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Abstract 

Full Depth Precast Deck Panel Systems Supported by a System of Discrete 

Haunches 

 

Full-depth precast panel systems are one of the categories of accelerated bridge 

construction. This type of construction has many advantages in comparison with other 

methods of construction. Per AASHTO LRFD Specifications, the spacing of shear 

connectors is limited to 4 ft for concrete girders, and 2 ft for steel girders. The maximum 

spacing for concrete girders increased from 2 ft to 4 ft based on the result of NCHRP 12-

65 (NCHRP 584, 2008). The aim of this research is to investigate the possibility of using 

a discrete system of haunches instead of continuous haunch, extending the spacing of shear 

connectors to 6 ft spacing for both steel and concrete girders, and develop a full-depth 

precast deck panel system that has no pocket and all the shear connectors are located at 

transverse edge of panels. The outcome of this research can help increase the speed of 

construction, save materials, and simplify production of panels.  

To achieve these objectives, conceptual designs accommodating the research goals are 

presented. An extensive analytical investigation covering the essential considerations for 

using this system and its effects on design parameters was conducted. The analytical 

investigation consists of deck slab analysis, distribution factor for live load, overall 

composite system analysis, Vierendeel model, and three-dimensional finite element 

analysis for composite action.  
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In addition to the analytical investigation, an experimental program for 12 push-off 

specimens with shear connectors was performed. The test results were compared with the 

results obtained from nonlinear finite element analysis. Based on the experimental and 

analytical investigations, conclusions and suggestions for future research work are 

provided.  
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Chapter 1 Introduction  

Transportation projects, especially highway bridge constructions, have a great impact 

on enhancing the quality of public life. Full-depth precast deck panels have opened a new 

era in bridge construction by accelerating the process of construction as well as improving 

the quality of bridges. Accelerated bridge construction (ABC) has attracted bridge owners 

due to its proven performance, speed of erection, and extended service life. One of the 

ideas used for increasing the speed of construction in bridges is using Full Depth Precast 

Depth Panels. Instead of casting the deck in place, which is time-consuming, Precast Deck 

Panels that cover the 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 girders. Many bridges built with full -depth precast concrete decks have been in 

service for more than 40 years, and their performance has been excellent (Kropp et al. 

1976, Slavis 1983, Issa et al. 1995, Tadros and Baishya 1998, Badie et al. 2006, Fowler 

2008, Mander 2009, and Culmo 2009). Since 2002, Federal Highway Administration has 

considered full-depth precast panel system as one of the ideas that is hosted by the 

Accelerated Bridge Construction Initiative (Culmo 2009). 

Use of full depth precast panel systems on highway bridges has many advantages 

compared to the cast-in-place (CIP) concrete decks that are commonly used in the USA, 

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, shrinkage, and temperature change after being installed, (5) it can be 
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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 received a great deal of attention from researchers for 

more than 30 years (Lutz & Scalia 1984, Issa et al. 1995, Carter Iii et al. 2007, Badie and 

Tadros 2008, and Weber et al. 2015). During this period, research focused on the following 

issues: (1) developing new systems with higher construction speed, (2) composite behavior 

of the slab-beam system, (3) developing new connection details for the panel-to-panel, 

panel-to-girder, and panel-to-barrier connections.  

Full depth precast concrete deck systems are prefabricated deck panels that are 

installed without needing forms. Typically, panels span the width of the bridge and extend 

8 to 12 ft in the direction of traffic. Bridges that are wider than 50 ft are normally designed, 

so the panels span half the width of the bridge and meet requirements for shipping limits. 

Full-depth precast panels have pockets or block-outs that are used to connect the deck 

panels to the girders. After installing deck panels on the bridge, they are connected across 

the transverse panel-to-panel joints. The deck panels are also connected to the girder by 

placing shear connectors in the pockets and filling the pockets and the haunch (space 

between the panels and the supporting girders) with grout. This connection forces the deck 

to act compositely with the girders.  
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An example of a full-depth precast deck system is shown in Figure 1-1 and Figure 1-2.  

 

Figure 1-1 Full-depth precast deck system used in PEORIA STREET PEDESTRIAN BRIDGE Chicago, 

Illinois 

 

Figure 1-2 General View of the Precast Reinforced Concrete System (Yamane et al. 1998) 
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1.1 Curr ent  full depth precast deck panel systems   

All  the current systems related to full depth precast deck panels have continuous 

haunch, and maximum spacing of the shear connectors is 4 ft for concrete girders and 2 ft 

for steel girders. A review of this type of construction system is presented in chapter 2 

(Literature Review).   

1.2 Research objectives  

The objectives of this research can be categorized into three main parts: 

1- Replace the continuous haunch with a discrete system of haunches 

2- Develop a full depth precast deck panel that has no pockets in the panel and all the 

shear connectors are located at transverse panel 

3- Extend the spacing of the shear connectors to 6 ft. 

1.3 Significance of this research  

This research has three main goals which are: 

1- Increase speed of construction 

2- Save materials 

3- Simplify production of the panels 

1.4 Research approach 

The new idea of using discrete haunches comes with some challenges and the current 

AASHTO LRFD specifications do not address this way of construction. The effect of using 

discrete haunches in bridge design is explored, and the following design issues are 

investigated in this research.  
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1- Design the deck slab: The slab behaves like a two-way slab rather than one-way 

slab. 

2- Effect of increasing the spacing of shear connectors to from 2 and 4 ft (for steel and 

concrete girders respectively to 6 ft. 

3- Distribution factor for live load for the supporting girders. 

In order to investigate these issues, the following approach was developed.  

1.4.1 Develope conceptual d esigns 

In order to perform an atypical and experimental study, we should come up with 

conceptual designs that fulfill the research objectives.  

Three conceptual designs that fulfill the research objectives are presented in chapter 3. 

In these conceptual designs, discrete haunches and 6 ft spacing of shear connectors are 

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 composite behavior using (a) Vierendeel model, and (b) Non-linear 3D 

Finite Element analysis 

1.4.3 Experimental i nvestigation  

Based on the available resources, the following challenge is addressed. 

¶ Capacity of shear connectors at 6 ft spacing (Push off specimen) 
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1.5 Structure of this document  

Chapter 1: Introduction and plan 

Chapter 2: Literature Review 

This chapter reviews the literature related to precast panel systems and remarkable 

innovations related to this system in recent decades. The history of spacing between shear 

connectors and the related literature for the use of discrete haunches and extending the 

spacing of shear connectors are presented.  

Chapter 3: Conceptual Designs 

This chapter gives details of the development of three conceptual designs that are 

presented in NCHRP 12-96 project. These conceptual designs have maintained the research 

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

Chapter 4: Analytical investigation 

This chapter provides details of analytical investigations for proposed conceptual 

designs. This chapter presents a study of different aspects of the implementation of 

conceptual designs in the design of bridges.   

Chapter 5: Experimental Investigation 

This chapter provides details of experimental investigation for conceptual designs. The 

capacity of shear connectors at 6 ft spacing by the push off specimens are presented.    
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Chapter 6: Conclusion and Recommendations 

This chapter contains conclusions and recommendations for future research work. 
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Chapter 2 Literature Review 

2.1 Components of full depth precast deck p anel system  

In this section, a brief explanation of components of the system of a Full Depth Precast 

Deck Panel (FDPDP) system is presented. Components of FDPDP system are shown in 

Figure 2-1. Precast panels are the main component of this system. A Full depth precast 

deck panel system consists of several components such as girder, deck panels, shear 

pockets, shear studs or threaded rods, post-tensioning, and pretensioning per design 

requirement. The main component of the system is deck panels.  

 

Figure 2-1 Components of the system in Full Depth Precast Deck Panels ( State-of-the-art Report On Full-

depth Precast Concrete Bridge Deck Panels 2011) 

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

extracted from NCHRP 12-96 (Badie et al. IPG). 
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2.2 Full depth precast panels from the early stages up to recent 

achievements  

Full depth precast prestressed elements have been used in bridge construction of 

North America in the late sixties and early seventies (Anderson 1972). Over the time 

according to an increase in demand and necessity of implementation of accelerated bridge 

construction to the bridge industry, this system has improved significantly.  

A comprehensive study of full-depth precast panels is delivered at NCHRP 12-65 

(Badie et al. 2006). In this section, the evolution of this system is presented in recent two 

decades. For more detailed investigation of this system refer to NCHRP 12-65 (Badie et 

al. 2006b).  

