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ABSTRACT 

Out of the 614,387 bridges in the United States, 56,007 are structurally deficient (FHWA 2016). In 

many instances this structural deficiency relates to the deck of the bridge. Deck degradation is 

very common in bridges over 25 years old (Biswas 1986). Many decks fail several years before 

the rest of the bridge superstructure and substructure reach the end of their useful life (Bettigole 

and Robison 1997). An effective solution to this problem is to rapidly replace the bridge deck with 

precast panels. An important aspect of any deck system is the behavior of its transverse joints. 

The long-term success of a deck replacement project is dependent on the durability of the deck 

joints. 

The Alabama Department of Transportation does not have any standards to test or evaluate the 

performance of transverse joints in precast-panel bridge deck systems. This report describes the 

development of test methods and performance criteria to compare behavior of various precast-

panel transverse joints and determine their acceptability. The test methods and performance 

criteria were implemented on a proprietary deck system in the laboratory. The two joint types 

tested for the Exodermic® deck system were the unreinforced shear key joint and the staggered 

hook reinforced joint. The transverse joints were tested in quasi-static and fatigue loading for 

positive bending, negative bending, and a newly developed test of shear reversal under constant 

positive bending. Data were collected and analyzed to determine the in-service and long-term 

performance of the joints. 

The findings were based on capacity, midspan deflection, and crack opening of the specimens. A 

practical test method for future implementation was produced successfully. However, correlation 

between the quasi-static and fatigue test results could not be determined due to the small range 

of specimens tested. 

 

  



vi 

TABLE OF CONTENTS 

LIST OF TABLES ........................................................................................................................... IX 
LIST OF FIGURES .......................................................................................................................... X 
CHAPTER 1 INTRODUCTION ................................................................................................ 1 

1.1 General Background ....................................................................................................... 1 
1.2 Research Objectives ....................................................................................................... 4 
1.3 Research Scope .............................................................................................................. 5 
1.4 Organization of Report .................................................................................................... 5 

CHAPTER 2 BACKGROUND ................................................................................................. 6 
2.1 Overview ......................................................................................................................... 6 
2.2 Rapid Rehabilitation/Replacement of Bridge Decks ....................................................... 6 
2.3 Stress Demand on Transverse Joints ............................................................................. 8 
2.4 Laboratory Testing of Transverse Joints ....................................................................... 13 

2.4.1 Tensile Tests .................................................................................................... 13 
2.4.2 Shear Tests ...................................................................................................... 15 
2.4.3 Flexural Tests ................................................................................................... 17 

2.5 Precast Exodermic Deck System .................................................................................. 20 
2.6 Summary ....................................................................................................................... 28 

CHAPTER 3 DESIGN OF EXPERIMENTAL PROGRAM .................................................... 30 
3.1 Overview ....................................................................................................................... 30 
3.2 Test Assembly ............................................................................................................... 30 

3.2.1 Specimen and Loading Configuration .............................................................. 30 
3.2.2 Load Application ............................................................................................... 33 
3.2.3 Supports ........................................................................................................... 34 

3.3 Loading Procedure ........................................................................................................ 35 
3.3.1 Quasi-Static Tests ............................................................................................ 36 
3.3.2 Fatigue Tests ................................................................................................... 42 

3.4 Instrumentation ............................................................................................................. 45 
3.4.1 Internal Instrumentation ................................................................................... 45 
3.4.2 External Instrumentation .................................................................................. 46 

3.5 Data Acquisition ............................................................................................................ 50 



 

vii 
 

CHAPTER 4 SPECIMEN CONSTRUCTION ........................................................................ 51 
4.1 Overview ....................................................................................................................... 51 
4.2 Detailed Drawings ......................................................................................................... 51 
4.3 Exodermic Steel Grids .................................................................................................. 54 
4.4 Deck Concrete .............................................................................................................. 57 

4.4.1 Preliminary Tasks ............................................................................................. 57 
4.4.2 Formwork ......................................................................................................... 58 
4.4.3 Placement ........................................................................................................ 60 
4.4.4 Curing ............................................................................................................... 64 

4.5 Joint Grout ..................................................................................................................... 66 
4.5.1 Preliminary Tasks ............................................................................................. 66 
4.5.2 Formwork ......................................................................................................... 70 
4.5.3 Placement ........................................................................................................ 70 
4.5.4 Curing ............................................................................................................... 72 

CHAPTER 5 RESULTS AND DISCUSSION ........................................................................ 73 
5.1 Overview ....................................................................................................................... 73 
5.2 Quasi-Static Tests ......................................................................................................... 73 

5.2.1 Positive Bending Test Results ......................................................................... 73 
5.2.1.1 Unreinforced Shear Key Joint (U-POS-Q) ..................................... 73 
5.2.1.2 Staggered Hook Reinforced Joint (R-POS-Q) ............................... 75 

5.2.2 Negative Bending Test Results ........................................................................ 78 
5.2.2.1 Unreinforced Shear Key Joint (U-NEG-Q) ..................................... 78 
5.2.2.2 Staggered Hook Reinforced Joint (R-NEG-Q) ............................... 81 

5.2.3 Shear Reversal Test Results ........................................................................... 86 
5.2.3.1 Unreinforced Shear Key Joint (U-REV-Q) ..................................... 86 
5.2.3.2 Staggered Hook Reinforced Joint (R-REV-Q) ............................... 89 

5.3 Fatigue Tests ................................................................................................................ 92 
5.3.1 Positive Bending Test Results ......................................................................... 92 

5.3.1.1 Unreinforced Shear Key Joint (U-POS-F) ..................................... 92 
5.3.1.2 Staggered Hook Reinforced Joint (R-POS-F) ............................... 96 

5.3.2 Negative Bending Test Results ...................................................................... 103 
5.3.2.1 Unreinforced Shear Key Joint (U-NEG-F) ................................... 103 
5.3.2.2 Staggered Hook Reinforced Joint (R-NEG-F) ............................. 105 

5.3.3 Shear Reversal Test Results ......................................................................... 115 
5.3.3.1 Unreinforced Shear Key Joint (U-REV-F) .................................... 115 
5.3.3.2 Staggered Hook Reinforced Joint (R-REV-F) .............................. 120 



 

viii 
 

5.4 Discussion ................................................................................................................... 127 
5.4.1 Flexure Specimens under Quasi-Static Loading ........................................... 127 
5.4.2 Shear Reversal Specimens under Quasi-Static Loading ............................... 128 
5.4.3 Flexure Specimens under Fatigue Loading ................................................... 129 
5.4.4 Shear Reversal Specimens under Fatigue Loading ...................................... 131 
5.4.5 Joint Deterioration and Deck System Performance ....................................... 131 
5.4.6 Potential for Replacing the Fatigue Test with the Quasi-Static Test ............. 132 

CHAPTER 6 SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS ....................... 134 
6.1 Summary ..................................................................................................................... 134 
6.2 Conclusions ................................................................................................................. 134 
6.3 Recommendations ...................................................................................................... 135 

REFERENCES ............................................................................................................................. 137 
APPENDIX A: EXODERMIC BRIDGE DECK PROPERTIES .................................................... 140 
APPENDIX B: EXODERMIC STEEL GRID DRAWINGS ........................................................... 141 
APPENDIX C: SPECIFICATION FOR EXODERMIC DECK SYSTEMS .................................... 143 
APPENDIX D: MASTEREMACO T 1060 TECHNICAL DATA GUIDE ...................................... 154 

 



ix 
 

LIST OF TABLES 

Table 2.1 Computed Stress and Sectional Force Demands .......................................................... 12 
Table 3.1 Computed Stress and Sectional Joint Demands ........................................................... 31 
Table 3.2 Test Schedule for Unreinforced Shear Key Joints ......................................................... 36 
Table 3.3 Test Schedule for Staggered Hook Reinforced Joints ................................................... 36 
Table 3.4 Load Steps for Flexure Tests ......................................................................................... 40 
Table 3.5 Load Steps for Shear-Reversal Tests ............................................................................ 40 
Table 4.1 Deck Concrete Mixture Proportions ............................................................................... 61 
Table 4.2 Deck Fresh Concrete Properties.................................................................................... 64 
Table 4.3 Deck Concrete Compressive Strengths from Moist Curing ........................................... 65 
Table 4.4 Deck Concrete Compressive Strengths from Lab-Environment Curing ........................ 66 
Table 4.5 Grout Compressive Strength for Unreinforced Shear Key Joints .................................. 71 
Table 4.6 Grout Compressive Strength for Staggered Hook Reinforced Joints ............................ 72 
Table 5.1 Capacities of Flexure Specimens under Fatigue Loading ........................................... 130 
Table 5.2 Capacities of Shear-Reversal Specimens under Fatigue Loading .............................. 131 

 

 



x 
 

LIST OF FIGURES 

Figure 1.1: Full-Depth Precast Deck System (Issa, Yousif and Issa 2000) ..................................... 2 
Figure 1.2 Exodermic Deck System (D.S. Brown Company 2007) ................................................. 3 
Figure 1.3 Unreinforced Shear Key Transverse Joint (D.S. Brown Company 2007) ...................... 4 
Figure 1.4 Staggered Hook Reinforced Transverse Joint (D.S. Brown Company 2007) ................ 4 
Figure 2.1 Typical Deck Deterioration (Umphrey 2006) .................................................................. 6 
Figure 2.2 Full-Depth Precast Deck System (Issa, Yousif and Issa 2000) ...................................... 8 
Figure 2.3 AASHTO Truck Loading Scenarios (AASHTO 2007) ..................................................... 9 
Figure 2.4 Critical Locations for Continuous Bridge (Rhett 2012) ................................................. 10 
Figure 2.5 Transverse Truck Positions TR-3, 5, 11, and 13 Loading the Exact Middle between 

Girders (Rhett 2012) .............................................................................................. 10 
Figure 2.6 Transverse Truck Positions TR-1, 7, 9, 15, and 17 Loading Girders (Rhett 2012) ...... 11 
Figure 2.7 Longitudinal Position of Truck for Extreme Positive-Flexure Stresses (Rhett 2012) .... 11 
Figure 2.8 Longitudinal Position of Truck for Extreme Negative-Flexure Stresses (Rhett 2012) .. 12 
Figure 2.9 Tension Specimen (Chapman 2010) ............................................................................ 13 
Figure 2.10 Tension Test Set-Up (Chapman 2010) ....................................................................... 14 
Figure 2.11 Tensile Cracks at Failure (Chapman 2010) ................................................................ 15 
Figure 2.12 Shear Test Set-Up (Porter 2009) ................................................................................ 16 
Figure 2.13 Shear Cracks at Failure (Porter 2009) ........................................................................ 17 
Figure 2.14 Three-point Bending Specimen (Au, Lam, and Tharmabala 2011) ............................ 18 
Figure 2.15 Three-point Bending Test Set-Up (Au, Lam, and Tharmabala 2011) ........................ 18 
Figure 2.16 Four-point Bending Specimen (Ryu, Kim, and Chang 2007) ..................................... 19 
Figure 2.17 Four-point Bending Test Set-Up (Ryu, Kim, and Chang 2007) .................................. 19 
Figure 2.18 Bending Cracks at Failure from Fatigue Loading (Ryu, Kim, and Chang 2007) ........ 20 
Figure 2.19 Exodermic Deck System (D.S. Brown Company 2007) ............................................. 21 
Figure 2.20 Exodermic Precast Deck System Replacement Drawings (Harvey 2011) ................. 22 
Figure 2.21 Exodermic Panel in Positive Bending (D.S. Brown Company 2017a) ....................... 23 
Figure 2.22 Exodermic Panel in Negative Bending (D.S. Brown Company 2017a) ...................... 23 
Figure 2.23 Unreinforced Shear Key Transverse Joint (D.S. Brown Company 2007) .................. 24 
Figure 2.24 Staggered Hook Reinforced Transverse Joint (D.S. Brown Company 2007) ............ 25 
Figure 2.25 Tappan Zee Bridge Deck Placement (D.S. Brown Company 2017b) ........................ 26 
Figure 2.26 Existing Deck Removed from the Longstreet Bridge (Umphrey 2006) ...................... 28 
Figure 2.27 Placement of Rapid-Setting Concrete in the Joints of the Longstreet Bridge (Umphrey 

2006) ..................................................................................................................... 28 
Figure 3.1 Simultaneous Shear and Negative Moment Diagrams (Rhett 2012) ........................... 31 
Figure 3.2 Simultaneous Shear and Positive Moment Diagrams (Rhett 2012) ............................. 32 



