction adhesive.

Precast panels are installed.

Elevation of the installed panels is adjusted using one of the following

systems:

a. The panels are supported by light gauge steel plates bent into angles
and connected with steel straps. The angles are installed at the edges of
the girders. Their elevation is surveyed to provide for the required
profile of the deck. With this system, thent plates wilalso workas
grout barriers. The angles are not provided for the full length of the
girder. They are provided only at the grouted locations.

b. The panels are supported by metams and their elevation is adjusted
using leveling bolts. W this system, grout barriers are installed at the

edge of the girders using compressible strips.
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5- Backer rods, attached with adhesive tape to the panel, are used as grout
stopper at the bottom edge of the transverse joints between panels.

6- The transversmints between panels are filled with nshrink grout.

3.3.1.2 Concrete Girders: CD1(NoPT-Conc)
Details of the CBL(NoPT-Conc)are givenn the following figuresfFigure3-5 shows
the cross section of the precast concrete paReajsre 3-6 shows the plan viewf the
transverse connection between adjacent panels,Fapde 3-7 shows the details of

Sections AA, B-B, andC-C when the precast panels are supgub by concrete-gjirders.

The panel is made &5 inchthick slab with 8.5 inch thick transverse ribs. The panel
is 5 ft- 11 in. long and covers the full width of the bridge. The transverse ribs are provided
with a shear key detail. In the longitudirtirections, the panel is reinforced with No. 4
bars a6 inchspacing. This reinforcement is spliced at the transverse-papahel joints
using No. 4 Ushape bars that extend outside the panel id tihehgap between panels.
The proposed reinforcemearrangement has been preliminarily determined to satisfy both
the positive and negative moment requirements. The panel is pretensioned in the transverse

direction with 8 0.5 inchdiameter strands.

The horizontal shear reinforcement is provided onlthattransverse joints between
adjacent panels, directly over the bridge girders. It consistk5inch diameter rod
provided with a heavy nut and a washer at both endmifdrorageThe rods have vertical
adjustability to accommodate variable cambethmbridge girder. Adjustments are made

possible by lubricating the rods before concrete of the girder is placed.
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During construction, the precast panais installedn light gauge bent plates that are
installed at the edges of the supporting girders amdconnected using metal straps
embedded in the girder top flange. The elevation of the light gauge angles is surveyed and
adjusted to provide for the required elevation of the finished deck. As an alternative, shim

plates and leveling bolts caso beused to adjust for the elevation of the panels.

Grout dams installed in the transverse direction between the top flange of the girder
and the precast panels are used to lgmoutingonly tothe spaceunder the transverse ribs

of the panels. High strerfgtnonshrink grout is used to fill the transverse joints between

the panels.
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Figure 3-5 CD-1(NoPTFConc): Cross section of the precast panel
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Figure 3-6 CD-1(NoPT-Conc): Plan view of the pan#éb-panel transverse connection (transverse reinforcement

of the panelss not showrfor clarity)
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Figure 3-7 CD-1(NoPT-Conc): Sections A, B-B, and CC

3.3.1.3 Steel Girders: CD-1(NoPT-Conc)
Figure3-8 shows the plan viewf the transverse connection between adjacent panels,
andFigure 3-9 shows the details of SectionsAq§ B-B, andC-C whenthe precast panels

are supported by steel girders
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Figure 3-8 CD-1(NoPTFSteel): Plan view of the pant-panel transverse connection (reinforcement of the
panelsis not showrfor clarity)
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Figure 3-9 CD-1(NoPTSteel): Sections-A, B-B, and GC
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3.3.2 CD-1 With Lon gitudinal Post -Tensioning (PT)
3.3.2.1 Construction Steps

The construction steps for this system:

1- Girdersare installed

2- Grout dams, which are used to limit the grouting only under transverse ribs,
are attached to the panelgothe top surface of the girder top flange using
construction adhesive.

3- Precast panebre installed

4- Elevation of the installed panels is adjusted using one of the following
systems:

a. The panels are supported by light gauge steel pheesinto angles
and connected with steel straps. The angtesnstalledt the edges of
the girders. Their elevation is surveyed to provide for the required
profile of the deck. With this system, the bent plates al#b workas
grout barriers. The anglese not providd for the full length of the
girder. They are provided only at the grouted locations.

b. The panels are supported by metal shams their elevation is adjusted
using leveling bolts. With this system, grout barriers are installed at the
edge of the girdenssing compressible strips.