Full-depth precast deck systems are typically more expensive than a conventional 

cast-in-place deck, but the extra cost is often offset by the decreased construction time, less 

required maintenance, and extended service life  (State-of-the-art Report On Full-depth 

Precast Concrete Bridge Deck Panels 2011). 

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 12-41: University  of Nebraska-Lincoln (1994 -1998)  

The major aim of the NCHRP 12-41 was to develop precast deck panel system with 

connection detail that delivers rapid replacement of bridge decks (Tadros and Baishya 

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

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

with the concrete deck (Tadros et al. 2002): The system employs the mechanical 
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anchorage of concrete shear keys created on the top flange of a concrete girder 

combined with shear reinforcement crossing the interface, as shown in Figure 2-2. 

Sealant is applied to the top surface to break the bond between the top flange and 

the concrete deck. The system has the advantage of facilitating future deck removal 

while protecting the top flange of the girder from the damage. This system can be 

used for both CIP deck slabs and full depth precast deck panel systems.  

2- Large size 1.25 inch diameter shear studs for composite action in steel girders 

(Badie et al. 2002, 2007): Shear studs used in composite steel bridge construction 

are typically 3/4 in. or 7/8 in. diameter. The 1.25 in. diameter stud, as shown in 

Figure 2-3 has about twice the strength and higher fatigue capacity than the 7/8 in. 

in diameter stud. This 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 size bars as shear connectors was 

extended for concert girders in NCHRP 12-65 (Badie and Tadros 2008) as will be 

discussed later in this section.  

3- NUDECK System: The system was originally a continuous partial depth system 

(Badie et al. 1998), but quickly evolved into a full depth system (Fallaha et al. 

2004). The deck panels are typically 8 in. thick and use the female-to-female 

transverse joint, as shown in Figure 2-4. The system is pretensioned transversely. 

In the longitudinal direction, the system can be post-tensioned where the post-

tensioning is provided in the 8-in. gap over the girder lines as shown in Figure 2-3, 

or it can be conventionally reinforced by splicing the longitudinal bars utilizing 

high strength spirals as shown in Figure 2-5.  
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4- Full depth precast deck panel systems (Yamane et al. 1998): This system provides 

a stemmed precast panel provided with blind shear pockets. The shear connectors 

and pockets were designed to 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 longitudinally post-tensioned.    

 

Figure 2-2 Debonded shear key system (Tadros et al. 

2002)  

 

Figure 2-3 1.25 inch studs used on the 

Skyline Bridge, Omaha, NE (Fallaha et al. 2004) 

 

Figure 2-4 Full depth NUDECK system (Badie et al. 1998) 
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Figure 2-5 Splicing longitudinal bars using high strength spirals (Badie et al. 1998) 

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

Issa et al. (Issa et al. 1998) performed finite element modeling of both simply supported 

and continuous bridge spans. The purpose was to determine the amount of longitudinal 

post-tensioning required to keep the transverse joints of precast deck panels in 

compression. The modeled simple span 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 city of the Niagara Falls. Both structures had steel girders. The 

design recommendations in this project have been used for at least five bridge deck 

replacement projects by the Illinois Department of Transportation.  

Issa et al. (Issa et al. 2003) conducted 28 push-out tests including 14 full scale and 14 

quarter scale specimens. The precast panels were connected to each flange of an A36 steel 

beam using welded shear studs, as shown in Figure 2-6. The variables tested include the 

number of shear studs in each pocket and the number of pockets present on the specimen. 

The pocket spacing was kept consistent at 2 ft. Therefore, as the number of pockets 
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increased, so did the length of the specimen. The study provided several findings. First, the 

number of shear studs in each pocket does not proportionally increase the 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 increase is dependent on the number of shear studs 

per pocket. Finally, the AASHTO LRFD specifications are conservative in determining the 

horizontal shear resistance of shear connectors. The authors also stated that push-off 

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

Issa et al. (Issa et al. 2006) conducted 11 small scale tests on a panel-to-concrete girder 

connection. The specimens consisted of a concrete girder section with a precast panel 

attached to either side, as shown in Figure 2-7. The tests evaluated the 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 panel. The test results showed that: (1) the 

shear strength of the connection increased proportionally 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 before failure, and (4) threaded bolts could be used as a shear stud 

for use with concrete girders. 
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Figure 2-6 Push-out specimen used by Issa et al.(Issa et al. 2003) 

 

Figure 2-7 Push-out specimen used by Issa et al. (Issa et al. 2006) 
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2.2.1.3 NCHRP 12-65: George Washington University / University  of 

Nebraska-Lincoln (2003 -2008)  

The objectives of the NCHRP 12-65 project (Badie and Tadros 2008) were to develop: 

(a) recommended guidelines and LRFD specifications language for design, fabrication, and 

construction of FDPDP systems without the use of post-tensioning or overlays, and (b) 

connection details for new deck panel systems that can be summarized as follow: 

(1) Panel-to-panel connection details: Two panel-to-panel connection details were 

developed. The connection details 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 shown in Figure 2-8. Detail #1 uses a 

hidden steel tube on one edge of the panel, and the longitudinal bars extend outside the 

panel on the other edge. Detail #2 uses a hidden steel tube, on both edges that are provided 

with a top surface slot where the splice bar can be inserted. This detail has been used 

successfully on implementation bridges by TX DOT and Utah DOT, as shown in Figure 

2-9. These details provide minimum exposure of the grouted area to the environment and 

full longitudinal continuity of panels without using longitudinal post-tensioning.  
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Figure 2-8 Panel-to-panel connection details developed in NCHRP 584 (Badie and Tadros 2008) 

 

Figure 2-9 NCHRP 584 panel-to-panel connection Detail #2 used on Live Oak Bridge, TX (Badie and 

Tadros 2008) 

(2) Panel-to-girder connection details: New connection details were developed based 

on extending the spacing between shear pockets to 48 inches that exceed the 24 inch LRFD 

specification limit (Badie et al. 2010, 2011). The analytical and experimental program 

conducted using these details with the extended spacing showed that full composite action 
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could be achieved. The panel-to-concrete girder connection was developed using a cluster 

of three 1¼ in. double headed studs embedded in the top flange of the concrete girder, as 

shown in Figure 2-10. This detail solves the mismatching problem currently encountered 

between the vertical shear reinforcement of the girder and shear pocket of the precast 

panels. The panel-to-steel girder connection detail was developed using 1¼ in. studs 

clustered in group 48 in. apart, as shown in Figure 2-10. This detail was used by some state 

DOTs such as Utah DOT and TX DOT.  
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Figure 2-10 NCHRP 584 panel-to-girder connection for steel & concrete girders (Badie and Tadros 2008) 

(3) Full depth panel systems: Two systems were developed. Both systems do not use 

longitudinal post-tensioning. The first system is transversely pretensioned with discrete 

shear pockets at 48-inch spacing.  

The second system is conventionally reinforced in both directions. The precast panel 

has a hidden (blind) continuous 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 panels are installed, 

and their elevation is adjusted using leveling screws, the continuous channels are filled 

with non-shrink 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 spliced at the 

transverse edges of the panel using a mechanical coupling system that utilizes a steel tube 

and heavy duty nuts. Details of this system are provided in Figure 2-11 and Figure 2-12.  

 

Figure 2-11 NCHRP 584 panel-to-girder connection of the second system (Badie and Tadros 2008) 
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Figure 2-12 NCHRP 584 panel-to-panel connection of the second system (Badie and Tadros 2008) 

2.2.1.4 PCI Northeast Chapter  

In 2001, the Northeast chapter of PCI published the first edition of ñFull Depth Deck 

Panels Guidelines for Accelerated Bridge Deck Replacement or Constructionò(PCINER-

11-FDDP 2011). The second edition of this publication was released in 2011. Appendix A 

of this publication provides details for various components of full depth precast deck panel 

systems. Among them is the following panel-to-girder connection for concrete girders, 

where a steel plate is installed on the top surface of the concrete girder, as shown in Figure 

2-13. The steel plate 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 panels are installed, if hidden 

(blind) shear pockets are used, or after the panels are installed, if open shear pockets are 

used. 
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Figure 2-13 Panel-to-girder connection details provided in PCINER-11-FDDP 2011 

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

The goals of the study conducted at Virginia Tech (Scholz 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 of the shear connection developed by the PCI Northeast region (shown 

in Figure 2-11), (3) compare the structural behavior of a match cast panel-to-panel 

connection detail with that of a male-female grouted connection. A full -scale mockup was 

built and tested in the lab, as shown in Figure 2-14. The panels were post-tensioned 

longitudinally. Test results showed that: (1) 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, (2) although the match cast and male-female panel-to-panel connection 

details showed almost similar performance, the researchers recommend using the female-

female connection detail as it provides high fabrication and construction tolerances. The 
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research also recommended new formulas for the design of the horizontal shear connection 

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

panel. 