 

xi 
 

Figure 3.3 Load Configuration for Positive Bending Test .............................................................. 32 
Figure 3.4 Load Configuration for Negative Bending Test (Specimen Inverted) ........................... 33 
Figure 3.5 Load Configuration for Shear Reversal Test ................................................................ 33 
Figure 3.6 Reaction Blocks ............................................................................................................ 34 
Figure 3.7 Supports ........................................................................................................................ 35 
Figure 3.8 Typical Positive Bending Load Cycle ........................................................................... 37 
Figure 3.9 Typical Negative Bending Load Cycle .......................................................................... 37 
Figure 3.10 Typical Shear Reversal Load Cycle ........................................................................... 38 
Figure 3.11 Positive Bending Quasi-Static Loading Procedure ..................................................... 41 
Figure 3.12 Negative Bending Quasi-Static Loading Procedure ................................................... 41 
Figure 3.13 Shear Reversal Quasi-Static Loading Procedure ....................................................... 42 
Figure 3.14 Positive Bending Fatigue Loading Procedure ............................................................ 43 
Figure 3.15 Negative Bending Fatigue Loading Procedure ........................................................... 44 
Figure 3.16 Shear Reversal Fatigue Loading Procedure .............................................................. 44 
Figure 3.17 Strain Gage Locations ................................................................................................ 45 
Figure 3.18 External Instrumentation Locations—Positive Bending Test ...................................... 46 
Figure 3.19 External Instrumentation Locations—Negative Bending Test .................................... 47 
Figure 3.20 External Instrumentation Locations—Shear Reversal Test ........................................ 47 
Figure 3.21 Wire Potentiometer Deflection Frame ........................................................................ 48 
Figure 3.22 Top Wire Potentiometer Set-Up.................................................................................. 49 
Figure 3.23 Side Wire Potentiometer Set-Up ................................................................................ 49 
Figure 3.24 Crack Gage Set-Up .................................................................................................... 50 
Figure 4.1 Reinforcing Steel Layout for Unreinforced Shear Key Panel ....................................... 51 
Figure 4.2 Unreinforced Shear Key Joined Panels Plan and Elevation ........................................ 52 
Figure 4.3 Unreinforced Shear Key Joint Dimensions ................................................................... 52 
Figure 4.4 Reinforcing Steel Layout for Staggered Hook Reinforced Panel ................................. 53 
Figure 4.5 Staggered Hook Reinforced Joined Panels Plan and Elevation .................................. 54 
Figure 4.6 Staggered Hook Reinforced Joint Dimensions ............................................................. 54 
Figure 4.7 Shipment of Exodermic Steel Grids .............................................................................. 55 
Figure 4.8 Comparison of the Steel Grids...................................................................................... 56 
Figure 4.9 Cutting the Steel Grids .................................................................................................. 56 
Figure 4.10 Taping Slotted Holes in Steel Grid ............................................................................. 57 
Figure 4.11 Reinforcement Positioned on Steel Grid .................................................................... 58 
Figure 4.12 Unreinforced Shear Key Joint End Cap ...................................................................... 59 
Figure 4.13 Caulking the Forms ..................................................................................................... 59 
Figure 4.14 Close-up View of Completed Forms ........................................................................... 60 
Figure 4.15 Delivery of Ready-Mixed Deck Concrete .................................................................... 61 



 

xii 
 

Figure 4.16 Placement of Concrete ............................................................................................... 62 
Figure 4.17 Vibrating the Concrete ................................................................................................ 62 
Figure 4.18 Screeding off the Excess Concrete ............................................................................ 63 
Figure 4.19 Overview of Concrete Placement ............................................................................... 63 
Figure 4.20 Material Testing of Deck Concrete ............................................................................. 64 
Figure 4.21 Wet Burlap and Plastic Sheeting over Panels ............................................................ 65 
Figure 4.22 Unreinforced Shear Key Joint and Staggered Hook Reinforced Joint Panels with 

Forms Removed .................................................................................................... 66 
Figure 4.23 Overview of Panels before Grout Pour ....................................................................... 67 
Figure 4.24 Close-up View of Panels before Grout Pour ............................................................... 67 
Figure 4.25 Electrical-Resistance Strain Gage (ERSG) ................................................................ 68 
Figure 4.26 Tension Stress-Strain Relationship for Steel Reinforcement ..................................... 69 
Figure 4.27 Protected ERSGs Mounted on Reinforcing Steel ....................................................... 69 
Figure 4.28 Joint Formwork ........................................................................................................... 70 
Figure 4.29 Mixing and Vibrating the Grout ................................................................................... 71 
Figure 4.30 Unreinforced Shear Key and Staggered Hook Reinforced Joints .............................. 72 
Figure 5.1 U-POS-Q Joint Before and After Test .......................................................................... 74 
Figure 5.2 Moment at Joint versus Midspan Deflection (U-POS-Q) .............................................. 74 
Figure 5.3 Side Crack Opening versus Moment at Joint (U-POS-Q) ............................................ 75 
Figure 5.4 R-POS-Q Joint Before and After Test .......................................................................... 76 
Figure 5.5 Moment at Joint versus Midspan Deflection (R-POS-Q) .............................................. 76 
Figure 5.6 Side Crack Opening versus Moment at Joint (R-POS-Q) ............................................ 77 
Figure 5.7 Strain in Reinforcing Steel versus Moment at Joint (R-POS-Q) ................................... 78 
Figure 5.8 U-NEG-Q Joint Before and After Test (Inverted Specimen) ......................................... 79 
Figure 5.9 Moment at Joint versus Midspan Deflection (U-NEG-Q) .............................................. 80 
Figure 5.10 Side Crack Opening versus Moment at Joint (U-NEG-Q) .......................................... 80 
Figure 5.11 R-NEG-Q Joint Before and After Test (Inverted Specimen) ....................................... 81 
Figure 5.12 R-NEG-Q Buckled Distribution Bars (Inverted Specimen) ......................................... 82 
Figure 5.13 Moment at Joint versus Midspan Deflection (R-NEG-Q) ............................................ 83 
Figure 5.14 Side Crack Opening versus Moment at Joint (R-NEG-Q) .......................................... 84 
Figure 5.15 Crack Gage Opening versus Moment at Joint (R-NEG-Q) ........................................ 85 
Figure 5.16 Strain in Reinforcing Steel versus Moment at Joint (R-NEG-Q) ................................. 86 
Figure 5.17 U-REV-Q Joint Before and After Test ......................................................................... 87 
Figure 5.18 Shear at Joint versus Midspan Deflection (U-REV-Q) ............................................... 88 
Figure 5.19 Side Crack Opening versus Shear at Joint (U-REV-Q) .............................................. 88 
Figure 5.20 R-REV-Q Joint Before and After Test ......................................................................... 89 
Figure 5.21 Shear at Joint versus Midspan Deflection (R-REV-Q) ............................................... 90 



 

xiii 
 

Figure 5.22 Side Crack Opening versus Shear at Joint (R-REV-Q) .............................................. 91 
Figure 5.23 Strain in Reinforcing Steel versus Shear at Joint (R-REV-Q) .................................... 92 
Figure 5.24 U-POS-F Joint at Discrete Intervals ........................................................................... 93 
Figure 5.25 Moment at Joint versus Midspan Deflection (U-POS-F) ............................................ 94 
Figure 5.26 Moment at Joint versus Superimposed Midspan Deflection (U-POS-F) .................... 95 
Figure 5.27 Side Crack Opening versus Moment at Joint (U-POS-F) ........................................... 95 
Figure 5.28 R-POS-F Joint Before at Discrete Intervals ................................................................ 97 
Figure 5.29 Moment at Joint versus Midspan Deflection (R-POS-F) ............................................ 98 
Figure 5.30 Moment at Joint versus Superimposed Deflection (R-POS-F) ................................... 99 
Figure 5.31 Side Crack Opening versus Moment at Joint (R-POS-F) ......................................... 100 
Figure 5.32 Strain in SE Reinforcing Steel versus Moment at Joint (R-POS-F) .......................... 101 
Figure 5.33 Strain in NE Reinforcing Steel versus Moment at Joint (R-POS-F) ......................... 101 
Figure 5.34 Strain in SW Reinforcing Steel versus Moment at Joint (R-POS-F) ......................... 102 
Figure 5.35 Strain in NW Reinforcing Steel versus Moment at Joint (R-POS-F) ........................ 102 
Figure 5.36 U-NEG-F Joint at Discrete Intervals (Inverted Specimen) ........................................ 103 
Figure 5.37 Moment at Joint versus Midspan Deflection (U-NEG-F) .......................................... 104 
Figure 5.38 Moment at Joint versus Superimposed Midspan Deflection (U-NEG-F) .................. 105 
Figure 5.39 R-NEG-F Joint at Discrete Intervals before Failure (Inverted Specimen) ................ 106 
Figure 5.40 R-NEG-F Joint at Failure (Inverted Specimen) ......................................................... 107 
Figure 5.41 Moment at Joint versus Midspan Deflection (R-NEG-F) .......................................... 108 
Figure 5.42 Moment at Joint versus Superimposed Midspan Deflection (R-NEG-F) .................. 108 
Figure 5.43 Side Crack Opening versus Moment at Joint (R-NEG-F) ......................................... 109 
Figure 5.44 South Crack Gage Opening versus Moment at Joint (R-NEG-F) ............................. 110 
Figure 5.45 North Crack Gage Opening versus Moment at Joint (R-NEG-F) ............................. 110 
Figure 5.46 Strain in SE Reinforcing Steel versus Moment at Joint (R-NEG-F) ......................... 112 
Figure 5.47 Strain in NE Reinforcing Steel versus Moment at Joint (R-NEG-F) ......................... 112 
Figure 5.48 Strain in SW Reinforcing Steel versus Moment at Joint (R-NEG-F) ........................ 113 
Figure 5.49 Strain in NW Reinforcing Steel versus Moment at Joint (R-NEG-F) ........................ 113 
Figure 5.50 Separated (and Inverted) Deck Panels (R-NEG-F) .................................................. 114 
Figure 5.51 SE (fractured) and SW (cut) Reinforcing Steel Failure Condition (R-NEG-F) .......... 115 
Figure 5.52 U-REV-F Joint up to 100,000 Cycles ........................................................................ 116 
Figure 5.53 U-REV-F Joint beyond 1,000,000 Cycles ................................................................. 117 
Figure 5.54 Shear at Joint versus Midspan Deflection (U-REV-F) .............................................. 118 
Figure 5.55 Shear at Joint versus Superimposed Midspan Deflection (U-REV-F) ...................... 118 
Figure 5.56 South Side Crack Opening versus Shear at Joint (U-REV-F) .................................. 119 
Figure 5.57 North Side Crack Opening versus Shear at Joint (U-REV-F) ................................... 119 
Figure 5.58 R-REV-F Joint up to 100,000 Cycles ........................................................................ 121 



 

xiv 
 

Figure 5.59 R-REV-F Joint beyond 1,000,000 Cycles ................................................................. 122 
Figure 5.60 Shear at Joint versus Midspan Deflection (R-REV-F) .............................................. 123 
Figure 5.61 Shear at Joint versus Superimposed Midspan Deflection (R-REV-F) ...................... 123 
Figure 5.62 South Side Crack Opening versus Shear at Joint (R-REV-F) .................................. 124 
Figure 5.63 North Side Crack Opening versus Shear at Joint (R-REV-F) ................................... 124 
Figure 5.64 Strain in SE Reinforcing Steel versus Shear at Joint (R-REV-F) ............................. 125 
Figure 5.65 Strain in NE Reinforcing Steel versus Shear at Joint (R- REV-F) ............................ 126 
Figure 5.66 Strain in SW Reinforcing Steel versus Shear at Joint (R- REV-F) ........................... 126 
Figure 5.67 Strain in NW Reinforcing Steel versus Shear at Joint (R- REV-F) ........................... 127 
Figure 5.68 Capacities of Flexure Specimens under Quasi-Static Loading ................................ 128 
Figure 5.69 Capacities of Shear-Reversal Specimens under Quasi-Static Loading ................... 129 
Figure 5.70 Cracking Behavior in Unreinforced and Reinforced Joints ....................................... 132 

 

 



  

1 
 

  

 INTRODUCTION 

1.1 GENERAL BACKGROUND 
Out of the 614,387 bridges in the United States, 56,007 are structurally deficient (FHWA 2016). In 

many instances this structural deficiency relates to the deck of the bridge. Deck degradation is 

very common in bridges over 25-years old (Biswas 1986). Many decks fail several years before 

the rest of the bridge superstructure and substructure reach the end of their useful life (Bettigole 

and Robison 1997). Deck deterioration is due to several causes including thermal shrinkage 

cracking, weathering from wet-dry cycles, and fatigue effects from truck traffic (Ramey and Oliver 

1998). An effective solution to this problem is to rapidly replace the deteriorated bridge deck with 

precast panels. By utilizing this replacement method, work can be completed over a weekend or 

even overnight, which limits the disruption to traffic. 

Various types of prefabricated panels have been implemented on bridge deck replacement 

projects. Some examples of deck panels include full-depth precast concrete, steel grid partially 

filled with precast concrete, and open steel grid (Bettigole and Robison 1997). Figure 1.1 shows 

the important details of a typical full-depth precast concrete deck system. The panels span 

transversely relative to the direction of traffic and are connected to the girders via shear pockets 

which create horizontal shear resistance for the entire system. The panels are connected to each 

other via transverse joints, which run transversely relative to the direction of traffic (and parallel to 

the span of the panel). In some systems these joints are given additional strength by post-

tensioning the panels together (Bowers 2007). 
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Figure 1.1: Full-Depth Precast Deck System (Issa, Yousif and Issa 2000) 

An important aspect of any deck system is the behavior of its transverse joints. Durability of the 

joints is required for the success of a deck replacement project. The Alabama Department of 

Transportation (ALDOT) does not have any standards to test or evaluate the performance of 

transverse joints proposed for prefabricated panel bridge deck systems. The goal of the study 

reported here was to develop test methods and performance criteria to compare behavior of 

various precast-panel transverse joints and determine their successfulness. The test methods 

and performance criteria were developed by analyzing stress demands from typical bridge deck 

transverse joints and by testing two joint types of a proprietary deck system in the laboratory. 
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One type of proprietary prefabricated panel system is the Exodermic® grid-reinforced concrete 

deck system which is owned by the D.S. Brown Company. Figure 1.2 shows an isometric view of 

all the components in the Exodermic deck system. The system consists of a reinforced concrete 

slab on top of a two-way steel grid. Main WT4x5 bars extend 1 in. into concrete slab and the tops 

of the main bars have ¾ in. punched holes to enhance horizontal shear resistance and composite 

action (D.S. Brown Company 2007) in the direction of the panel span. 