5- Backer rods, attached with adhesive tape to the panel, are used as grout
stopper at the bottom edge of the transverse joints between panels.
6- The longitudinal PT strandse fednto the PT ducts through the full length

of the bridge.
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7- The transverse joints between panels, in the space between the girders (i.e.
between edges of the top flanges), are filled with grout.

8- After the grout gains the requiredrength, the PT strandseapost
tensioned and anchored at the end panels.

9- Finally, the pocket in transverse joint directly above the top flange of the

girdersis groutedwith non-shrink grout.

3.3.2.2 Concrete Girders: CB1(PT-Conc)
Figure 3-10 shows the cross section of the precast p&nglre3-11 shows the plan
view of the transverse connection between adjacent panelsFigae 3-12 shows the
details of Section AA, B-B, andC-C whenthe precast panels are supporteaddycrete 4

girders

The precast panel has the same concrete dimensions-asa@Bout PT. The panel
has the same transverse reinforcement asl @ithout PT. In the longitudinal direction,
the panel is nominally reinforced for handling and erection stresses before the PT is
applied. No. 4 bars 42 inchspacing is expected to be adequate. These bars do not extend
beyond the precast section. Flat plastic PT ducts are used to provide the space required to
feed the longitudinal PT as discussed earlier. After the PT strantiddrethe ducts and
before the transverse joints are filled with grout, ends of the PT duct are sealed to stop the

grout from filling the ducts, as shown kigure3-13.
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Figure 3-10 CD-1(PT-Conc): Cross section of the precast panel
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Figure 3-11 CD-1(PT-Conc): Plan view of the pan&b-panel transverse emection (Transverse reinforcement

of the panels not showrfor clarity)
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Figure 3-12 CD-1(PT-Conc): Sections 4, B-B, and GC
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Figure 3-13 Panetlto-panel connection detail showing the longitudinal PT
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3.3.2.3 Steel Girders: CD1(PT-Steel)
Figure 3-14 indicates the plan view at the transverse conhoe between adjacent
panels, andrigure3-15 shows the details of Section/& B-B, andC-C whenthe precast

panels are supported by stegliiders

|

No. 4 at12 n.

SRR | | AN

= t
2
a
’.
7 L
Cldey acgs g: 1o metal tabs
Grout dam
d f
S i i
No. 4 U bar
Gader adge

AN

NN

L

Figure 3-14 CD-1(PT-Steel): Plan view of the pantd-panel transverse connection (Transverse
reinforcement of the panil not showrfor clarity)
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Figure 3-15 CD-1(PT-Steel): Sections-A, BB, and GC
3.4 Conceptual Design No. 2 (CD2)
The CD2 uses a continuous channgekrough to house the shear connection between
the deck and the girder. It supports the idea of totally moving the shear pockets out of the

panels to the underside of the panels. The continuous trough-@ i€breatedn the

thickened top flange of the girder.

3.4.1 CD-2 Without Longitudinal Post -Tensioning
3.4.1.1 Construction Steps

1- Girdersare installed
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2- Precast panels are installed.
3- Elevation of the installed panels is adjusted using one of the following systems:

a. The panelsre supporteddy light gauge angles or steel bent plates attached by
steel straps. The anglese installedat the edges of thgirders and their
elevation is grveyed to provide for the required profile of the deck. With this
system, the angles wallso workas grout barriers.

b. The panels are supported by mediailms and their elevation is adjusted using
leveling bolts. With this system, grout barriers ing@llat the edge of the
girders are required.

4- Backer rodsare usedhs grout stopper at the bottom edge of the transverse joints
between panels.

5- The longitudinal reinforcement of the pan&sspliced This step depends on the
selected technique used toiselthe panels.

6- Thehaunchis filled with concrete. Sel€onsolidating concrete (SCC) mix mig
considered

7- Finally, the transverse joints between panels are filled withshoink grout.

3.4.1.2 Concrete Girders: CD2 (NoPT-Conc)

Figure 3-16 shows the details of the system. The panels are ma8eirath solid
concreteThe onnectionof the horizontal shear is provided in the relatively thick haunch.
No. 5 hat bars at 12 inch spacing are embedded on the bottom side of the panel and
embedded in the haunch for a distance of 5.5 indliesensions of théarsare givenn

Figure3-17. Vertical shear reinforcement of the precast girder is also embedded 5.5 inches
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in the haunch. A 6 inch minimum height of the haunch should be used at midspan to provide
enough embedment dfi¢ shear connectors. Thaunchwill be filled with castin-place

selfconsolidated concrete through 4 inch diameter sleeves provided in the solid panel.
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Figure 3-16 Cross section and longitudinal profilé the CD2(NoPTConc)

24.25"

_.\
8-5“ ) ‘

R=1.25" 11.5"
W J L

Figure 3-17 Dimensions of the No 5 Hat Bars

The panelsare supportethy light gauge angles or bent plates. The light gauge angles

(or bent plates) elevation is surveyed to provide for the required profile of the deck. Also,
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the panels cabe supportedn metal shinplates and their elevation can be adjusted using
levelingbolts. In thiscase grout barriers need toe providecdht the girder edges.