 

Figure 2-14 Full scale mock-up used by Sullivan et al. (Sullivan et al. 2011) 

2.2.1.6 Purdue University  (2008-2010)  

The research in this project (Frosch et al. 2010) tried to overcome some of the 

fabrication, construction and durability issues that exist with the details developed by other 
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research projects. One of these issues is penetration of the shear pockets and transverse 

panel-to-panel connection to the top surface of the deck that may affect the long-term 

durability of the finished product. Although hidden (blind) shear pockets, like those 

developed in NCHRP 584, can be used to reduce the scale of the problem, they complicate 

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

The research program was conducted in four phases. First, the New England Region 

(NER) system was evaluated in a series of large-scale tests in which the panels were placed 

on a 40 ft prestressed concrete girder and subjected to three-point loading to evaluate its 

constructability and composite behavior. Second, the strength and geometry of the current 

and new panel to girder joint detail were evaluated and compared in a series of direct shear 

tests. Third, the strength and geometry of both the current and new panel-to-panel joint 

detail were evaluated and compared in a series of direct shear tests. Finally, a large-scale 

specimen was designed, constructed, and evaluated to evaluate the new system fully. In 

summary, the research project focused on: 

(1) Developing new details for the panel-to-girder connection, where the shear pockets 

for the shear connectors are created in a trough formed in the girder top flange and the 

shear connectors were built integrally with the precast panels during fabrication, as shown 

in Figure 2-15 to Figure 2-17.  
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Figure 2-15 Modified New England Region girder with the continuous keyed-trough created in the top 

flange (Frosch et al. 2010) 

 

Figure 2-16 Double headed shear studs (Frosch et al. 2010) 
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Figure 2-17 Precast panel with a match-cast, circular, male-female panel-to-panel connection (Frosch et al. 

2010) 

Validation of the new connection details was confirmed through the direct push-off 

shear specimen and a full -scale mock-up. The following are the findings of the 

experimental program: (a) use keyed trough surface, (b) minimum stud embedment is 6 in. 

for #4 - #6 studs, (c) provide minimum 4,000 psi concrete strength in the trough, (d) detail 

girder to resist outward thrust, and (e) the horizontal strength of the joint can be estimated 

based on the shear stud strength provided by ὠ ὃὪ. 

(2) Developing new details for the panel-to-panel connection, where match cast circular 

male-female joints were used, as shown in Figure 2-16 and Figure 2-17. Experimental 

results showed that: (a) checking the shear strength of the joint is not required, (b) either 

the 6 in. or 8 in. radius joint is recommended, however, the 8 in. radius joint may be 

preferable for constructability, and (c) 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 State University developed a grouted post-tensioned, curved-

strand connection that allows for a single panel replacement (Wells et al. 2012).Figure 2-18 

indicates the details of the proposed connection. Curved longitudinal PT tendons are used 

to compress only the transverse panel-to-panel connection to protect it against leakage. The 

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

Blockouts, provided with a single-strand anchorage device, are created on the top 

surface of the precast panels to install tendons. Stress analysis conducted using the finite 

element method showed high stress concentration near the blockouts generated by the 

applied PT force. Therefore, additional top and bottom transverse steel bars at 3-inch 

spacing were provided at the edges to protect the panel from cracking. The proposed 

connection detail was tested for flexure and vertical shear. Also, a full-scale, composite 

section was constructed using precast panels on steel I-girders to investigate the behavior 

of the proposed connection due to negative moment, as shown in Figure 2-19. The test 

results have shown satisfactory performance in the positive moment and vertical shear. 

However, the full-scale composite test showed that the connection could not deliver the 

required flexural capacity (i.e. the failure load was about 75 percent of the load calculated 

using the method of transformed sections). 
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Figure 2-18 Details of the curved strand connection developed by the Utah State University (Wells et al. 2012) 

 

Figure 2-19 The full-scale, composite section test conducted at the Utah State University (Wells et al. 2012) 

2.2.1.8 Nebraska Department of Roads/ University  of Nebraska-Lincoln 

(2013)  

Nebraska Department of Roads is on its way to use a full precast deck panel system on 

Kearney East Bypass, Kearney, NE (Morcous et al. 2013). The bridge has two equal 160 

ft long spans. The precast panels are pretensioned transversely and post-tensioned 

longitudinally. The precast panels cover the full width of the bridge and are made skew to 
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match the geometry of the bridge. The cross section 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 panels are provided with 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 shown in Figure 2-20.   

3- Each shear pocket accommodates 2 ï 1.25 inch diameter 120 ksi threaded rods. The 

threaded rods are anchored in the girder web and the precast panels using a heavy-

duty nut and an oversized washer.  

4- To accommodate the camber of the girder and maintain a uniform embedment of 

the shear connectors in the shear pockets, the threaded rods are covered with grease 

to break the bond between them and the concrete girder. After the girders are 

installed on the bridge, the threaded rods elevation will be adjusted by turning them 

up or down.  

5- The longitudinal post-tensioned tendons (12 ï 0.6 in. strands per girder line) are 

provided in the haunch between the precast panels and the girder, as shown in 

Figure 2-20. The minimum height of the haunch at the tip of the girder is adjusted 

to 2 inches to provide adequate space for the post-tensioned tendons. The 

longitudinal post-tensioning force is designed to provide for a full continuity over 

the intermediate pier for superimposed dead and live loads.  
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6- A harping device is anchored to 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 bridge, as shown in 

Figure 2-21. 

7- A special end panel is required at each end of the bridge to accommodate the 

anchorage device of the longitudinal post-tensioning tendons.  

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

are used to form for haunch.  

Construction steps are as below: 

1- The girders are installed, and the haunch barrier forms are set of the girder top 

flange. Elevation 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 flange and through 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 non-shrink grout and cured. When the grout 

reaches 3.5-ksi compressive strength, the longitudinal strands are post-tensioned 

and anchored at the end special panels.  

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

inch diameter sleeves provided at the pocket locations.  
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Figure 2-20 Details of the shear pockets and the shear connectors (Morcous et al. 2013) 
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Figure 2-21 Details of the anchorage and harping devices of the longitudinal post-tensioning reinforcement 

(Morcous et al. 2013) 

2.2.1.9 Princess Margaret Bridge Rehabilitation  

Rehabilitation of the Princess Margaret Bridge, New Brunswick, Canada, required 

using a full depth precast deck panel system to minimize the construction time and closure 

period (Zaki and Girgis 2012). The old superstructure consisted of a cast-in-place concrete 

deck slab supported on traverse floor beams at 9 ft - 2 in. spacing. The floor beams were 

supported on two longitudinal deck trusses at 31 ft - 6 in. spacing in one stretch of the 

bridge and two plate girders at 31 ft - 6 in. spacing in another stretch. 
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The new precast deck system used at the deck trusses and plate girders area consisted 

of precast double tee panels with the pretensioned ribs oriented transverse to the direction 

of traffic. A typical double tee was 14 ft - 9 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 shown in Figure 2-23. The double 

tees were longitudinally post-tensioned, which eliminated coupling of the longitudinal 

reinforcement. The longitudinal post-tensioned tendons were installed in two ducts located 

just below the deck slab of the double tee and directly above the longitudinal supporting 

deck trusses and plate girders, as shown in Figure 2-24.  