 
Figure 1.2 Exodermic Deck System (D.S. Brown Company 2007) 

The two types of transverse joints tested in this study were the unreinforced shear key joint and 

the staggered hook reinforced joint as shown in Figure 1.3 and Figure 1.4, respectively. Both joint 

types were suggested by the D.S. Brown Company (2007) for precast Exodermic panels. The 

joints are designed to be filled with a rapid-setting non-shrink grout. 
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Figure 1.3 Unreinforced Shear Key Transverse Joint (D.S. Brown Company 2007) 

 
Figure 1.4 Staggered Hook Reinforced Transverse Joint (D.S. Brown Company 2007) 

1.2 RESEARCH OBJECTIVES 
The main objectives of Work Area 2 of ALDOT Research Project 930-762 include the following: 

1. Develop a testing procedure that can be used to assess the in-service and long-term 

performance of various precast-panel bridge-deck transverse joints; and 

2. Propose performance criteria that account for the joint cracking propensity, its stiffness 

and strength degradation, and the effects of loading conditions. 
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1.3 RESEARCH SCOPE 
The research tasks performed to achieve the research objectives of Work Area 2 of ALDOT 930-

762 included the following: 

1. Determine typical stress demands in bridge deck transverse joints; 

2. Design relatively simple laboratory test configurations and loadings to mimic the stress 

demands; 

3. Construct transverse joint bridge deck specimens; 

4. Perform laboratory tests on transverse joints for ultimate strength and fatigue durability; 

5. Generate experimental data and compare the performance between joint types; and 

6. Make recommendations and propose test standard and performance criteria. 

1.4 ORGANIZATION OF REPORT 
Chapter 2 covers background information related to transverse joint testing of precast deck 

panels. The literature review conducted describes rapid rehabilitation and replacement of bridge 

decks, stress demands on transverse joints, laboratory testing of transverse joints including 

tensile, shear, and flexural tests, and information on the precast Exodermic bridge deck system. 

Chapter 3 covers aspects of the testing program ranging from test assembly, loading procedure, 

instrumentation, and data acquisition. 

Chapter 4 covers aspects of the construction process of the test specimens ranging from detailed 

drawings, delivery of materials, fabrication of the specimens, to testing the properties of the 

materials. 

Chapter 5 covers the quasi-static and fatigue test results and discussion of the twelve specimens 

tested by presenting the visual inspection, external instrumentation, and internal instrumentation 

results. 

Chapter 6 includes a summary of the overall study, conclusions related to the two joint types 

based on the data collected, and recommendations for joint testing, performance criteria, and 

future work.
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 BACKGROUND 

2.1 OVERVIEW 
This chapter covers background information related to transverse joint testing of precast deck 

panels. A review of literature on the following topics was conducted: rapid rehabilitation and 

replacement of bridge decks, stresses on typical bridge deck transverse joints, previous 

laboratory testing of transverse joints including tensile, shear, and flexural tests, and the precast 

Exodermic bridge deck system. 

2.2 RAPID REHABILITATION/REPLACEMENT OF BRIDGE DECKS 
Out of the 16,098 bridges in Alabama, 1,229 are structurally deficient (FHWA 2016). The term 

structurally deficient means that a bridge has at least one structural defect which may indicate 

that a structural component does not satisfy current code requirements or that a structural 

component is damaged and thus has a reduction in structural capacity. In many instances this 

structural deficiency relates to the deck of the bridge. Deck degradation is very common in 

bridges over 25 years old (Biswas 1986). Many decks fail several years before the rest of the 

bridge superstructure and substructure reach the end of their useful life (Bettigole and Robison 

1997). Figure 2.1 shows the deterioration of a typical bridge deck. 

 
Figure 2.1 Typical Deck Deterioration (Umphrey 2006) 
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Per Ramey and Oliver (1998) causes of deck degradation include 

• early drying and thermal shrinkage cracking, 

• weathering from freeze-thaw, wet-dry, and hot-cold cycles, and 

• impact and fatigue loading from truck traffic. 

The two main solutions to repair deteriorated decks are rehabilitation or replacement. Typically, 

rehabilitation is accomplished by adding an overlay to the deck. This procedure creates a uniform 

appearance, corrects uneven surfaces caused by wear, provides a nonskid riding surface, 

protects against heavy truck traffic, prevents carbonation, and protects further intrusion of other 

contaminants such as gasoline and chlorides. However, this is only a short-term solution since 

overlays can debond and create additional maintenance issues (Ramey and Oliver 1998). For 

instance, when cracks form within the deck they are reflected up through the overlay. 

The other option to repair deteriorated decks is replacement. The two main replacement methods 

for concrete decks are cast-in-place (CIP) and precast (PC). In both cases the old deck is 

completely removed and replaced. The construction time for CIP decks takes considerably longer 

because the concrete is cast on the site and the concrete may require several days or weeks to 

reach the required strength (Sullivan 2003). In addition, installation and removal of the formwork 

is time-consuming and labor-intensive (Culmo 2000). 

Precast deck replacement, however, can be completed over a weekend or even overnight. In 

many cases this process is completed in stages by replacing one lane of a bridge at a time to limit 

disruption to traffic. The deck panels are fabricated off site at a plant, which allows higher quality 

control, more controlled curing environment, and allows shrinkage to stabilize (Bettigole and 

Robison 1997). Once the panels reach the required strength, they are transported to the bridge 

construction site and placed on the supporting girder system. This reduces construction time of 

the bridge and reduces exposure of the laborers to any risks involved (Sullivan 2003). 

Transportation restrictions limit the deck panels to approximately eight feet wide (Ahmadi 1997). 

Various types of precast panels have been implemented on bridge deck replacement projects. 

Some examples of deck panels include full-depth precast concrete, half-filled precast concrete 

with steel grid, and open steel grid. Figure 2.2 shows the important details of a typical full-depth 

precast concrete deck system such as shear pockets and transverse joints. The panels are 

connected via longitudinal joints (parallel to the direction of traffic) and transverse joints 

(perpendicular to the direction of traffic) to allow the deck to behave as one unit and transfer the 

load from one panel to the next. In many cases the panels are post-tensioned longitudinally to 

increase the strength of the transverse joints and avoid cracking and leaking which can lead to 

rusting of the girders below (Bowers 2007). To make the deck composite with the superstructure, 



 

8 
 

headed shear studs are welded to the top flanges of the girders and rapid-setting non-shrink 

grout is placed in the shear pockets (Bettigole and Robison 1997). 

 
Figure 2.2 Full-Depth Precast Deck System (Issa, Yousif and Issa 2000) 

2.3 STRESS DEMAND ON TRANSVERSE JOINTS 
The target forces and stresses for this transverse joint testing were determined by Rhett (2012). 

The work and findings are summarized here. Three bridges were modeled and analyzed using 

the finite-element program SAP2000. The girders and deck were modeled as shell elements. The 

bridges were standard two-lane ALDOT bridges with steel girders. The first bridge was simply 
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supported with a 56 ft span. The second bridge was a continuous three span (60-80-60 ft). The 

third bridge was a continuous three span (80-100-80 ft). The bridges were loaded with an HS20 

design truck in accordance with AASHTO LRFD truck loading provisions. The dimensions and 

forces of the three-axle load truck are shown in Figure 2.3. The loading was done in accordance 

with the AASHTO 3.6.1.4 Fatigue Load condition. The analysis was conducted without the use of 

dynamic load allowance (IM) per AASHTO LRFD 3.6.2 and without the application of multiple 

presence factors (m), Section 3.1.1.2. 

 
Figure 2.3 AASHTO Truck Loading Scenarios (AASHTO 2007) 

The truck was systematically placed longitudinally and transversely along the bridges to 

determine the critical locations for stresses acting on potential transverse joints in the 8 in. thick 

concrete deck. An 8 in. thick deck is typical in ALDOT bridges. The stresses found in this deck 

can be applied to other deck joints with varying thicknesses. 

The continuous three-span (60-80-60 ft) bridge yielded the highest demand for the transverse 

joints. The deck acted as a two-way system. However, only the stresses in the transverse 

direction were of concern for this research study. Figure 2.4 shows the longitudinal positions for 

critical stresses as CL-1 at (interior) Bent 1 and CL-2 which is 5 ft beyond the bent for negative 

and positive flexure stresses, respectively. 
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Figure 2.4 Critical Locations for Continuous Bridge (Rhett 2012) 

Figure 2.5 and Figure 2.6 diagram the transverse truck positions where the wheel loads either 

straddle or directly align with the girders. The naming convention of the truck positions correlates 

with the distance between the location of the center of the truck relative to the center of the 

bridge. 

 
Figure 2.5 Transverse Truck Positions TR-3, 5, 11, and 13 Loading the Exact Middle 

between Girders (Rhett 2012) 
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Figure 2.6 Transverse Truck Positions TR-1, 7, 9, 15, and 17 Loading Girders (Rhett 2012) 

Figure 2.7 and Figure 2.8 illustrate the longitudinal truck position for extreme positive-flexure and 

negative-flexure transverse stresses in the deck across a potential transverse joint, respectively. 

 
Figure 2.7 Longitudinal Position of Truck for Extreme Positive-Flexure Stresses (Rhett 

2012) 
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Figure 2.8 Longitudinal Position of Truck for Extreme Negative-Flexure Stresses (Rhett 

2012) 

From the analysis of the bridge model, it was determined that the extreme positive-flexure stress 

in the deck occurred at CL-2 with truck location at TR-13 and stress location at TR-16; the 

extreme negative-flexure stress occurred at CL-1 with truck location at TR-18 and stress location 

at TR-20. The extreme positive-flexure stress occurred 5 ft past the first bent and between the 

two outermost girders, while the extreme negative-flexure stress occurred above the first bent 

and above the outermost girder. In addition, the analysis showed that the positive flexure case 

also includes a reversal in the shear force at the location of critical stress as the wheel group 

passed across this joint location. However, the maximum negative flexure case does not include 

a shear reversal because the location is directly over a bent. 

Table 2.1 summarizes the extreme forces and stresses that were implemented for this study. The 

bending moment and shear forces are reported per 1 ft unit width of joint. For the positive 

bending demands, the computed shear force listed contains two values. These represent the 

maximum values on either side of the rapid shear reversal experienced at the transverse joint 

when the positive bending moment reaches a peak. Also, note that the smallest ratio of bending 

moment to shear force ratio for either case was 40 in. This ratio was implemented in the load 

configuration of the test assembly for this study described in Section 3.2. 

Table 2.1 Computed Stress and Sectional Force Demands 

Critical Stress Bending Stress (ksi) Moment 
(kip-in/ft) 

Shear 
(kips/ft) 

Moment/Shear 
(in.) Top Fiber Bottom Fiber 

Positive Bending -0.184 0.226 28.9 0.728/-0.425 40/-68 
Negative Bending 0.256 -0.084 -32.7 -0.452 73 
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2.4 LABORATORY TESTING OF TRANSVERSE JOINTS 
Transverse joints experience a combination of stresses ranging from tension, shear, and flexural. 

Tension occurs in joints when the deck is made composite with girders and is experiencing 

negative flexure. In this situation, the neutral axis is below the deck so the entire joint is in 

tension. Shear stresses at the joint occur when loads are transferred from one panel to the other, 

vertically. Maximum positive bending of transverse joints occurs when the deck is loaded so that 

it deflects downwards between bents and between girders. Negative bending occurs when the 

deck joint is loaded over a bridge bent, typically. 

In previous deck research, ASTM D6275 “Standard Practice for Laboratory Testing of Bridge 

Decks” (ASTM 1998) was referenced as the standard method to test bridge decks, but has since 

been discontinued. The standard required that the applied load be represented by a truck-tire 

footprint. For fatigue tests the load should be applied for 2,000,000 cycles at no more than 5.0 Hz 

to represent an infinite life test. There are no standards regarding deck joint testing, so many 

research projects base some aspects of their testing on the methods described in ASTM D6275. 

A wide range of research projects on full-depth precast deck joints have been conducted in the 

past. To limit the scope of this subsection, only subassembly-type tensile, shear, and bending 

tests are discussed here. 