The panel acts as a enay slab in the transverse directions supported continuously at
the girder lines. The precast panel is pretensioned in the transverse direction. The
longitudinal reinforcement of the pansiconsolidateth a single layer of No. 6 bars spaced
at 12 inches as shown Higure 3-18 and Figure 3-19. The No. 6 longitudinal bars are
spliced using a Hollow Structural Steel tube embedded at the transverse edges of the panel.
The No. 6 extends inside tiSStube and then spliced with a short piece of No. 6 bar as
shown inFigure3-20. This splicing detailvas developednd tested in

NCHRP 1265 (Badie and Tadros, NCHRP 584, 2008he transverse edges of the
panel are provided with a shear key detail as shovigure 3-19. As an alternative, the
panetto-panel connection detail of GD(NoPT), where Ushape bars extend outside the

panel, caralso beused to splice the longitudinal reinforcement of-ZMIoPT).
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3.4.1.3 Steel Girders: CD2 (NoPT-Steel)
Figure3-21 shows the details of the system. Details of the system are very similar to
the details of the New GR2 (NoPT-Conc) except that steel studs welded to the top flange
of the steel girder are used. Please note that the number and size of steel studs shown on
Figure3-21are just for illustration. In real cases, number and size of the steetisfusisd
on the criteria of thbridge under consideration. Th2 inch spacing provided between the

hat bars provides great flexibility to accommodate the required number of steel studs.
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Figure 3-21 Details of the CE2(NoPTFSteel)
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3.4.2 CD-2 with Longitudinal Post -Tensioni ng
3.4.2.1 Construction Steps
1- Girdersare installed
2- Precast panekbsre installed
3- Elevation of the installed panels is adjusted using one of the following systems:

a. The panelsare supportetdy light gauge angles or steel bent plates attached by
steel straps. The anglese installedat the edges of thgirders and their
elevation is surveyed to provide for the required profile of the deck. With this
system, the angles wallso workas groti barriers.

b. The panels are supported by metal shiamsl their elevation is adjusted using
leveling bolts. With this system, grout barriers installed at the edge of the
girdersare required

4- Backer rods are used as grout stopper at the bottom edgetodribeerse joints
between panels.

5- The longitudinal PT strands are fed in the ducts.

6- The transverse joints between adjacent panels are filled witkhrark grout.

7- The PT strands aposttensioned

8- Thehaunchis filled with concrete through theid. diameter sleeves provided in

the panels. Selfonsolidating concrete (SCC) mix may be considered.

3.4.2.2 Concrete Girders: CD2 (PT-Conc)
Figure3-22shows he details of the system. The panels are made of 8 inch solid

concreteThe onnectionof the horizontal sheas providedin the relatively thick
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haunch. N hatbars at 12 inch spacing are embedded on the bottom side of the
panel and embedded in the hah for a distancef®.5 inches. Dimensions of the
barsare givenin Figure3-17. Vertical shear reinforcement of the precast girder is
also embedded 5.5 inches in the haunch. A 6 inch minimum height of the haunch
should be used at midspan to provide enough embedmére shéar connectors.

The haunchwill be filled with castin-place seHconsolidated concrete through 4
inch diameter sleeves provided in the solid panel.

The panelsre supportetdy light gauge angles or bent plates. The light gauge
angles (or bent platesg)evation is surveyed to provide for the required profile of
the deck. Also, the panels da@ supportedn metal shinplates and their elevation
can be adjusted using leveling bolts. In tasegrout barriers need toe provided
at the girder edges.

The panel acts as a emay slab in the transverse directions supported
continuously at the girder lines. The precast panel is pretensioned in the transverse
direction.

The longitudinal reinforcement of the panel consists of No. 4 bars at 12 inches
for tenperature and shrinkage reinforcement 8mehcapsulate@.6 inchdiameter
strands per girder line provided in two circular metal distpure3-23 shavs plan

view Z-Z, andFigure3-24 shows the cross sections of the panels.
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Figure 3-22 Details of CD2(PT-Conc)

Figure 3-23 Plan view 2Z of CD2(PT-Conc)
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