 

Figure 2-22 The precast double tee system used on the Princess Margaret Bridge, New Brunswick, Canada (Zaki 

and Girgis 2012) 
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Figure 2-23 Cross section of the precast double tee system used 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 deck trusses and plate girders, as shown in Figure 2-24. 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 double tees by creating eight shear pockets per every 

double tee (four shear pockets over every longitudinal deck truss/plate girder. U-shape 

reinforcing bars embedded in the spine beams and extended through the shear pockets 

provided for the required horizontal shear reinforcement, as shown in Figure 2-25. The 

concrete of the spine beams was cast through the shear pockets. 
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Figure 2-24 The longitudinal post-tensioned tendons used on the Princess Margaret Bridge, New 

Brunswick, Canada (Zaki and Girgis 2012) 
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Figure 2-25 Details of the spine beam used on the Princess Margaret Bridge, New Brunswick, Canada to create 

the composite action (Zaki and Girgis 2012) 
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2.2.1.10  NCHRP 12-69: Longitudinal Joints of Integral Deck Bulb Tees 

(2009)  

Integral deck bulb tees are precast, prestressed concrete I-beams, bulb-tees, or multi-

stemmed girders with an integral deck that is cast monolithically and prestressed with the 

girder (Oesterle et al. 2009). These girders are manufactured in precast concrete plants 

under closely controlled and monitored conditions, transported to the construction site, and 

placed side by side on 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 deck bulb tees is a combination 

of a continuously grouted shear key and welded transverse ties, as shown in Figure 2-26. 

This type of connection is intended to transfer shear and prevent relative vertical 

displacements across the longitudinal joints. The survey conducted in NCHRP 12-69 

(Oesterle et al. 2009) has shown that this connection detail is susceptible to cracking due 

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 connection detail using grouted shear key and welded steel plates (Oesterle et al. 2009) 
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NCHRP 12-69 (Oesterle et al. 2009) has developed a longitudinal joint detail that 

includes headed reinforcement bars lap spliced and grouted within a narrow joint formed 

at the longitudinal edges of the precast deck portion of the precast girders. The geometry 

and the reinforcement for the alternate joint are shown in Figure 2-27. The headed steel 

bars are staggered at 6 in. spacing and 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 6 in. 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 12-69. 

 

Figure 2-27 New connection detail developed in NCHRP 12-69 (Oesterle 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 conventional concrete, present an opportunity to enhance the 

performance of field-cast connections significantly, thus facilitating the wider use of 

modular prefabricated systems. Ultra-high performance fiber reinforced concrete 

(UHPFRC) represents a class of such advanced cementitious composite materials. 

UHPFRCs can significantly shorten the development length of embedded discrete steel 

reinforcement and can exhibit exceptional bond when casting against previously cast 

concrete. These properties allowed for a redesign of the modular component connection to 

facilitate accelerated construction and enhanced long-term system performance. Research, 

development, and deployment effort focused on UHPFRC connections has been conducted 

by the U.S. Federal Highway Administration (Graybeal and Swenty 2012). This program 

is building on a decade of experience with UHPFRC applications (Graybeal 2011) along 

with past efforts specifically focused on UHPFRC connections (Aarup et al. 2000; Hansen 

and Jensen 1999) to create practical solutions which address clear needs within the 

American highway transportation system.  

More recently, the concept of using UHPC properties to redesign connections between 

modular bridge components has been recognized in North America. As of early 2012, field-

cast UHPC connections between prefabricated bridge components were implemented in 18 

bridges in the United 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 deck-bulb-tee girders. 
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Two fundamental differences between the field-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 UHPFRC has been well documented. 

UHPFRC contains no coarse aggregate, so it does not exhibit early-age micro cracking 

common to conventional concrete. This feature, combined with the discontinuous pore 

structure in the homogeneous cementitious matrix, results in concrete with an extremely 

low permeability. Table 2-1 presents a select set of material properties for the UHPC 

investigated in the study conducted by FHWA.  

Table 2-1 Material properties for the UHPFRC investigated in the study conducted by FHWA (Graybeal 

and Swenty 2012) 

 

The FHWA study developed design details for the: (1) Panel-to-girder composite 

connection, and (2) panel-to-panel connection. The connection designs deployed have 

tended to mimic non-contact lap splice connections with a female-female shear key profile. 
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2.2.1.11.1 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 consists of a hidden continuous open channel provided at every girder 

line on the underside of the precast deck panel, through which the bottom mat of transverse 

deck reinforcement passes. The continuous channel accommodates the shear connectors, 

which are steel 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 

channel is provided with grouting holes that provide access to fill the channel with grout. 

The concept of the continuous open channel was originally developed in the NCHRP 12-

65 (Badie and Tadros 2008). However, the primary difference is that the extension height 

of the shear connectors is reduced to not interfere with the precast deck. 

 

Figure 2-28 Schematic illustrations of the composite connection for precast concrete deck panels supported by 

steel girders (Graybeal FHWA-HRT-12-041) 
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Figure 2-29 Schematic illustrations of the composite connection for precast concrete deck panels supported by 

concrete girders (Graybeal FHWA-HRT-12-041) 

The connection detail was tested using two 39-ft long concrete beam/deck specimens. 

The two test specimens had the same basic precast panel and girder designs, but one beam 

(Beam 1) was built as a conventional specimen with conventional composite connection 

details, and the other beam (Beam 2) was built as a UHPFRC specimen with the new 

connection detail. For each beam, one half of the beam simulated a steel girder connection, 

and the other half simulated a concrete girder connection. Figure 2-30 to Figure 2-23 

indicate the connection details used on these beams. 
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Figure 2-30 Beam 1 (Conventional composite connection): Transverse cross section of emulative steel girder 

connection (Graybeal FHWA-HRT-12-041) 

 

 

Figure 2-31 Beam 1 (Conventional composite connection): Transverse cross section of emulative concrete girder 

connection (Graybeal FHWA-HRT-12-041) 
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Figure 2-32 Beam 2 (UHPC composite connection): Transverse cross section of emulative steel girder 

connection (Graybeal FHWA-HRT-12-041) 

 

Figure 2-33 Beam 2 (UHPC composite connection): Transverse cross section of emulative concrete girder 

connection (Graybeal FHWA-HRT-12-041) 
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The field-cast panel-to-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 

respectively. The UHPFRC mix design included 317.5 kg (700 lbs) of Ductal Premix, 20.3 

kg (44.8 lbs) of water, 4.3 kg (9.5 lbs) of Chryso Premia 150 superplasticizer, and 22.6 kg 

(50 lbs) 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 Beam 1 prior to starting of 

structural loading (Graybeal FHWA-HRT-12-041) 

 

Figure 2-35 Cracking apparent on top of deck at grout pocket near east end of Beam 1 prior to starting of 

structural loading (Graybeal FHWA-HRT-12-041) 



45 

 

The test program for each specimen included two phases. First, each test specimen was 

subjected to cyclic loads in order to simulate the type of service-level fatigue loadings 

commonly applied to highway bridge structures. A four-stage loading program was used, 

where the first three stages each subjected the test specimen to more than 2 million cycles 

of structural loading. The 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 one-third at each successive stage, resulting in the final stage applying twice 

the vertical shear force range as the initial stage. 

The results of the cyclic load test demonstrate that the horizontal shear interface of 

Beam 1 remained intact throughout the entirety of the cyclic loading. No differential 

movement was observed electronically or visually at various levels of the cyclic load. The 

conventional grout remained well bonded to the precast surfaces with no indication of 

cracking, delamination or debonding. The new connection detail of Beam 2 succeeded in 

resisting all cyclic structural loads to which they were subjected throughout the testing 

program. No damage was observed within the UHPFRC composite connection or in the 

adjoining steel connectors throughout the duration of this testing. 

After the completion of the cyclic loading program, each specimen was subjected to 

static loading. During the static testing to failure, the UHPFRC test specimen carried a peak 

applied a shear load of 498 kips (2215 kN), which corresponds to a horizontal shear per 

unit length of 12.0 kips/inch (2.1 kN/mm). 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 distress was also observed in the precast deck elements adjacent to the 
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haunch. The conventional test specimen carried a peak applied shear load 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 can be found in the following 

reference:(Graybeal 2010) Graybeal FHWA-HRT-12-041. 

2.2.1.11.2 Panel-to-Panel Connection Detail (Graybeal, FHWA-

HRT-11-023) 

The connection detail is made of a female-female cast-in-place as shown in Figure 

2-36. No. 5 bars, which represent the deck reinforcement, extend inside the connection. 