2.4.1 Tensile Tests 
To quantify the behavior of transverse bridge deck joints in tension, several research projects 

have focused on this specific element. Chapman (2010) conducted research at the University of 

Tennessee on small-scale specimens. The specimens were tested in pure tension to simulate the 

negative bending of a bridge deck composite with girders. The joint tested was a U-bar joint 

which consisted of No. 5 reinforcing bar with a tight 180° bend staggered and extended beyond 

the precast deck into the joint, as shown in Figure 2.9. The deck was 7 ¼ in. thick with No. 4 and 

No. 5 reinforcing bars utilized as the top and bottom layers, respectively. 

 
Figure 2.9 Tension Specimen (Chapman 2010) 

Figure 2.10 shows the test set-up. The test placed the specimen vertically and applied an 

increasing monotonic tensile force until the specimen failed. Figure 2.11 shows tensile cracks of 
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the specimen at failure. The test was conducted with a total of four specimens including the 

control specimen. The variables for the project were concrete strength, joint overlap length, and 

reinforcement spacing. The testing showed that reducing the concrete strength decreased the 

tensile capacity by 5%, decreasing the joint overlap length decreased the tensile capacity by 

18.9%, and increasing the reinforcing steel spacing increased the tensile capacity by 14.3% 

(Chapman 2010). 

 
Figure 2.10 Tension Test Set-Up (Chapman 2010) 
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Figure 2.11 Tensile Cracks at Failure (Chapman 2010) 

Zhu et al. (2012) expanded upon Chapman’s research with similar specimens and an identical 

test-set up. The specimens were constructed per the recommended overlap length and spacing 

from Chapman’s conclusions. Four U-bar joint specimens were tested in pure tension. The 

variables for the project were the joint grout and loading program. The joint grout utilized was an 

overnight cure material and a seven-day cure material. The loading program was static 

(monotonic until failure) and fatigue. To determine an accurate load level for the test a bridge was 

modeled and analyzed with a computer program to determine the stress demands on the deck 

transverse joints. The fatigue load case was considered. Load was applied to the model with the 

design load truck and design lane load according to AASHTO LRFD. The maximum negative 

moment in the deck occurred over an interior girder over an interior pier. The stress in the 

extreme top fiber of the transverse joint was 0.306 ksi. This value determined the applied load for 

the small-scale tension test. The applied load ranged from 0.0 to 12.8 kips. Although not explicitly 

referenced, it appeared that the project followed the precedent set by ASTM D6275 by loading 

the fatigue tests at 2,000,000 cycles at 4.0 Hz. Static tests were conducted at the 1st, 500,000th, 

1,000,000th, 1,500,000th, and 2,000,000th cycle to record the joint degradation throughout the 

fatigue tests. The performance of the specimens were judged on tension capacity, cracking, and 

steel strain. The U-bar joint was deemed a promising system, and the seven-day cure material 

performed better than the overnight-cure material (Zhu et al. 2012). 

2.4.2 Shear Tests 
To quantify the behavior of transverse bridge deck joints in shear, several research projects have 

focused on this specific element. Porter (2009) conducted research at Utah State University on 
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small-scale specimens. Figure 2.12 shows a drawing of one of the shear specimens in the test-

set up. The specimens were 6 in. wide “L” shaped with non-shrink grout connection. The 

connections tested were welded stud, welded reinforcing steel, unreinforced shear key, and post-

tensioned joints. The specimens were reinforced with two layers of No. 3 bars. The specimens 

were tested in pure shear to simulate load transferred from one deck panel to the other, vertically. 

The tests included four static (monotonic until failure) loading tests and two fatigue loading tests. 

The applied load for the cyclic tests was calculated as 90% of the mean minus one standard 

deviation of the ultimate load from the monotonic tests. This load was selected so that the 

specimens would not fail under the first cycle, but could be expected to fail after a reasonable 

number of cycles. 

 
Figure 2.12 Shear Test Set-Up (Porter 2009) 

Figure 2.13 shows shear cracks from one of the unreinforced shear key specimens at failure. The 

deflections, cracking, and ultimate loads were recorded. The post-tensioned joint demonstrated 

the highest ultimate load capacity and cracked under higher loads than the other joint types 

tested (Porter 2009). This type of pure shear test is limited in scope because they do not 

represent realistic stress demands in bridge decks where the transverse joints experience flexure 

and shear simultaneously. 
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Figure 2.13 Shear Cracks at Failure (Porter 2009) 

2.4.3 Flexural Tests 
To quantify the behavior of transverse bridge deck joints in bending, several research projects 

have focused on this specific element. The two main types of bending tests for small-scale 

specimens involve either a three-point bending or four-point bending configuration. Three-point 

bending is where the specimen is simply supported with a load applied in the middle at the joint 

location. This creates a bending moment as well as a shear force at the middle where the joint is 

located. Four-point bending is where the specimen is simply supported with two loads applied 

symmetrically on either side of the midspan where the joint is located. This creates pure flexure in 

the middle of the beam at the joint region without any shear force effects. 

Au, Lam, and Tharmabala (2011) conducted research at the Ministry of Transportation of Ontario 

on joints in three-point bending. Figure 2.14 shows a detail drawing of the three-point bending 

specimen, and Figure 2.15 shows the three-point bending test set-up. The specimens were two-

third scale models of standard bridge decks in Ontario. The joints consisted of U-shaped bars, L-

shaped bars, and welded straight bars. Control specimens without joints were also cast. The 

specimens were 72 in. long, 24 in. wide, and 6 in. thick concrete slabs. Top and bottom layers of 

reinforcement consisted of No. 3 reinforcement spaced at 6 in. in both transverse and longitudinal 

directions. The joint width was 12 in. 
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Figure 2.14 Three-point Bending Specimen (Au, Lam, and Tharmabala 2011) 

 
Figure 2.15 Three-point Bending Test Set-Up (Au, Lam, and Tharmabala 2011) 

Load was applied through a 4 in. square pad to simulate a wheel footprint. The loading program 

comprised static tests (monotonic until failure) and fatigue tests. The fatigue tests consisted of 

3,000,000 cycles at 1.0 Hz. The applied load ranged from 0.0 to 4.0 kips, which simulated a 

factored wheel load scaled to correspond to the two-third geometric scaling of the specimen. Due 

to this applied load, the calculated stress at the extreme bottom fiber of the specimen yielded a 

value close to the nominal cracking stress of concrete. Static tests were conducted at the 1st, 

1,000,000th, 2,000,000th, and 3,000,000th cycle to record the joint degradation throughout the 

fatigue tests. The results indicated that the U-shaped reinforcing steel, L-shaped bar, and welded 

reinforcement all had similar performance. The specimens experienced a reduction in stiffness 

due to the cyclic loading relative to the control specimens (Au, Lam and Tharmabala 2011). 
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Ryu, Kim, and Chang (2007) conducted research at Seoul National University on joints in four-

point bending. Figure 2.16 shows a detail drawing of the four-point bending specimen, and Figure 

2.17 shows the four-point bending test set-up. The specimens were loop-bar joints. The variables 

for the project were diameter of the looped reinforcement and width of the joint. Control 

specimens without joints were also cast. The specimens were 800 mm (32 in.) wide, 250 mm (10 

in.) thick, and 2.1 m (83 in.) long. 

 
Figure 2.16 Four-point Bending Specimen (Ryu, Kim, and Chang 2007) 

 
Figure 2.17 Four-point Bending Test Set-Up (Ryu, Kim, and Chang 2007) 

The load was applied by a line load extending across the entire width of the specimen. The 

loading program was static (monotonic until failure) and fatigue. Although not explicitly 

referenced, it appeared that the project followed the precedent set by ASTM D6275 by loading 

the fatigue tests at 2,000,000 cycles at 3.0 Hz. The fatigue tests were loaded at either 30%, 50%, 

or 70% of the ultimate load as determined from the static tests. Static tests were conducted at the 

1st, 100th, 1,000th, 10,000th, 100,000th, 1,000,000th, and 2,000,000th cycle to record the joint 

degradation throughout the fatigue tests. Figure 2.18 shows bending cracks at failure from fatigue 

loading for one of the specimens. Cracking, ultimate behavior, ductility, and fatigue behavior were 

compared to the control specimens. It was concluded that the loop-bar joints demonstrated 

similar ultimate strength capacity and ductility as the control specimens. Also, the larger the 
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reinforcing steel diameter specimens resulted in higher ultimate strength capacities and lower 

midspan deflections (Ryu, Kim, and Chang 2007). 

 
Figure 2.18 Bending Cracks at Failure from Fatigue Loading (Ryu, Kim, and Chang 2007) 

2.5 PRECAST EXODERMIC DECK SYSTEM 
ALDOT is interested in rapid replacement of deteriorated decks. The deck systems to be 

implemented were required to meet the following criteria (Rhett 2012): 

• Suited for rapid replacement 

• Proven concept 

• Provide composite action between the deck and the supporting steel girders 

• Avoid the use of longitudinal post-tensioning 

• Avoid the use of an overlay 

From previous research conducted at Auburn University (Ramey and Oliver 1998, Umphrey 

2006, and Harvey 2011), it was determined that the precast Exodermic type of grid-reinforced 

deck system fulfilled the criteria. For this research study, the Exodermic deck system was used to 

develop test methods and performance criteria to compare behavior of various precast-panel 

transverse joints and determine their successfulness. 

The Exodermic system is a proprietary grid-reinforced deck system owned by the D.S. Brown 

Company. Originally designed in the 1980’s, the system consists of a reinforced concrete slab on 

top of a two-way steel grid. Figure 2.19 shows an isometric view of all the components in the 

Exodermic deck system. The panels typically span across girders in the direction that the main 

WT4x5 bars are oriented. Figure 2.20 shows construction drawings depicting how the panels 

span in a standard ALDOT bridge. The drawings were part of previous research at Auburn 
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University by Harvey (2011) to propose construction methods for deck replacement of a bridge 

along I-59 in Collinsville, Alabama. The WT4x5 bars extend 1 in. into concrete slab, and the tops 

of the main bars have ¾ in. punched holes to provide horizontal shear resistance and composite 

action (D.S. Brown Company 2007). The panels are made composite with the superstructure in 

similar fashion as other precast decks by welding headed shear studs to the top flanges of the 

girders and placing rapid-setting non-shrink grout in the shear pockets. The Exodermic panels are 

not post-tensioned longitudinally. Typical overall thickness of the panels ranges from 6 ¼ in. to 9 

¼ in. (BGFMA 2013). 

 
Figure 2.19 Exodermic Deck System (D.S. Brown Company 2007) 
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Figure 2.20 Exodermic Precast Deck System Replacement Drawings (Harvey 2011) 

By reducing the thickness of the concrete in the deck system compared to full-depth precast 

panels, the dead load is reduced. This can help structurally deficient bridges to conform to current 

code requirements if the substructures are deficient. Typical weight of the panels range from 58 

to 70 pounds per square foot, which is an approximate 30 to 42% weight reduction compared to 

typical 8 in. thick full-depth precast panels (D.S. Brown Company 2007). 
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The Exodermic deck system also efficiently uses the concrete and steel materials in the panel. 

For instance, when the panel experiences positive bending along the panel, as shown in Figure 

2.21, the top concrete portion of the panel is in compression while the bottom steel portion of the 

panel is in tension. Similarly, when the panel experiences negative bending along the panel span, 

as shown in Figure 2.22, the reinforcing steel in the top concrete portion of the panel is in tension 

while the bottom steel portion of the panel is in compression (D.S. Brown Company 2007). For 

both of the figures shown the panels are spanning across girders. 

 
Figure 2.21 Exodermic Panel in Positive Bending (D.S. Brown Company 2017a) 

 
Figure 2.22 Exodermic Panel in Negative Bending (D.S. Brown Company 2017a) 

On the other hand, a key aspect of any deck system is the behavior of its transverse joints. The 

reduction of the load-sharing mechanism between panels results in deck degradation over time, 
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which leads to durability and performance issues. The durability of the joints is directly related to 

the success of a deck replacement project. 

The two precast Exodermic transverse joint types suggested by D.S. Brown are the unreinforced 

shear key joint and the staggered hook reinforced joint as shown in Figure 2.23 and Figure 2.24, 

respectively. The unreinforced shear key joint consists of a female-to-female shear key. The top 

opening of the shear key is 1 ½ in. wide, opens to 3 ½ in. in the middle, and narrows to 1 in. at 

the bottom. A foam backer rod is placed at the bottom to serve as a stay-in-place form. 

 
Figure 2.23 Unreinforced Shear Key Transverse Joint (D.S. Brown Company 2007) 
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with hooked No. 4 bars extending into the joint at staggered intervals. A metal sheet rests on the 
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filled with a rapid-setting non-shrink grout with 3/8 in. maximum coarse aggregate (D.S. Brown 

Company 2007). 

 

 
Figure 2.24 Staggered Hook Reinforced Transverse Joint (D.S. Brown Company 2007) 
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The precast Exodermic deck system has been implemented in over 100 rapid deck replacement 

projects (Battaglia and Bischoff 2010). The first project was in 1984 with the Driscoll Bridge along 

the Garden State Parkway in New Jersey. The roadway was widened and 500 precast panels 

were installed successfully within just six days (Bettigole and Robison 1997). 