 



47 

 

 

Figure 2-36 UHPC longitudinal connection specimen with non-contact, lap-splice detail (Graybeal 

FHWA-HRT-11-023) 

The No. 5 bars of adjacent panels are staggered to 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 connection. The connection detail was tested for fatigue 
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and ultimate states. The tested components simulated a 94.5 by an 84.7-inch portion of a 

bridge deck that included a 6 inch (152 mm) wide field-cast UHPC connection. The 

specimens were loaded on a simple span, 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 specimen followed 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 specimen was 

statically loaded to failure. The tests showed the satisfactory behavior 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 exceed 24 in. The 

original sources of the current maximum connector spacing of 24 in. are unclear. An 

investigation described in NCHRP Report 584 (Badie and Tadros 2008) on full-depth 

precast concrete deck panels, attributes that limit to a ñrule of thumbò in design suggested 

in 1943 (Newmark and Siess 1943). The 24-in. 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 editions until the latest edition of the AASHTO Standard 

Specifications (AASHTO Standard 2002). When the first edition of the AASHTO LRFD 

Specifications appeared in 1994, the 24 in. limit  was adopted, and it was kept without any 

changes in the following editions until the 6th edition (AASHTO LRFD 2012). It is very 

important to remember that the 24. in. recommended by Newmark & Siess (Newmark and 

Siess 1943) was developed for shear connectors uniformly distributed along the length of 
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the supporting girders, which is the common case when cast-in-place decks are used, and 

not for clusters of studs, which is the case for when full depth precast concrete deck panels 

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 undesirable in precast concrete 

deck panels. First, each blockout requires special labor for fabrication and grouting. 

Second, a precast concrete deck panel manufactured with blockouts spaced at 24 in. may 

have a definite plane of weakness through the blockout openings. 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 a push-off investigation by (Issa 

et al. 2003) in which clusters of studs in a pocket were found to have less capacity than the 

sum of individual studs. The AASHTO ñὗò capacity value for studs in Article 6.10.10.4 

of the 2012 AASHTO LRFD Specifications, however, matched Issaôs measured capacity 

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 specifically change capacity with the number of studs in a cluster, but taking the 

capacity as 85% or less of AASHTOôs value when more than two studs are clustered in a 

pocket is recommended based on Issaôs work. 
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Since push-off specimens do not provide an accurate representation 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 activities have re-examined the needs of composite deck 

connections through testing of full scale composite beams. 

Testing of panels connected to 84-ft-long steel girders with both 24-in. and 48-in. 

connector spacing was conducted at the University 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 service loading. On testing to the theoretical ultimate 

capacity, no deck uplift was detected and the 48-in. connector spacing provided an actual 

ultimate load capacity higher than predicted using AASHTO procedures, even though no 

capacity reduction was taken for multiple studs per pocket. 

In NCHRP 12-65, Badie & Tadros (NCHRP 584, 2008) tested two composite beams 

where the spacing between the shear connectors clusters was set at 24 and 48 in. The beams 

consisted of a full depth precast deck panels supported on steel 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 24 to 48 in. has no detrimental 

effect either on the composite beam stiffness or the ultimate flexural capacity. The study 

recommended providing special confinement of the shear connector individual clusters to 

guarantee the full  development of the steel studs. 

Another study was conducted at Virginia Tech. (Scholz et al. 2007; Sullivan et al. 2011) 

to examine the possibility of extending the spacing between the shear pockets beyond the 

24 inch limit mandated by the LRFD Specifications. A full -scale mockup was built and 
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tested in the lab, where the spacing between the shear connector clusters was set at 48 in. 

The test results have shown that: (1) 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 research also recommended new formulas to design for the horizontal 

shear connection between the steel plate and the supporting girder and between the steel 

plane and the precast panel. 

As a result of these studies, forty-eight-inch spacing was successfully used on 

implementation projects in NE, TX, VA, and Wisconsin. At its 2013 annual meeting, 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 48 in. but not greater than the beam depth. This change will 

become effective with the 2014 Interim Revisions. 

Using a discrete system 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 appropriate placing of the grout in its position. Recently, the National 

Cooperative Highway Research Program (NCHRP) issued a new project; NCHRP 12-96 

ñSimplified Full-Depth Precast Concrete Deck Panel Systemsò. The goal of the project is 

to develop simplified systems 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 engineer. 
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This section contains the findings in the literature related to the implementation of 

discrete haunches and extending the spacing of shear connectors. The first section is about 

the full-depth precast deck system that was developed in Japan in the early 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 FHWA project is an investigation of the 

possibility of extending the spacing of shear connectors beyond the current 24 in. limit  for 

steel girders. These systems are compared to the proposed system, and the outcomes are 

evaluated per the 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 projects were built by 

using discrete haunches. One of a successful example of implementation of discrete haunch 

is Suehiro Viaduct, Kansai International Airport Line, Japan (Matsui et al. 1994 and 

Manabe and Matsui 2004). 

Deck panels had variable thickness: A precast slab system was adopted in the 

construction of Suehiro Viaduct on the Kansai International Airport Line because of its 

proven labor savings 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 panel to panel joint at a wide spacing of 4 

ft-11 in. Discrete haunches, rather than continuous haunch, were used where only the space 

between the steel girder and the thickened ends of the panels was filled with grout. The 

superstructure was designed as a non-composite girder, conforming to the Japanese 

specification. Figure 2-37 and Figure 2-38 give a good description of this system.  

 

Figure 2-37 Cross section of the precast panel (eMatsui et al. 1994) 
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Figure 2-38 The precast deck during construction showing wide spacing of shear connectors (Matsui et al. 

1994) 

 

Figure 2-39 The precast deck before grouting the panel-to-panel and panel-to-girder joints (Matsui et al. 

1994) 
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Using this system helps the design engineer to: 

1. Reduce the construction time by about 40% compared to the cast-in-place slab. 

2. Reduce the amount of labor and material required to fill the haunch 

3. Reduce the self-weight of deck 

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

haunch 

The outcome of this project was successful, and no problem has been reported since 

the construction. The full depth precast panel construction with discrete haunches resulted 

in desirable outcomes. 

Prior to construction, an experimental program was developed to validate the concept: 

1- Single slab test to observe the mode of failures for individual precast panels (Figure 

2-40): the result showed that panels with 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 than the design value. 

2- Continuous slab test to measure the strength of panel-to-panel joint (Figure 2-41): 

Three specimens consisting of two panels that were made continuous were 

fabricated with different post-tensioning level. These specimens were subjected to 

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

two panels had 1.7 times higher strength than a single panel.  

 

Figure 2-40 Single slab test setup (Matsui et al. 1994) 

 

Figure 2-41 Continuous slab test (Matsui et al. 1994) 

There are many similarities 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 Viaduct was designed as non-composite with the girder. Therefore, a few 
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shear connectors were used just to anchor the precast slab with the supporting girders. 

However, the field instrumentation and analysis conducted by Dr. Manabe (Manabe and 

Matsui 2004) on the bridge found that the superstructure behaves as a partial composite 

system. 

It is a common practice in the United States that Slab/I-girder assemblies are designed 

as composite structure due to superimposed loads. Article 6.10.1.2 of the LRFD 

Specifications (AASHTO LRFD 2015) states that non-composite sections are not 

recommended but are permitted. The conceptual design presented in the research is 

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

2.2.2.2 Extending the spacing of shear connectors 

Investigations on extending the spacing between shear connectors are categorized into 

two sections which are for concrete and steel girders.  

2.2.2.2.1 Steel girder : FHWA Experimental Program (Provines  and Ocel 

2014, NABC & WSBS) 

Researchers at the Turner-Fairbank 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 international shear 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 conservative enough. The 

experimental program includes 16 large-scale tests using four different configurations of 

shear stud spacing, which range from a typical cast-in-place detail with studs every 12 or 
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24 in. to configurations more conducive to precast panels with clustered shear studs spaced 

at 36 and 48 in. From the 16 large-scale tests, 4 are static, and 12 are fatigue tests to evaluate 

both the strength and fatigue AASHTO limit states. Upon completion of large-scale tests, 

small-scale push out fatigue and the static test will be performed to compare the two 

methods of 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. 

Each large scale test in the study consists of 30 ft long W27x84 rolled steel beam and 

two concrete deck panels fabricated by a PCI certified precast producer, as shown in Figure 

2-42. Pockets were cast into the deck panels and were sized depending on the number of 

studs in each pocket. Table 2-2 shows the experimental test matrix with the four different 

shear stud cluster spacings. 

The beams were designed to induce a shear failure in studs for the static test and to 

accelerate fatigue testing, with 12 studs in each shear span correspond to approximately 38 

% of the composite action. Since beams were designed as partially composite action, the 

AISC specifications (AISC 2005) were used to determine flexural resistance and rigidity. 

Prior to placing the concrete deck panels on steel beams, the top flange was coated with 

a thin layer of grease, so the majority of shear force transferred between the steel beam and 

the deck panels was transmitted through shear studs. Grout 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 two load points with an 11ô-6ôô shear span on each end of the beam, 

all of the shear studs have a diameter of 7/8 in. and were selected due to their use in typical 

bridge construction. Clustered studs are spaced longitudinally at a pitch of 3.5 in. (4 times 

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 some bridge owners such as Texas DOT. 

 

Figure 2-42 large scale test beam with 36 in. cluster spacing (Provines and Ocel 2014b) 

   

Table 2-2 large scale experimental test matrix (Provines and Ocel 2014b) 

 

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 used to 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 transferred between two elements. 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 bare steel beam N.A are also provided as a reference. 

Table 2-3 provides a summary of the fatigue tests and includes the following 

information: the naming convention, basic stud geometry, initial average stress range on 

shear studs in each shear span, and a number of cycles to failure. To date, 4 large-scale 

static and 7 large-scale fatigue test have been completed. 

Figure 2-44 indicates S-N plot of completed large-scale tests obtained from the fatigue 

tests. Figure 2-45 and Figure 2-46 show the results obtained from the static tests. Figure 

2-45 shows the moment-displacement curve for each of the four static tests. Figure 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 beam 1F1 (Provines and Ocel 2014b) 

 

 

Table 2-3 Summary of S-N data for large-scale fatigue tests (Provines and Ocel 2014b) 
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Figure 2-44 S-N plot of completed large-scale tests (Provines and Ocel 2014b) 

 

Figure 2-45 M-$ data for static tests (Provines and Ocel 2014b) 
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Figure 2-46 Relative slip (left) and uplift (right) results in 90% of the ultimate load for static tests (Provines 

and Ocel 2014b) 

Test results show: 

1. Regardless of 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 magnitude 0.8 factor found 

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 deck and steel beam. This 

is consistent with the conclusion reported in NCHRP 12-65 (Badie and Tadros 

2008). A failure criterion for shear studs in large-scale fatigue tests has been 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 12-65 (Badie and Tadros 2008) 

and recently at the University of Nebraska (Morcous et al. 2013) , the full strength 

of studs could be developed if special confinement in the steel tubes or individual 

ties is provided around the shear pockets. This factor can play a significant role 

especially when the extended spacing between shear connectors are used. It is 

important to mention that no special confinement was provided to the stud clusters 

in any of specimens tested at FHWA. The only source of confinement was provided 

by slab reinforcement that was designed using the LRFD Empirical Design Method.  

2.2.2.2.2 Concrete girder : NCHRP 12-65 (Badie and Tadros 2008)  

As mentioned in the literature review of this research is in section 2.2.1.3 of this 

dissertation. In NCHRP 12-65, Badie & Tadros (NCHRP 584, 2008), two 

composite beams were tested with the spacing between shear connectors at 24 in. 

and 48 in. The test results showed that extending spacing between shear connectors 

had no unfavorable effect on the composite beam 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 Specifications (AASHTO LRFD 2015) and American Concrete Institute (ACI) 

Building Code Requirements for Structural Concrete ACI 318-14 (ACI Committee 318 

2014).  

To have a sufficient design, the shear capacity of the interface must be greater than the 

horizontal shear stress developed at the interface. The sources of resistance to horizontal 

shear are frictional, cohesion 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 can be defined as 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 well as an axial deformation from the 

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

2.3.1 AASHTO LRFD Bridge Design Specification (2015)  

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

shear. 

ὺ
ὠ

ὦȢὨ
 

Where: 



66 

 

ὺ  Horizontal factored shear force per unit area of interface 

ὠ  Factored vertical shear force at specified section 

ὦ  Width of the interface 

Ὠ  The distance between the centroid of the tension steel and the mid-thickness of 

the slab to compute a factored interface shear stress 

The factored interface shear force in force unit may be determined as: 

ὠ ὺ Ȣὃ  

The following equation has to be satisfied to have a safe design. 

ὠ •Ȣὠ  

Where,  

ὠ (ÏÒÉÚÏÎÔÁÌ ÆÁÃÔÏÒÅÄ ÓÈÅÁÒ ÆÏÒÃÅ ËÉÐ 

ὠ .ÏÍÉÎÁÌ ÈÏÒÉÚÏÎÔÁÌ ÓÈÅÁÒ ÒÅÓÉÓÔÁÎÃÅ ÆÏÒÃÅ ËÉÐ  

• πȢω 

The AASHTO LRFD Bridge Specifications (Article 5.8.4.1) provides equations for 

determining the nominal shear resistance at an interface. The interim provisions presented 

in this section (AASHTO LRFD 2015) . The nominal shear resistance at the interface 

between two concretes, grout or steel cast at different times can be expressed as: 

ὠ ὧȢὃ ‘Ȣὃ ȢὪ ὖ ὓὭὲὑȢὪ Ȣὃ  ȟὑȢὃ   
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Where, 

ὠ .ÏÍÉÎÁÌ ÈÏÒÉÚÏÎÔÁÌ ÓÈÅÁÒ ÒÅÓÉÓÔÁÎÃÅ ÆÏÒÃÅ ËÉÐ  

ὃ  Area of concrete considered to be engaged in interface shear transfer Ὥὲ  

ὃ  area of shear reinforcement crossing the shear plane within the area ὃ  Ὥὲ  

ὧ  Cohesion factor specified in Article 5.8.4.3 (ksi) 

‘  Friction coefficient specified in article 5.8.4.3 

Ὢ  Yield strength of reinforcement but design value not to exceed 60 

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

ὖ π ὯὭὴί. 

Ὢ  Specified 28-day compressive strength of the weaker concrete on either side of 

interface (ksi) 

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

Article 5.8.4.3  

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

Following values which are presented in Article 5.8.4.3 (AASHTO LRFD 2015) shall 

be taken for cohesion and friction factors: 

¶ For a cast-in-place concrete slab on clean concrete girder surfaces, free of laitance 

with a surface roughened to an amplitude of 0.25 in. 
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ὅ πȢςψ ὯίὭ 

‘ ρȢπ 

ὑ πȢσ 

ὑ ρȢψ ὯίὭ for normal-weight concrete and 1.3 ksi for light-weight concrete 

¶ For normal-weight concrete cast monolithically 

ὅ πȢτ ὯίὭ 

‘ ρȢτ 

ὑ πȢςυ 

ὑ ρȢυ ksi 

¶ For light-weight concrete placed monolithically, or non-monolithically, against a 

clean surface, free of laitance, with surface intentionally roughened to an 

amplitude of 0.25 in.: 

ὅ πȢςτ ὯίὭ 

‘ ρȢπ 

ὑ πȢςυ 

ὑ ρȢπ ksi 

¶ For normal-weight concrete placed against a clean surface, with surface 

intentionally roughened to an amplitude of 0.25 in.: 

ὅ πȢςτ ὯίὭ 

‘ ρȢπ 

ὑ πȢςυ 

ὑ ρȢυ ksi 
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¶ For concrete placed against a clean concrete surface, free of laitance, but not 

intentionally roughened: 

ὅ πȢπχυ ὯίὭ 

‘ πȢφ 

ὑ πȢς 

ὑ πȢψ ksi 

¶ For concrete anchored to as-rolled structural steel by headed studs or by reinforcing 

bars where all steel in contact with concrete is clean and free of paint: 

ὅ πȢπςυ ὯίὭ 

‘ πȢχ 

ὑ πȢς 

ὑ πȢψ ksi 

 

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 

shall be taken as (Article 6.10.10.4.3): 

ὗ πȢυὃ ὪὉ ὃ Ὂ 

 Where, 

ὃ  cross sectional area of a shear connector in Ὥὲ  

Ὁ  modulus of elasticity of the deck concrete determined as specified in 

Article 5.4.2.4 (ksi) 
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Ὂ  specified minimum tensile strength of a stud shear connector determined 

as specified in Article 6.4.4(ksi) 

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

2.3.2 American Concrete Institute (ACI 318 -14)  

The ACI 318-14 (ACI Committee 318 2014) provides the following 

expressions for the shear interface: 

ὠ ὃ ȢὪȢ‘  

Where, ὠ is the nominal shear strength; ‘ is the coefficient of friction; Ὢ is the yield 

strength of the shear connector (ksi); and ὃ  is the area of the shear transfer reinforcement 

Ὥὲ . This equation is valid when the shear connector is perpendicular to the shear plane. 