One of the more prominent deck replacement projects was in 1998 with the New York Thruway 

Authority’s Tappan Zee Bridge along I-87 over the Hudson River (Ramey and Oliver 1998). The 

bridge was originally built between 1951 and 1955. Due to increased traffic demand and deck 

deterioration, it was required that the deck be replaced and widened to seven lanes. Figure 2.25 

shows placement of one of the Exodermic panels on the Tappan Zee Bridge. Utilizing this deck 

system allowed the construction to be completed in stages overnight without disrupting traffic flow 

(Rao, Tajirian, and Stubstad 2003). Construction lasted over several nights from 8:00 p.m. to 6:00 

a.m. (Bettigole 1998). As an incentive to complete the work on time and not disrupt morning rush-

hour traffic, the contractors were penalized $1,300 per minute if all lanes were not opened by 

6:00 a.m. each morning. The replacement project was completed successfully and the Exodermic 

bridge deck panels have performed well (Rao, Tajirian, and Stubstad 2003). 

 
Figure 2.25 Tappan Zee Bridge Deck Placement (D.S. Brown Company 2017b) 

Another Exodermic deck replacement project was conducted by the Georgia Department of 

Transportation (GDOT) in 2005. The project included two bridges in Gainesville, Georgia 

(Longstreet Bridge and Bells Mill Bridge) and two bridges in Atlanta, Georgia (I-285 Bridge over 

Buford Highway and I-285 Bridge over U.S. 41). Figure 2.26 shows the existing deck removed 

from the Longstreet Bridge, and Figure 2.27 shows the placement of rapid-setting concrete in the 

joints of the Longstreet Bridge. 

The bridges in this deck replacement project were similar in many ways; however, they also had 

their differences. The Longstreet Bridge and I-285 Bridges over U.S. 41 were simply supported 

while the Bells Mill Bridge and I-285 Bridges over Buford Highway were continuous span. The two 

http://www.exodermic.com/Projects/TAPPAN/gallery.html#9


 

27 
 

Gainesville bridges were full deck replacement projects while the two Atlanta bridges were partial 

deck replacement projects (Umphrey 2006). 

The Longstreet Bridge had two lanes, and the support structure for the bridge consisted of a 

concrete deck supported by longitudinal stringers that ran the entire length of the bridge which 

were simply-supported on cross-girders. Several transverse cracks were identified in the deck so 

a replacement was necessary. The entire bridge was closed to traffic during each night of 

construction from 9:00 p.m. to 5:00 a.m. Construction lasted from July to September 2005 

(Umphrey 2006). 

The Bells Mill Bridge also had two lanes, and the supporting structure for the bridge consisted of 

a concrete deck supported by longitudinal girders that were continuous span. The deck was in 

need of rehabilitation. The bridge was closed from 9:00 p.m. to 5:00 a.m. to traffic during each 

work night. Construction lasted from March to July 2005 (Umphrey 2006). 

The I-285 Bridges over Buford Highway were sister bridges that were originally two lanes wide 

each which were widened over time to 7 lanes eastbound and 6 lanes westbound. Only the decks 

for the original lanes were replaced. The supporting structure for the bridge was a concrete deck 

on steel girders. The bridge remained opened partially during the construction process. Work on 

the original lanes was conducted over weekend sessions from 9:00 p.m. Friday to 5:00 a.m. 

Monday (Umphrey 2006). 

The I-285 Bridges over U.S. 41 were sister bridges with four lanes each where only the two 

original lanes needed to be replaced. The supporting structure consisted of full-depth concrete 

decks on longitudinal girders that were simply supported on each of the four spans. Deck 

replacement was needed because the deck surface was spalling. The bridge remained opened 

partially during the construction process. Work on the original lanes was conducted over twelve 

weekend sessions from 9:00 p.m. Friday to 5:00 a.m. Monday. Construction lasted from July to 

September 2005 (Umphrey 2006). 

The construction process for each bridge followed similar steps during a single work period. First, 

transverse and longitudinal saw cuts were made around the designated deck area. Then, the 

deck portion was removed and the steel flanges below were cleaned. Next, the precast 

Exodermic deck panels were aligned and positioned at the correct location. The formwork for the 

closure pours and haunches was installed, and studs were welded to the top surface of the 

supporting steel girders. Rapid-setting concrete was then placed in the joints. The bridge was 

reopened to traffic as soon as the joint material reached a compressive strength of at least 3,500 

psi. Typically, one lane was replaced at a time during an individual work session (Umphrey 2006). 
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The results from each of the four deck replacement projects conducted by the GDOT proved to 

be quite successful. The construction was efficiently completed within the required timeframe. In 

addition, there was limited disruption to traffic (Umphrey 2006). 

 
Figure 2.26 Existing Deck Removed from the Longstreet Bridge (Umphrey 2006) 

 
Figure 2.27 Placement of Rapid-Setting Concrete in the Joints of the Longstreet Bridge 

(Umphrey 2006) 

2.6 SUMMARY 
The precast deck panel system can be an efficient replacement system for deteriorated bridge 

decks. In order for ALDOT to judge the performance of potential deck joint systems for 

implementation in the field, small-scale or subassembly-type specimens need to be efficiently 

tested in the laboratory with standard practices and performance criteria. The following 

summarizes major findings from past research and highlights information that is lacking with 

respect to transverse joint demand, behavior, and testing. 
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Transverse joints experience a combination of stresses ranging from tension, shear, and flexural. 

Tension occurs in joints when the deck is made composite with girders and is experiencing 

negative flexure. In this situation, the neutral axis is below the deck so the entire joint is in 

tension. Shear stresses at the joint occur when loads are transferred from one panel to the other, 

vertically. Maximum positive bending of transverse joints occurs when the deck is loaded so that 

it deflects downwards between bents and between girders. Negative bending occurs when the 

deck joint is loaded over a bridge bent, typically. 

Research conducted in the past has typically only focused on a single force effect at a time, such 

as testing in pure tension, pure shear, or pure bending. From research conducted by Rhett (2012) 

it was determined that for a standard ALDOT bridge, the deck experiences bending stresses 

simultaneous with shear stresses. Specifically, when a deck is in positive bending there is a 

reversal in shear, and when a deck experiences negative flexure there is a shear stress in the 

deck. 

In addition, some research projects included testing of deck specimens for ultimate strength or 

fatigue durability with no explicit correlation to the actual stress demands on a bridge deck joint. 

For instance, the applied load for the cyclic pure shear tests conducted by Porter (2009) was 

calculated as 90% of the mean minus one standard deviation of the ultimate load from the 

previous monotonic tests. This load was selected because the specimens would not fail under the 

first cycle but would fail after a reasonable number of cycles. Also, the fatigue pure bending tests 

conducted by Ryu, Kim, and Chang (2007) were loaded at either 30%, 50%, or 70% of the 

ultimate load as determined from the previous static tests. 

In contrast, the pure tension tests conducted by Zhu et al. (2012) the load was applied to the 

model with the design load truck and design lane load according to AASHTO LRFD. The 

maximum negative moment in the deck occurred over an interior girder over an interior pier. The 

stress in the extreme top fiber of the transverse joint was 0.306 ksi. This value was similar to the 

0.256 ksi stress experienced in the top fiber of the bridge deck analyzed by Rhett (2012). Also, for 

the fatigue positive bending with simultaneous shear tests conducted by Au, Lam, and 

Tharmabala (2011) the applied load simulated a factored wheel load scaled to correspond to the 

two-third geometric scaling of the specimen. 

Many research projects inlcuded both static tests (monotonic until failure) and fatigue tests. For 

the fatigue tests, it appeared that the loading procedure followed the precedent set by ASTM 

D6275 where the applied load was applied for 2,000,000 cycles at no more than 5.0 Hz. 

.
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 DESIGN OF EXPERIMENTAL PROGRAM 

3.1 OVERVIEW 
This chapter covers all aspects of the test methods utilized in this study ranging from test 

assembly, loading procedure, instrumentation, and data acquisition. The experimental program 

was designed to apply for any type of proposed deck panel and joint combination. However, the 

Exodermic deck system used in this study exhibited a joint strength capacity limitation that 

warranted adjusting the experimental program. The differences in the proposed experimental 

program and actual experimental program used in this study are clearly noted in the following 

chapters as they appear. 

3.2 TEST ASSEMBLY 
This section covers all aspects of the test assembly ranging from load configuration, load 

application, and supports. 

3.2.1 Specimen and Loading Configuration 
As referenced in Section 2.3, transverse joints experience a combination of stresses ranging from 

tension, shear, and flexure dependent upon the location of the joint with relation to the girders 

and piers. Tension occurs in joints when the deck is made composite with girders and is 

experiencing negative flexure. In this situation, the neutral axis is below the deck so the entire 

joint is in tension. Shear stresses at the joint occur when loads are transferred from one panel to 

the other, vertically. Maximum positive bending of transverse joints occurs when the deck is 

loaded so that it deflects downwards between bents and between girders. Negative bending 

occurs when the deck joint is loaded over a bridge bent, typically. Laboratory testing conducted in 

the past has typically only focused on a single force effect at a time such as testing in pure 

tension, pure shear, or pure bending. However, for this study, testing included a realistic 

combination of stresses. 

From previous research conducted by Rhett (2012) at Auburn University it was determined from 

finite element analysis that the extreme stresses experienced by transverse joints in typical 

ALDOT bridges included two main cases: positive bending simultaneous with a reversal in shear 

and negative bending with a shear component. The extreme positive-flexure stress occurred 5 ft 

past the first bent and between the two outermost girders while the extreme negative-flexure 

stress occurred above the first bent and above the outermost girder. Stress values from the 

analysis are summarized in Table 3.1. Note that for the positive bending stress demands the 

computed shear listed contained two values. This represented the shear reversal experienced at 

the transverse joint. Also, note that the smallest moment-to-shear ratio for either case was 40 in. 

The service-level moments in the positive bending and negative bending cases were fairly similar 
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while the service-level shear in the positive bending case was more extreme than in the negative 

bending case. To simplify and conservatively utilize the same service-level moments and shears 

for all of the tests in this proposed experimental program, the values from the positive bending 

case were implemented. Therefore, for the positive bending tests the service-level moment, 

Mservice, was 28.9 kip-in per unit (1 ft) width and the service-level shear, Vservice, was 0.728 kips per 

unit (1 ft) width. For the negative bending tests the service-level moment, Mservice, was -28.9 kip-in 

per unit (1 ft) width and the service-level shear, Vservice, was -0.728 kips per unit (1 ft) width. 

Table 3.1 Computed Stress and Sectional Joint Demands 

Critical Stress Bending Stress (ksi) Moment 
(kip-in/ft) 

Shear 
(kips/ft) 

Moment/Shear 
(in.) Top Fiber Bottom Fiber 

Positive Bending -0.184 0.226 28.9 0.728/-0.425 40/-68 
Negative Bending 0.256 -0.084 -32.7 -0.452 73 

 
Rhett (2012) closely examined the shear and moment behavior of transverse joints as a wheel 

load crossed the joint. Figure 3.1 graphically illustrates the interaction of shear and negative 

moment. As the load approached the center of the joint the shear increased as well as the 

negative moment. There was not a reversal of the shear as the load reached the center of the 

joint. Figure 3.2 illustrates the interaction of shear and positive moment. For this case as the load 

approached the center of the joint the shear increased in one direction and reversed in another. 

Also, as the load approached the center of the joint the moment showed minimal negative 

moment at first followed by a sharp positive moment at the center of the joint. The important 

aspect of the second figure is that the transverse joint experienced positive flexure combined with 

a reversal in the shear. This type of interaction has seldom, if ever, been investigated in a 

laboratory environment. Therefore, this study included this unique interaction in the experimental 

program. 

 
Figure 3.1 Simultaneous Shear and Negative Moment Diagrams (Rhett 2012) 
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Figure 3.2 Simultaneous Shear and Positive Moment Diagrams (Rhett 2012) 

Three different load configurations were implemented to test transverse deck joints. Figure 3.3, 

3.4, and 3.5 show the load configuration for the positive bending, negative bending, and shear 

reversal tests, respectively. The configurations described are applicable for any future 

experimental program as well as what was actually used in this study. The tests were set-up as 

simply supported beams with a span length of 72 in. The span of the specimens was parallel to 

the direction of traffic on a bridge so that the transverse joint was transverse to the flow of traffic. 

There was one point of loading for the bending tests and two independent points of loading for 

the shear reversal test. The negative bending test had a similar load configuration as the positive 

bending test with the only difference being that the test specimen was inverted to achieve a 

negative moment in the joint. 

As noted earlier the most extreme moment-to-shear ratio from the Rhett (2012) research was 40 

in. Due to physical constraints in the laboratory and to conservatively apply this ratio for flexural 

testing, the value was modified to 36 in. This value represented the distance from the center of 

the joint to the support on the opposite side of the load. 

 
Figure 3.3 Load Configuration for Positive Bending Test 
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Figure 3.4 Load Configuration for Negative Bending Test (Specimen Inverted) 

 
Figure 3.5 Load Configuration for Shear Reversal Test 

3.2.2 Load Application 
This section covers all aspects of the load application ranging from the reaction frame, hydraulic 

actuator, and spreader beam. A steel reaction frame was post-tensioned to the laboratory strong 

floor to ensure the load application system was secure. Hydraulic actuators were then attached to 

the reaction frame. The MTS Model 243.35 actuators had a capacity ranging from 54 kips in 

tension to 82 kips in compression and a stroke range of 10 in. The actuators could be load 

controlled or force controlled by the MTS Series 793 Controller software with Flex Test 60 

hardware. A W8x31 beam with 3/8 in. stiffeners was utilized to spread the load across the width 

of the test specimen. Finally, the spreader beam rested on a 1 in. diameter rod welded to ½ in. x 

4 in. steel plate which was seated in gypsum cement on the specimen surface. 