Where shear friction reinforcement is inclined to the shear plane, such that the shear force 

produces tension in shear-friction reinforcement, ὠ shall be computed by: 

ὠ ὃ ȢὪ‘ ίὭὲ‌ÃÏÓ‌ 

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

friction ‘ shall be taken as: 

¶ ρȢτ‗ȡ Concrete placed monolithically 

¶ ρȢπ‗ȡ Concrete placed against hardened concrete with surface intentionally 

roughened to 0.250in. amplitude. 

¶ πȢφ‗ȡ Concrete placed against hardened concrete not intentionally roughened.  

¶ πȢχ‗ȡ concrete anchored to as-rolled structural steel beams with headed studs or 

reinforcing bar connectors 
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Where, ‗ ρȢπ for normal weight concrete and 0.75 for all light weight 

concrete. 

To achieve a ductile failure of the systems with normal-weight concrete, ACI 

318-14 provides the following upper limit for ὠȢ  

ὠ ὓὭὲπȢςὪὃȟτψππȢπψὪ ὃȟρφππὃ  

Where, ὃ is the interface area of the concrete engaged in shear transfer Ὥὲ . For all 

other cases, the upper limits for ὠ is as below. 

ὠ ὓὭὲπȢςὪὃȟψππὃ   

2.3.3 Summary of prediction methods  

AASHTO LRFD and ACI predictions are conservative. It is important to mention that, 

according to the prediction methods, the effect of using Ultra High Performance Concrete 

(UHPC) has practically no effect on the capacity of the horizontal shear connection. 

Comparison of using UHPC with Ὢ τȟπππ ὴίὭ at the same conditions may not have any 

effect on predicted capacity of that connection.  

The equation for shear friction has the assumption that the shear connectors are spread 

uniformly across the beam. However, the effects of using clustered shear connectors are 

not mentioned directly. It is important to consider these effects. 

2.4 Curr ent  Challenges 

2.4.1 Blind Grouting of haunch between panels 

One of the challenges that engineers face during construction of full depth precast 

deck panel systems is the blind grouting of the haunch between the panels and the 
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supporting girders. Since the haunch is air tight, the panels should be provided with holes 

every 2 to 4 ft in order to vent 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 Bridge Specifications increased the maximum spacing between shear 

pockets to 48 inches because the grout has to travel a long distance between pockets in a 

very tight space. As such, quality inspection of the grouted haunch has become a concern 

and required careful investigation. Therefore, using this system requires the enhancement 

of the quality of the connection and improving the reliability of proper pour of concrete in 

the pocket.  

2.4.2 Fabrication Issues  

The need to create pockets in the panels for some of the Full depth precast deck systems 

exists. This practice can be performed. However, it is more efficient to move the pockets 

away from inside the panels and into adjacent space between panels. Moreover, extending 

the spacing between shear connectors can increase the speed of construction significantly. 

This is consistent with the goal of Accelerated Bridge Construction. 

In order to mitigate these challenges, conceptual designs are introduced and 

investigated in the following chapters.    
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Chapter 3 Conceptual Designs 

In this chapter, three conceptual designs for reaching the outlined goals are presented. 

Three conceptual designs with Post-Tensioning (PT) and Non Post-Tensioning (NON PT) 

options are introduced.  

Sections 3.1 through 3.6 are extracted from NCHRP 12-96 (Badie et al. IPG). 

3.1 Introduction  

The criteria and details of three conceptual designs (CDs), namely CD-1, CD-2, 

and CD-3 are shown in Table 3-1.   

Table 3-1 Criteria of the Conceptual Designs 

 

In order to come up with realistic concepts, the following guidelines were used: 

1- A bridge model was used to determine the order of magnitude of: (a) horizontal 

shear force that is required to design the horizontal shear reinforcement and (b) 

amount of negative moment at the intermediate support (i.e. pier). Key information 
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of the model bridge included: Two-continuous span (150 ft each), Girder spacing 

= 10 ft, Bridge width = 58 ft, Number of girders = 6 girders (New FL Bulb Tee 

Girder, 72 inch deep). AASHTO LRFD, 6th edition, 2012, Design Specifications 

was used in the design. 

It is important to note that the criteria of the model bridge were not set to present a 

lower or upper limit of the applicability of the conceptual designs but to come up 

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

2- When no guidance is provided by the LRFD Specifications or when the more 

sophisticated analysis is required, simple statics and acceptable approximations 

were used to design some of the components of the conceptual designs, such as the 

distribution factor of the live load for Conceptual Design No. 1. 

3.2 Proposed Longitudinal Post -Tensioning (PT) System  

The longitudinal PT system that is used with the proposed CDs is made of 

encapsulated 0.6 in. diameter tendons. Tendons are made of unbonded seven-wire 

strand coated with corrosion inhibiting grease and encased in polyethylene sheathing 

according to ASTM416, as shown in Figure 3-1.   
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Figure 3-1 Unbonded seven-wire 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 the sheathing, (b) increase protection against corrosion and 

provide a non-conductive environment for corrosion, and (3) reduce friction between the 

strand and sheathing. The function of the polyethylene sheathing is to: (a) provide 

corrosion protection to the strand, 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 panels. The function of the ducts is to: (a) maintain voided path for the strands 

during fabrication of the panels, and (b) add as a third layer of protection to the strands 

during the service life of the deck. There are two types of PT ducts that can be used: 
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1- 5/64 in. (1.98 mm) thick-walled polyethylene/polypropylene plastic flat ducts, 

which can accommodate three 0.6 inch diameter encapsulated strands per duct, as 

shown in Figure 3-2.  

2- 0.05 in. (1.27 mm) thick-walled metal circular ducts, which can accommodate four 

0.6 inch diameter encapsulated strands per duct, as shown in Figure 3-3.  

The plastic flat duct is used for CD-1(PT) because of the relatively thin slab 

thickness used in this system (i.e. 5.5 inch), and the metal circular duct for CD-2(PT) 

and CD-3(PT) because it can accommodate larger number of encapsulated strands (e.g. 

4 strands compared to 3 strands for the flat duct). 

The ducts are embedded in the precast panels, and 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 from filling the ducts during 

grouting of the transverse joints between the precast panels. 

This system of unbonded tendons (fed through ungrouted ducts) was successfully 

used on the Arbor Rail Line Bridge replacement, Nebraska City, Nebraska (Hennessey 

and Bexten 2002).  
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Figure 3-2 Polyethylene/polypropylene plastic flat PT duct 

 

Figure 3-3 Metal circular PT duct 
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3.3 Conceptual Design No. 1 (CD-1)  

The CD-1 is shown in Figure 3-4. This concept has two features: (1) the precast 

deck panels are connected to the supporting girders, to achieve composite action, only 

at the panel transverse joints (as a result, the precast panels could possibly behave as 

one-way slabs in the longitudinal direction), and (2) no grouting is required to fill the 

gap formed between the unconnected panel-soffits and the tops of supporting beams. 

 

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

The following temporary approximations were made during 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 continuous one-way slab supported by the 

thickened transverse edges.  

3-  Distribution of the live load 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- Girders are installed.  

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

are attached to the panels or to the top surface of the girder top flange using 

construction adhesive.  

3- Precast panels are installed.  

4- 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, the bent plates will also work as 

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 metal shims, and their elevation is adjusted 

using leveling bolts. With 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 transverse joints between panels are filled with non-shrink grout.  

3.3.1.2 Concrete Girders: CD-1(NoPT-Conc) 

Details of the CD-1(NoPT-Conc) are given in the following figures: Figure 3-5 shows 

the cross section of the precast concrete panels. Figure 3-6 shows the plan view of the 

transverse connection between adjacent panels, and Figure 3-7 shows the details of 

Sections A-A, B-B, and C-C when the precast panels are supported by concrete I-girders.  

The panel is made of 5.5 inch thick 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 longitudinal directions, the panel is reinforced with No. 4 

bars at 6 inch spacing. This reinforcement is spliced at the transverse panel-to-panel joints 

using No. 4 U-shape bars that extend outside the panel in the 4 inch gap between panels. 

The proposed reinforcement arrangement 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 inch diameter strands. 

The horizontal shear reinforcement is provided only at the transverse joints between 

adjacent panels, directly over the bridge girders. It consists of 1.5 inch diameter rod 

provided with a heavy nut and a washer at both ends for anchorage. The rods have vertical 

adjustability to accommodate variable camber in the bridge girder. Adjustments are made 

possible by lubricating the rods before concrete of the girder is placed. 
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During construction, the precast panels are installed on light gauge bent plates that are 

installed at the edges of the supporting girders and are connected 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 can also be used 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 limit grouting only to the space under the transverse ribs 

of the panels. High strength, non-shrink grout is used to fill the transverse joints between 

the panels. 

 

Figure 3-5 CD-1(NoPT-Conc): Cross section of the precast panel 
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Figure 3-6 CD-1(NoPT-Conc): Plan view of the panel-to-panel transverse connection (transverse reinforcement 

of the panels is not shown for clarity) 



83 

 

 

 

Figure 3-7 CD-1(NoPT-Conc): Sections A-A, B-B, and C-C 

3.3.1.3 Steel Girders: CD-1(NoPT-Conc) 

Figure 3-8 shows the plan view of the transverse connection between adjacent panels, 

and Figure 3-9 shows the details of Sections A-A, B-B, and C-C when the precast panels 

are supported by steel girders.  
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Figure 3-8 CD-1(NoPT-Steel): Plan view of the panel-to-panel transverse connection (reinforcement of the 

panels is not shown for clarity) 
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Figure 3-9 CD-1(NoPT-Steel): Sections A-A, B-B, and C-C 
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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- Girders are installed.  

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

are attached to the panels or to the top surface of the girder top flange using 

construction adhesive.  

3- Precast panels are installed.  

4- 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, the bent plates will also work as 

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 metal shims, and their elevation is adjusted 

using leveling bolts. With this system, grout barriers are installed at the 

edge of the girders using 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 strands are fed into 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 required strength, the PT strands are post-

tensioned and anchored at the end panels.  

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

girders is grouted with non-shrink grout.  

3.3.2.2 Concrete Girders: CD-1(PT-Conc) 

Figure 3-10 shows the cross section of the precast panel. Figure 3-11 shows the plan 

view of the transverse connection between adjacent panels, and Figure 3-12 shows the 

details of Section A-A, B-B, and C-C when the precast panels are supported by concrete I-

girders. 

The precast panel has the same concrete dimensions as CD-1 without PT. The panel 

has the same transverse reinforcement as CD-1 without PT. In the longitudinal direction, 

the panel is nominally reinforced for handling and erection stresses before the PT is 

applied. No. 4 bars at 12 inch spacing 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 strands are fed in the 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 in Figure 3-13.  
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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 panel-to-panel transverse connection (Transverse reinforcement 

of the panel is not shown for clarity) 
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Figure 3-12 CD-1(PT-Conc): Sections A-A, B-B, and C-C 

 

Figure 3-13 Panel-to-panel connection detail showing the longitudinal PT 
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3.3.2.3 Steel Girders: CD-1(PT-Steel) 

Figure 3-14 indicates the plan view at the transverse connection between adjacent 

panels, and Figure 3-15 shows the details of Section A-A, B-B, and C-C when the precast 

panels are supported by steel I-girders. 

 

Figure 3-14 CD-1(PT-Steel): Plan view of the panel-to-panel transverse connection (Transverse 

reinforcement of the panel is not shown for clarity) 
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Figure 3-15 CD-1(PT-Steel): Sections A-A, B-B, and C-C 

3.4 Conceptual Design No. 2 (CD-2)  

The CD-2 uses a continuous channel (through) 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 in CD-2 is created in the 

thickened top flange of the girder.  

3.4.1 CD-2 Without Longitudinal Post -Tensioning  

3.4.1.1 Construction Steps 

1- Girders are 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 panels are supported by light gauge angles or steel bent plates attached by 

steel straps. The angles are installed at the edges of the girders, and their 

elevation is surveyed to provide for the required profile of the deck. With this 

system, the angles will also work as grout barriers.  

b. The panels are supported by metal shims, and their elevation is adjusted using 

leveling bolts. With this system, grout barriers installed at the edge of the 

girders are required.  

4- Backer rods are used as grout stopper at the bottom edge of the transverse joints 

between panels.  

5- The longitudinal reinforcement of the panels is spliced. This step depends on the 

selected technique used to splice the panels. 

6- The haunch is filled with concrete. Self-consolidating concrete (SCC) mix may be 

considered.  

7- Finally, the transverse joints between panels are filled with non-shrink grout.  

3.4.1.2 Concrete Girders: CD-2 (NoPT-Conc) 

Figure 3-16 shows the details of the system. The panels are made of 8 inch solid 

concrete. The connection of 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 inches. Dimensions of the bars are given in 

Figure 3-17. 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 of the shear connectors. The haunch will be filled with cast-in-place 

self-consolidated concrete through 4 inch diameter sleeves provided in the solid panel. 

 

Figure 3-16 Cross section and longitudinal profile of the CD-2(NoPT-Conc) 

 

Figure 3-17 Dimensions of the No 5 Hat Bars 

The panels are supported by 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 can be supported on metal shim plates, and their elevation can be adjusted using 

leveling bolts. In this case, grout barriers need to be provided at the girder edges. 

The panel acts as a one-way 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 is consolidated in a single layer of No. 6 bars spaced 

at 12 inches as shown in Figure 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 the HSS tube and then spliced with a short piece of No. 6 bar as 

shown in Figure 3-20. This splicing detail was developed and tested in  

NCHRP 12-65 (Badie and Tadros, NCHRP 584, 2008). The transverse edges of the 

panel are provided with a shear key detail as shown in Figure 3-19. As an alternative, the 

panel-to-panel connection detail of CD-1(NoPT), where U-shape bars extend outside the 

panel, can also be used to splice the longitudinal reinforcement of CD-2(NoPT).   
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Figure 3-18 Plan view Z-Z of the CD-2(NoPT-Conc) 

 

Figure 3-19 Cross sections of the New CD-2(NoPT-Conc) 
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Figure 3-20 Details of the panel-to-panel connection of the CD-2(NoPT-Conc) 
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3.4.1.3 Steel Girders: CD-2 (NoPT-Steel) 

Figure 3-21 shows the details of the system. Details of the system are very similar to 

the details of the New CD-2 (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 

Figure 3-21 are just for illustration. In real cases, number and size of the steel studs depend 

on the criteria of the bridge under consideration. The 12 inch spacing provided between the 

hat bars provides great flexibility to accommodate the required number of steel studs. 

 

Figure 3-21 Details of the CD-2(NoPT-Steel) 
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3.4.2 CD-2 with Longitudinal Post -Tensioni ng 

3.4.2.1 Construction Steps 

1- Girders are installed.  

2- Precast panels are installed.  

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

a. The panels are supported by light gauge angles or steel bent plates attached by 

steel straps. The angles are installed at the edges of the girders, and their 

elevation is surveyed to provide for the required profile of the deck. With this 

system, the angles will also work as grout barriers.  

b. The panels are supported by metal shims, and their elevation is adjusted using 

leveling bolts. With this system, grout barriers installed at the edge of the 

girders are required.  

4- Backer rods are used as grout stopper at the bottom edge of the transverse joints 

between panels.  

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

6- The transverse joints between adjacent panels are filled with non-shrink grout.  

7- The PT strands are post-tensioned.  

8- The haunch is filled with concrete through the 4-in. diameter sleeves provided in 

the panels. Self-consolidating concrete (SCC) mix may be considered.  

3.4.2.2 Concrete Girders: CD-2 (PT-Conc) 

Figure 3-22 shows the details of the system. The panels are made of 8 inch solid 

concrete. The connection of the horizontal shear is provided in the relatively thick 
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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 inches. Dimensions of the 

bars are given in Figure 3-17. 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 embedment of the shear connectors. 

The haunch will be filled with cast-in-place self-consolidated concrete through 4 

inch diameter sleeves provided in the solid panel. 

The panels are supported by 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, the panels can be supported on metal shim plates, and their elevation 

can be adjusted using leveling bolts. In this case, grout barriers need to be provided 

at the girder edges. 

The panel acts as a one-way 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 temperature and shrinkage reinforcement and 8 encapsulated 0.6 inch diameter 

strands per girder line provided in two circular metal ducts. Figure 3-23 shows plan 

view Z-Z, and Figure 3-24 shows the cross sections of the panels. 
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Figure 3-22 Details of CD-2(PT-Conc) 

 

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
























































































































































































































































































































































































































































































































































































































































































































