The specimens used in this study were 24 in. wide. This width was based on the reinforcing steel 

geometry specified by the Exodermic deck system, which was used for this study. The reinforcing 

bars that extended out of the deck panel and into the joint were spaced at 12 in. on center. To 

maintain a representative concrete to steel ratio at the joint, the specimen width could be 

multiples of 12 in. A width of 24 in. was selected so that a reinforced joint had two reinforcing bars 

crossing each interface between deck concrete and grout. A minimum specimen width of 24 in. is 

recommended for any future experimental programs. The applied load must increase 
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proportionally with the increase in specimen width. More details regarding the geometry of the 

deck panels used in this study are described in Section 4.2. 

3.2.3 Supports 
Two large concrete reaction blocks rested on the strong floor in the laboratory shown in Figure 

3.6. The supports for the test were seated in gypsum cement on top of the blocks. Figure 3.7 

shows the two supports. The south support served as a pin, which consisted of a 1 in. diameter 

rod welded to ½ in. x 4 in. x 24 in. steel plate. The north support served as a rocker which 

consisted of a 1 in. diameter rod in between two ½ in. x 4 in. x 24 in. beveled out plates of steel. 

The high radius of the bevel allowed the rod to translate and rotate small amounts while 

preventing sudden large lateral displacement. Similar set-up of the supports for future 

experimental programs is recommended but not required. 

 

Pin Support Rocker Support 

Reaction Blocks 

Figure 3.6 Reaction Blocks 
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Figure 3.7 Supports 

3.3 LOADING PROCEDURE 
The loading procedure proposed for future experimental programs as well as this study was 

separated into two categories: quasi-static loading and fatigue loading. Table 3.2 and Table 3.3 

show the test schedule for the unreinforced shear key and staggered hook reinforced specimens 

used in this study, respectively. For each joint type and test configuration there was an additional 

“backup” specimen that was kept in reserve in case a panel was damaged prematurely. 

The purpose of the quasi-static tests was to understand the static loading behavior of the joints 

and to determine if there was any correlation between the quasi-static behavior and the fatigue 

behavior of the specimens. The quasi-static test was a simpler and faster test. So, if there was a 

correlation between the two tests, then it may be possible to only perform the quasi-static test to 

judge whether a proposed deck-joint system was acceptable or not. 

The purpose of the fatigue tests was to quantify the fatigue durability of the joints under service 

level loads. This type of test is time-consuming and potentially expensive. So, a replacement test 

that can represent the joint behavior in a shorter amount of time is desirable. 
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Table 3.2 Test Schedule for Unreinforced Shear Key Joints 

Specimen Name Test Configuration Loading Procedure 
U-POS-Q Positive Bending Quasi-Static 
U-POS-F Positive Bending Fatigue 
U-POS-B Positive Bending Backup 
U-NEG-Q Negative Bending Quasi-Static 
U-NEG-F Negative Bending Fatigue 
U-NEG-B Negative Bending Backup 
U-REV-Q Shear Reversal Quasi-Static 
U-REV-F Shear Reversal Fatigue 
U-REV-B Shear Reversal Backup 

 

Table 3.3 Test Schedule for Staggered Hook Reinforced Joints 

Specimen Name Test Configuration Loading Procedure 
R-POS-Q Positive Bending Quasi-Static 
R-POS-F Positive Bending Fatigue 
R-POS-B Positive Bending Backup 
R-NEG-Q Negative Bending Quasi-Static 
R-NEG-F Negative Bending Fatigue 
R-NEG-B Negative Bending Backup 
R-REV-Q Shear Reversal Quasi-Static 
R-REV-F Shear Reversal Fatigue 
R-REV-B Shear Reversal Backup 

 

3.3.1 Quasi-Static Tests 
The quasi-static tests were performed to better understand the static loading behavior of the 

joints and to determine if there was any correlation between the quasi-static behavior and the 

fatigue behavior of the specimens. 

Given the prescribed load configuration mentioned previously in Section 3.2.1, Figures 3.8, 3.9, 

and 3.10 show a typical load cycle with applied load, shear at joint, and moment at joint 

interaction for positive bending, negative bending, and shear reversal, respectively. The period of 

each cycle depends on the test type: quasi-static or fatigue. For the positive bending test as the 

applied load increased the shear force and bending moment also increased, and as the applied 

load decreased the shear force and bending moment also decreased. Similarly, for the negative 

bending test as the applied load increased the shear and moment also increased in magnitude, 

and as the applied load decreased the shear and moment decreased in magnitude. The shear 

reversal test was different, however. Two actuators each applied force to the specimen 

independently. One was on the north side and the other was on the south side of the joint. The 

two actuators applied load 180 degrees out of phase with each other such that when the north 

actuator was at a maximum load magnitude the south actuator was at a minimum load magnitude 
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and vice versa. The applied load from the actuators was calculated such that the joint 

experienced a constant magnitude of positive bending for the entire cycle while the shear at the 

joint reversed as the applied load increased and decreased on each side of the joint throughout a 

typical cycle. 

 
Figure 3.8 Typical Positive Bending Load Cycle 

 
Figure 3.9 Typical Negative Bending Load Cycle 
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Figure 3.10 Typical Shear Reversal Load Cycle 

Overall, the applied load was based on service-level stress demands that resulted from the Rhett 

(2012) analysis. As referenced previously in Section 3.2.1 for the positive bending tests the 

service-level moment, Mservice, was 28.9 kip-in per unit width, for the negative bending tests the 

service-level moment, Mservice, was -28.9 kip-in per unit width, and for the shear reversal tests the 

service-level shear, Vservice, was +/-0.728 kips per unit width where the positive and negative sign 

indicate a reversal in the shear. Instead of immediately applying the full service-level loads to the 

specimens, the loads were incrementally increased in a quasi-static manner. With this technique, 

the applied load was increased in “load steps” so that the behavior of the specimen could be 

studied at varying levels of load. The load steps for the tests were a function of theoretical joint 

behavior. For the flexure tests the defining factor was the cracking moment, Mcr, while for the 

shear reversal tests the defining factor was the shear strength of the concrete, Vn. The defining 

factors were based on the measured average compressive strength of the deck concrete and the 

cross-sectional dimensions of a unit width of deck joint. These values could be calculated with the 

following equations: 
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𝒇𝒇𝒄𝒄 = 𝟕𝟕.𝟓𝟓�𝒇𝒇′𝒄𝒄                                     Equation 3.4 

𝒃𝒃 = 𝟎𝟎.𝟖𝟖𝒉𝒉                                        Equation 3.5 

where 

Mcr = cracking moment of concrete deck 

Vn = shear strength of concrete deck 

fr = modulus of rupture of concrete 

S = section modulus 

f’c = compressive strength of concrete 

b = unit width of deck 

h = overall depth of joint 

d = effective depth of joint from compression fiber 

The (one-way) shear strength and modulus of rupture relationships are from ACI 318-11. The 

effective depth, d, was selected as a simple, approximate calculation for both unreinforced and 

reinforced joints. Referring to Rhett’s research on the finite element analysis of a typical ALDOT 

bridge, the unit width of the deck was 12 in., height of the deck was 8 in. The average 

compressive strength of the deck concrete used in this study was 4,500 psi. By following the 

equations from above, Mcr = 64.4 kip-in per unit (12 in.) width and Vn = 10.3 kips per unit (12 in.) 

width. 

Table 3.4 and Table 3.5 show the load steps with the calculated shear and moment per unit width 

at the joint for the flexure and shear-reversal tests, respectively. Self-weight of the specimens 

was accounted for which was 63.8 pounds per square foot. For the quasi-static tests, the loading 

was incrementally increased throughout the test in proportion to Mcr and Vn. For instance, the 

load steps for the flexure tests (U-POS-Q, U-NEG-Q, R-POS-Q, and R-NEG-Q) corresponded to 

10% of Mcr, 20% of Mcr, 30% of Mcr, etc. Likewise, the load steps for the shear-reversal tests (U-

REV-Q and R-REV-Q) corresponded to 1% of Vn, 2% of Vn, 3% of Vn, etc. For each load step, the 

load cycled five times up to the calculated value and down to the minimum load. A minimum load 

of 0.25 kips per unit width was used to maintain constant contact between the spreader beam 

and test specimen. 

--
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Table 3.4 Load Steps for Flexure Tests 

 Applied Load 
(kips/ft) 

Vjoint 
(kips/ft) 

Mjoint 
(kip-in/ft) 

10% of Mcr 0.33 0.08 6.4 
20% of Mcr 1.05 0.26 12.9 
30% of Mcr 1.76 0.44 19.3 
40% of Mcr 2.48 0.62 25.8 
50% of Mcr 3.19 0.80 32.2 
60% of Mcr 3.91 0.98 38.6 
70% of Mcr 4.63 1.16 45.1 

 

Table 3.5 Load Steps for Shear-Reversal Tests 

 Applied Load 
(kips/ft) 

Vjoint 
(kips/ft) 

Mjoint 
(kip-in/ft) 

1% of Vn 0.66 0.10 11.7 
2% of Vn 1.07 0.21 15.4 
3% of Vn 1.49 0.31 19.1 
4% of Vn 1.90 0.41 22.8 
5% of Vn 2.31 0.52 26.5 
6% of Vn 2.72 0.62 30.2 
7% of Vn 3.14 0.72 33.9 

 
The loading of the specimens was intended to be quasi-static; therefore, the loading rate was 

very slow such that the frequency of each cycle was 0.02 Hz. After each load step, the test was 

paused to document any crack propagation. The load steps incrementally increased until the test 

specimen failed. Similar procedure should be followed for future experimental programs. 

Figures 3.11, 3.12, and 3.13 show the loading procedure in relation to the theoretically calculated 

shear and moment at the joint per unit width for the positive bending, negative bending, and 

shear reversal tests, respectively. 
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Figure 3.11 Positive Bending Quasi-Static Loading Procedure 

 
Figure 3.12 Negative Bending Quasi-Static Loading Procedure 
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Figure 3.13 Shear Reversal Quasi-Static Loading Procedure 

3.3.2 Fatigue Tests 
The fatigue tests were performed to quantify the fatigue durability of the joints under service level 

loads and to determine if there was any correlation between the quasi-static behavior and the 

fatigue behavior of the specimens. The fatigue type test was time-consuming and potentially 

expensive. So, a replacement test that could represent the joint behavior in a shorter amount of 

time is desirable. More discussion on the correlation between the two test types is found in 

Section 5.4. 

For future experimental programs, the fatigue test loading is based on the service-level stresses 

(Rhett 2012) where Mservice is 28.9 kip-in per 1 ft width and Vservice was 0.728 kips per 1 ft width. 

Therefore, the applied loading for the positive bending test should correspond to a bending 

moment at the joint of 28.9 kip-in/ft. The applied loading for the negative bending test should 

correspond to a bending moment at the joint of -28.9 kip-in/ft. The applied loading for the shear 

reversal test should correspond to a shear force at the joint of +/- 0.728 kips/ft, where the positive 

and negative signs indicate a reversal in the shear. All fatigue tests should be cycled up to the 

calculated value and down to a minimum load of 0.25 kips/ft. The test should run for 2,000,000 

cycles at 1.0 to 2.0 Hz and pause at discrete intervals to record the degradation of the joint at the 

1st, 10th, 100th, 1,000th, 10,000th, 100,000th, 1,000,000th, and 2,000,000th cycle.  

For this study the original intention was to adhere to the fatigue loading procedure mentioned 

above. However, after conducting the quasi-static tests, it was determined that the Exodermic 
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panel specimens used in this study did not possess the ultimate strength required to resist the 

service-level stresses in this one-way framing configuration. This was due to the decreased 

effective cross section at a transverse joint inherent in the Exodermic deck system design. Only 

three out of the six specimens tested quasi-statically were able to resist the service-level 

stresses. The test results are reported in Chapter 5. 

By referring to the quasi-static test results, it was determined what loading on average caused the 

first crack in the specimens, the reinforcing steel to yield, and the failure of the specimens. 

Therefore, a load was selected for the fatigue tests so that the specimen did not crack nor yield 

the reinforcement upon initial loading. Figures 3.14, 3.15, and 3.16 show the loading procedure in 

relation to the theoretically calculated shear and moment at the joint per unit width for the positive 

bending, negative bending, and shear reversal tests, respectively. The load for the flexure tests 

(U-POS-F, U-NEG-F, R-POS-F, and R-NEG-F) corresponded to 30% of Mcr, which was 

approximately 67% of Mservice. The load for the shear-reversal tests (U-REV-F and R-REV-F) 

corresponded to 3% of Vn, which was approximately 42% of Vservice. For each test the load cycled 

up to the calculated value and down to the minimum load of 0.25 kips/ft. 

 
Figure 3.14 Positive Bending Fatigue Loading Procedure 
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Figure 3.15 Negative Bending Fatigue Loading Procedure 

 
Figure 3.16 Shear Reversal Fatigue Loading Procedure 
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of the cycles intermediate the discrete intervals (i.e., cycles 2-9, 11-99, 101-999, etc.) was 2.0 Hz. 

The test continued until the specimen failed or it survived 2,000,000 cycles. 

3.4 INSTRUMENTATION 
This section describes the internal and external sensors utilized in this study. Several sensors 

and instruments were used to help quantify the behavior of the joint by measuring the strain in the 

reinforcing steel, displacement of the specimen, and crack opening at the joint-deck interface. Not 

all of the sensors described in the following sections are necessary for future acceptance testing 

of potential bridge deck joints. For future testing, only the top wire potentiometers used to 

measure midspan deflection are needed. More details about the top wire potentiometer set-up is 

described in Section 3.4.2. 

3.4.1 Internal Instrumentation 
The internal instrumentation for this study consisted of attaching strain gages to the four hooked 

reinforcing bars in the staggered hook reinforced joints. Figure 3.17 shows the internal 

instrumentation locations. The 6 mm electrical resistance strain gages (ERSGs) were attached at 

approximately ½ in. from the surface of the concrete where they extended out of the deck panels 

and into the joint. Additional description and figures regarding the gage attachment process is 

given in Section 4.5.1. Since the unreinforced shear key joints did not contain any reinforcement 

extending through the joint, there were no ERSGs in these specimens. 

 
Figure 3.17 Strain Gage Locations 
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3.4.2 External Instrumentation 
The external instrumentation for this study consisted of attaching wire potentiometers (wirepots) 

and displacement transducers (crack gages) to the specimen to measure displacement and crack 

opening of the specimen when loaded. The external instrumentation locations for positive 

bending, negative bending, and shear reversal are shown in Figures 3.18, 3.19, and 3.20, 

respectively. 

 
Figure 3.18 External Instrumentation Locations—Positive Bending Test 
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Figure 3.19 External Instrumentation Locations—Negative Bending Test 

 
Figure 3.20 External Instrumentation Locations—Shear Reversal Test 
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north support, two above the south support, and two above the center of the joint. This set-up 

allowed the effects of torsion to be averaged, and it allowed a measurement of the displacement 

of the joint relative to the supports to be calculated. These wirepots had a range of about 1 ¼ in. 

Also, two wirepots were placed below the center of the joint to measure joint displacement. These 

wirepots had a range of about 4 in. and were implemented when a specimen had large deflection 

and the top wirepots exceeded their range limit. The side wirepots were mounted on brackets on 

the side of the specimen to measure crack opening at the joint interface. The wirepots were 

placed at the same height as the reinforcing steel locations within the specimens. For the flexure 

tests there were only side wirepots on the south side near the load location while for the shear-

reversal tests there were side wirepots on the south and north joint interfaces.  

 
Figure 3.21 Wire Potentiometer Deflection Frame 
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Figure 3.22 Top Wire Potentiometer Set-Up 

 
Figure 3.23 Side Wire Potentiometer Set-Up 

Tokyo Sokki Kenkyujo PI-2-50 crack gages were utilized for the staggered hook reinforced 

specimens with negative bending. Figure 3.24 shows the set-up for the crack gages. The crack 
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gages were attached below the reinforcing steel locations to measure the crack opening at the 

reinforced joint interface. 

 

Crack Gages 

Figure 3.24 Crack Gage Set-Up 

3.5 DATA ACQUISITION 
Data acquisition was completed with a Pacific Instruments 6000 Series Data Acquisition System. 

For the quasi-static tests the load cycled at 0.02 Hz. So, recording the data at a sampling rate of 

10 samples/second was satisfactory. For the fatigue tests, the discrete test interval loads were 

cycled at 1.0 Hz. So, recording the data at a sampling rate of 100 samples/second was 

satisfactory. However, during the fatigue test cycles between the discrete test intervals (i.e. cycles 

2-9, 11-99, 101-999, etc.), the load was cycled at 2.0 Hz. Since the measurement of the precise 

behavior of the specimen was not critical for each of these intermediate cycles, data was only 

recorded and monitored at a rate of 10 samples/second. Similar data acquisition techniques are 

recommended for future experimental programs. 
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 SPECIMEN CONSTRUCTION 

4.1 OVERVIEW 
This chapter covers all aspects of the construction process of the test specimens used in this 

research study, ranging from detailed drawings, delivery of materials, fabrication of the 

specimens, to testing the properties of the materials. 

4.2 DETAILED DRAWINGS 
Construction drawings of the specimens were drafted to serve as a reference when building the 

panels. The project called for 18 unreinforced shear key panels and 18 staggered hook reinforced 

panels. Figure 4.1 shows the reinforcing steel layout of the unreinforced shear key joint panel, 

while Figure 4.2 shows the plan and elevation views of the joined panels. 
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Figure 4.2 Unreinforced Shear Key Joined Panels Plan and Elevation 
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Figure 4.3 Unreinforced Shear Key Joint Dimensions 

A detailed view of the unreinforced shear key joint dimensions is shown in Figure 4.3. Figure 4.4 

shows the reinforcing steel layout of the staggered hook reinforced joint panel while Figure 4.5 

shows the plan and elevation views of the joined panels. A detailed view of the staggered hook 

reinforced joint dimensions is shown in Figure 4.6. 
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Figure 4.4 Reinforcing Steel Layout for Staggered Hook Reinforced Panel 
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Figure 4.5 Staggered Hook Reinforced Joined Panels Plan and Elevation 

 
Figure 4.6 Staggered Hook Reinforced Joint Dimensions 

4.3 EXODERMIC STEEL GRIDS 
The D.S. Brown Company donated five Exodermic steel grids with dimensions approximately 8 ft 

x 14 ft The steel grids were shipped from North Baltimore, Ohio to Auburn, Alabama on a hot shot 

trailer as seen in Figure 4.7. 
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Figure 4.7 Shipment of Exodermic Steel Grids 

The grids were exposed to the weather on the D.S. Brown Company property for several years. 

Although light surface rusting had developed, the grids were still in adequate shape. Two of the 

five grids were designed for the unreinforced shear key joint decks while the other three grids 

were designed for the staggered hook reinforced joint decks. Figure 4.8 shows the difference 

between the steel grids. The two steel grids designed for the unreinforced shear key joint decks 

contained an additional attribute, specifically, ½ in. x 2 in. welded studs at 6 in. on center. 
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Figure 4.8 Comparison of the Steel Grids 

The steel grids were cut to proper size with a 9-in. handheld circular saw that was designed for 

machine cutting. Figure 4.9 shows this process. 

 
Figure 4.9 Cutting the Steel Grids 
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4.4 DECK CONCRETE 
The next step in the construction process was to place the (precast) deck concrete for the test 

specimens. Along with other tasks, this included fabricating the formwork, placing the concrete, 

and curing the panels. 

4.4.1 Preliminary Tasks 
Before the deck concrete was placed several tasks were completed in preparation. For instance, 

the slotted holes in the steel grid were taped to prevent concrete from flowing out as shown in 

Figure 4.10. Also, 16 gage hot-rolled sheets were positioned on the steel grid at their prescribed 

locations between the WT4x5 members. 

A sizable quantity of No. 4 grade 40 reinforcing steel was available in the laboratory. This 

reinforcement was used as the hooked bars in the test specimens. The remaining No. 4 and No. 

5 grade 60 reinforcing steel required was ordered from a local supplier. The bars were cut and 

bent in the laboratory per the construction drawings. Figure 4.11 shows the reinforcing steel tied 

on the steel grid. 

 
Figure 4.10 Taping Slotted Holes in Steel Grid 
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Figure 4.11 Reinforcement Positioned on Steel Grid 

4.4.2 Formwork 
A temporary plywood floor was placed in the laboratory to provide a base to attach the panel 

forms. The forms were constructed out of ½ in. plywood sheets and 2x4 dimensional lumber. The 

unreinforced shear key joint end caps were constructed out of 2x8 dimensional lumber which 

were cut to size by a table saw as shown in Figure 4.12. Three coats of spar urethane were 

applied to the inner sides of the forms. This sealed the wood from absorbing moisture which 

would dry out the concrete. Once the four sides of the forms were attached to each other and 

secured to the floor, Type 2 silicone was used to seal the edges to prevent any water or concrete 

from leaking. This procedure included running a bead of caulk at form-to-form joints, form-to-steel 

joints, and steel-to-steel joints as shown in Figure 4.13. The forms were sturdy enough so that a 

person could stand on them during concrete placement. A close-up view of the completed forms 

can be seen in Figure 4.14. 
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Figure 4.12 Unreinforced Shear Key Joint End Cap 

 
Figure 4.13 Caulking the Forms 
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Figure 4.14 Close-up View of Completed Forms 

4.4.3 Placement 
Approximately six cubic yards of ready-mixed concrete was ordered from a local supplier. The 

delivery of the concrete from the truck is shown in Figure 4.15. The mixture design was Class B 

which is a typical bridge superstructure concrete per the ALDOT Bridge Specification. Table 4.1 

shows the deck concrete mixture proportions with aggregate weights reported in the saturated, 

surface-dry condition. 
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Figure 4.15 Delivery of Ready-Mixed Deck Concrete 

Table 4.1 Deck Concrete Mixture Proportions 

Item Supplier Per CY Units 
Cement I/II Lehigh 465.0 lbs 
P2 Class Fly Ash Headwaters-Mi 158 lbs 
57 Limestone (SSD) Martin Marietta 1,912 lbs 
Concrete Sand (SSD) Lambert 1,213 lbs 
Air Entrainer BASF 3.83 fl oz 
Reduce/Retard BASF 19 fl oz 
Water (potable) 228 lbs 

 
The concrete was placed with a 1.5 yd3 hopper and overhead crane as shown in Figure 4.16. 

Once the proper amount of concrete was placed and spread throughout the forms a handheld 

mechanical vibrator evenly vibrated the material as seen in Figure 4.17. Then, two people used a 

damp 2x4 board to screed off the excess concrete in a sawing motion as shown in Figure 4.18. 

Fourteen students and two professors helped during the concrete placement as seen in Figure 

4.19. 
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Figure 4.16 Placement of Concrete 

 
Figure 4.17 Vibrating the Concrete 
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Figure 4.18 Screeding off the Excess Concrete 

 
Figure 4.19 Overview of Concrete Placement 

Sampling of freshly mixed concrete was conducted per ASTM C172 where samples were taken 

before the second, fourth, and sixth yards were placed. Concrete cylinder test specimens were 

made per ASTM C31 as seen in Figure 4.20. Slump, unit weight, air content, and temperature 

measurements were conducted per ASTM C143, C138, C231, and C1064, respectively. Table 

4.2 shows the material properties of the fresh deck concrete. 
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Figure 4.20 Material Testing of Deck Concrete 

Table 4.2 Deck Fresh Concrete Properties 

Item Value Units 
Slump 5.25 in. 
Unit Weight 152.9 pcf 
Air Content 2.3 % 
Temperature 83 °F 

 

4.4.4 Curing 
Wet burlap was placed over the specimens approximately two hours after the final specimen was 

poured. Plastic sheeting was then placed over the wet burlap to maintain even moisture and 

temperature while the concrete cured as seen in Figure 4.21. 
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Figure 4.21 Wet Burlap and Plastic Sheeting over Panels 

Per Exodermic deck systems construction specifications, the precast panels shall not be removed 

from the forms or moved until the concrete reached 3,500 psi. This strength was achieved in the 

cylinder samples at the 7-day mark. Also, per Exodermic deck systems construction 

specifications, the precast panels were moist cured until the concrete reached its 28-day design 

strength of 4,000 psi. The plastic sheeting was removed and the burlap was sprayed with water 

every day to maintain moisture. Concrete cylinder specimens were tested at 14 days which 

resulted in compressive strengths exceeding 4,000 psi. The plastic sheeting and burlap were 

permanently removed at that time. 

Half of the 6 in. x 12 in. cylinder samples were cured in a moisture room while the other half were 

cured in the normal lab environment along with the deck panels. The compressive strengths of 

the deck concrete from moist curing and lab-environment curing are shown in Table 4.3 and 

Table 4.4, respectively. The tests were conducted in accordance to ASTM C39. Figure 4.22 

shows the exposed surfaces of the panels after the formwork was removed. 

Table 4.3 Deck Concrete Compressive Strengths from Moist Curing 

Age 
(days) 

Compressive Strength 
(psi) 

7 3,490 
28 4,640 
56 5,660 
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Table 4.4 Deck Concrete Compressive Strengths from Lab-Environment Curing 

Age 
(days) 

Compressive Strength 
(psi) 

7 3,540 
14 4,230 
28 4,600 
56 4,780 

 

    
Figure 4.22 Unreinforced Shear Key Joint and Staggered Hook Reinforced Joint Panels 

with Forms Removed 

4.5 JOINT GROUT 
The next step in the construction process was to pour the joint grout for the test specimens. Along 

with other tasks this included fabricating the formwork, placing the grout, and curing the joints. 

4.5.1 Preliminary Tasks 
Before the joint grout was placed several tasks were completed in preparation. For instance, the 

panels were positioned with their respective mate so that the joint spacing matched the 

dimensions in the construction drawings. Figure 4.23 shows an aerial view of the panels and 

Figure 4.24 shows a close-up on the unreinforced shear key and staggered hook reinforced joint. 
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Figure 4.23 Overview of Panels before Grout Pour 

  
Figure 4.24 Close-up View of Panels before Grout Pour 

To determine the behavior of the reinforcing steel when tested, 6 mm strain gages were installed. 

A close-up view of the gage is shown in Figure 4.25. The first step in attaching the gages was to 

grind the ribs of the reinforcing steel flat with a mechanical grinder. Next, gages were bonded to 

the steel by following the cleaning and adhesion steps per the manufacturer. Mastic tape was 

placed between the lead wires and bar to prevent a shorting of the circuit. Then, yellow nitrile 

rubber was applied to the gage to provide protection. Finally, heat-shrink tubing surrounded the 

gage to protect from moisture. 
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A sample of reinforcing steel was instrumented with strain gages and tested in tension to 

determine the mechanical properties of the reinforcement. The reinforcing steel was designated 

as Grade 40; however, previous tensile testing of sample bars indicated a yield stress of 50 ksi, 

as shown in Figure 4.26. 

The strain gages were attached to the hooked reinforcing bars at approximately ½ in. from the 

surface of the precast concrete where they extended out of the deck panels as shown in Figure 

4.27. Then, No. 4 bars were tied on the bottom of each hook, and No. 5 bars were tied on top of 

each hook—in accordance with the construction drawings. 

 
Figure 4.25 Electrical-Resistance Strain Gage (ERSG) 
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Figure 4.26 Tension Stress-Strain Relationship for Steel Reinforcement 

 
Figure 4.27 Protected ERSGs Mounted on Reinforcing Steel 
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4.5.2 Formwork 
Next, 1 ½ in. diameter open-cell foam backer rods were placed on the bottom of each 

unreinforced shear key joint to serve as the bottom of the joint. Similarly, 16 gage hot-rolled 

sheets were placed at the bottom of each staggered hook reinforced joint. The forms for the 

unreinforced shear key joint and staggered hook reinforced joint were recycled from the panel 

forms. Figure 4.28 shows the joint formwork set-up. 

 
Figure 4.28 Joint Formwork 

4.5.3 Placement 
The grout material for joining the precast specimens required specific strength standards. 

MasterEmaco T 1060 Very Rapid Setting Mortar fulfilled these requirements. Mixing of the grout 

was conducted with a handheld electric drill and paddle mixing bit in a tin tub. Each joint was 

mixed and poured individually due to the short setting time of the grout. A mechanical vibrator 

consolidated the material in the joint to avoid air pockets. These steps are shown in Figure 4.29. 

To increase the volume of the material, coarse aggregate was permitted to extend the grout. Pea 

Gravel with maximum diameter of 3/8 in. was selected. The grout manufacturer stated that for 

applications with a thickness of 2-4 in. the grout may be extended 30-50%. Applications with a 

thickness greater than 4 in. may be extended 50-100%. The unreinforced shear key joint was 

extended 30% while the staggered hook reinforced joint was extended 100%. 

Also, six 3 in. x 6 in. cylinders were cast for each joint to test the ASTM 28-day compressive 

strength as well as the compressive strength at the time the panel was tested. The 28-day 
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cylinders were moist cured while the test-day cylinders were cured in the lab environment. Table 

4.5 and 4.6 summarize the unreinforced shear key joint and staggered hook reinforced joint 

compressive strength results, respectively. The compressive strength of the grout used for the 

unreinforced shear key joint was considerably larger than that used for the staggered hook 

reinforced joint. This may be due to the different amounts of pea gravel added to each mixture. 

The difference in compressive strengths likely did not greatly affect the results of the jointed 

specimens in the positive bending, negative bending, and shear reversal tests since critical 

cracks formed within the precast concrete or at the joint-deck interface and not within the joint 

grout. 

Due to oversight, “Test-Day” cylinder samples were not cast for the following joints: U-NEG-B, U-

REV-B, and R-REV-B. This omission did not negatively affect the research study since the 

cylinder samples only represented the “backup” specimens that were not tested. 

  
Figure 4.29 Mixing and Vibrating the Grout 

Table 4.5 Grout Compressive Strength for Unreinforced Shear Key Joints 

 28-Day 
Compressive Strength 

(psi) 

Test-Day 
Compressive Strength 

(psi) 
U-POS-Q 7,860 9,620 
U-POS-F 3,160 4,020 
U-POS-B 7,910 10,740 
U-NEG-Q 5,690 10,090 
U-NEG-F 4,450 5,430 
U-NEG-B 8,970 - 
U-REV-Q 8,490 10,150 
U-REV-F 8,340 10,330 
U-REV-B 8,960 - 
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Table 4.6 Grout Compressive Strength for Staggered Hook Reinforced Joints 

 28-Day 
Compressive Strength 

(psi) 

Test-Day 
Compressive Strength 

(psi) 
R-POS-Q 4,880 7,080 
R-POS-F 4,070 6,180 
R-POS-B 3,880 5,500 
R-NEG-Q 4,500 5,680 
R-NEG-F 3,890 5,500 
R-NEG-B 3,370 4,990 
R-REV-Q 4,400 5,950 
R-REV-F 4,690 6,190 
R-REV-B 5,440 - 

 

4.5.4 Curing 
Wet burlap was placed over the specimens as soon as the grout was placed. On average the 

grout achieved 3,500 psi compressive strength within 2 hours. The wet burlap was removed after 

24 hours. After 7 days, the forms were removed. Figure 4.30 shows the joints after the forms 

were removed. 

  
Figure 4.30 Unreinforced Shear Key and Staggered Hook Reinforced Joints 
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 RESULTS AND DISCUSSION 

5.1 OVERVIEW 
This chapter covers the test results from the twelve specimens tested. First, the quasi-static test 

results are presented, including the unreinforced shear key joint and staggered hook reinforced 

joint in positive bending, negative bending, and shear reversal. Next, the fatigue test results are 

presented, which also include the unreinforced shear key joint and staggered hook reinforced 

joint in positive bending, negative bending, and shear reversal. For each test the results are 

presented in the form of visual inspection, external measurements, and internal measurements 

(reinforcement strain). Finally, comparisons and discussions of the tests conclude the chapter. 

5.2 QUASI-STATIC TESTS 
This section covers the quasi-static test results for both the unreinforced shear key and staggered 

hook reinforced joints. This section is separated into three main subsections: positive bending, 

negative bending, and shear reversal test results. 

5.2.1 Positive Bending Test Results 
This first subsection covers quasi-static positive bending results for the unreinforced shear key 

joint (U-POS-Q) and staggered hook reinforced joint (R-POS-Q) specimens. 

5.2.1.1 Unreinforced Shear Key Joint (U-POS-Q) 
The U-POS-Q test was conducted per the prescribed loading procedure. For each load step the 

applied load was cycled five times up to the calculated value and down to the minimum value. If 

the specimen did not fail at the current load step, then the load was increased to the next load 

step and the test continued. 

5.2.1.1.1 Visual Inspection 
The condition of the joint before versus after the test is shown in Figure 5.1. Crack propagation 

was documented by marking and labeling the cracks after each load step. The labels 

corresponded to the force applied by the actuator onto the specimen. Cracks formed north and 

south of the joint within the deck concrete. During the first load step (1.44 kips), cracks originated 

at the top of the steel WT section. During the second load step (2.86 kips), the cracks extended 

and widened. During the third load step (4.30 kips), additional cracks formed. Finally, during the 

fourth load step (5.72 kips), the specimen failed along the bottom of the steel WT section on the 

south side. 

Chapter 5 
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Figure 5.1 U-POS-Q Joint Before and After Test 

5.2.1.1.2 External Instrumentation 
As discussed earlier, external instrumentation consisted of wirepots attached to the top of the 

specimen to measure midspan deflection, wirepots attached to the bottom of the joint to measure 

large midspan deflection, and wirepots attached to the side of the specimen to measure crack 

opening at the joint-panel interface. 

Figure 5.2 shows the behavior of the moment at joint versus midspan deflection. Note at each 

load step as the moment at the joint increased, more cracks formed in the specimen and the 

midspan deflection increased. The bottom wirepots were utilized to capture the specimen 

behavior after the top wirepots exceeded their stroke limit. 

 
Figure 5.2 Moment at Joint versus Midspan Deflection (U-POS-Q) 
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Figure 5.3 shows the behavior of the side crack opening versus moment at joint. Similarly, as 

noted above, at each load step as the moment at the joint increased, the side cracks opened 

wider. 

 
Figure 5.3 Side Crack Opening versus Moment at Joint (U-POS-Q) 

5.2.1.2 Staggered Hook Reinforced Joint (R-POS-Q) 
The R-POS-Q test was conducted per the prescribed loading procedure. For each load step the 

applied load was cycled five times up to the calculated value and down to the minimum value. If 

the specimen did not fail at the current load step, then the load was increased to the next load 

step and the test continued. 

5.2.1.2.1 Visual Inspection 
The condition of the joint before versus after the test is shown in Figure 5.4. Crack propagation 

was documented by marking and labeling the cracks after each load step. The labels 

corresponded to the force applied by the actuator onto the specimen. During the first load step 

(1.44 kips) and the second load step (2.86 kips) no noticeable cracks occurred. When loading up 

to the third load step (4.30 kips), cracks formed at the south joint interface. When loading up to 

the fourth load step (5.72 kips), the cracks extended and widened. Finally, when loading up to the 

fifth load step (7.16 kips), the specimen failed. 
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Figure 5.4 R-POS-Q Joint Before and After Test 

5.2.1.2.2 External Instrumentation 
As discussed earlier, external instrumentation consisted of wirepots attached to the top of the 

specimen to measure midspan deflection, wirepots attached to the bottom of the specimen to 

measure large midspan deflection, and wirepots attached to the side of the specimen to measure 

crack opening at the joint-panel interface. 

Figure 5.5 shows the behavior of the moment at joint versus midspan deflection. Note at each 

load step as the moment at the joint increased, more cracks formed in the specimen and the 

midspan deflection increased. 

 
Figure 5.5 Moment at Joint versus Midspan Deflection (R-POS-Q) 
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Figure 5.6 shows the behavior of the side crack opening versus moment at joint. Similarly, as 

noted above, at each load step as the moment at the joint increased, the side cracks opened 

wider. 

 
Figure 5.6 Side Crack Opening versus Moment at Joint (R-POS-Q) 

5.2.1.2.3 Internal Instrumentation 
As discussed earlier, internal instrumentation consisted of strain gages attached to each of the 

four hooked reinforcing bars within the joint. 

Figure 5.7 shows the behavior of the strain in reinforcing steel versus moment at joint. At each 

load step as the moment at the joint increases, more cracks form in the specimen and the strain 

in the reinforcement increases. Note that the SE and SW strain gages increased significantly 

between the third and fourth load step compared to the NE and NW strain gages. This shows that 

the south reinforcing steel yielded at 25.7 kip-in/ft. The strain gages reached their limit at 

approximately 19,000 με. 
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Figure 5.7 Strain in Reinforcing Steel versus Moment at Joint (R-POS-Q) 

5.2.2 Negative Bending Test Results 
This second subsection covers quasi-static negative bending results for the unreinforced shear 

key joint (U-NEG-Q) and staggered hook reinforced joint (R-NEG-Q) specimens. 

5.2.2.1 Unreinforced Shear Key Joint (U-NEG-Q) 
The U-NEG-Q test was conducted per the prescribed loading procedure. For each load step the 

applied load was cycled five times up to the calculated value and down to the minimum value. If 

the specimen did not fail at the current load step, then the load was increased to the next load 

step and the test continued. 

5.2.2.1.1 Visual Inspection 
The condition of the joint before versus after the test is shown in Figure 5.8. Note that the 

negative bending test specimens are inverted. Crack propagation was documented by marking 

and labeling the cracks after each load step. The labels corresponded to the force applied by the 

actuator onto the specimen. During the first load step (1.44 kips) and second load step (2.86 kips) 

there were no noticeable cracks. When loading up to the third load step (4.30 kips), the specimen 

failed along the south joint interface. 
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Figure 5.8 U-NEG-Q Joint Before and After Test (Inverted Specimen) 

5.2.2.1.2 External Instrumentation 
As discussed earlier, external instrumentation consisted of wirepots attached to the top of the 

specimen to measure midspan deflection, wirepots attached to the bottom of the specimen to 

measure large midspan deflection, and wirepots attached to the side of the specimen to measure 

crack opening at the joint-panel interface. 

Figure 5.9 shows the behavior of the moment at joint versus midspan deflection. Since the 

specimen failed suddenly along the south joint interface, the load steps are not visible in the 

graph. Therefore, only a single line depicted the failure occurring. There was not a significant 

amount of midspan deflection before the specimen failed. 
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Figure 5.9 Moment at Joint versus Midspan Deflection (U-NEG-Q) 

Figure 5.10 shows the behavior of the side crack opening versus moment at joint. Similarly, as 

noted above, there was not any sign of side crack opening before the specimen failed. 

 
Figure 5.10 Side Crack Opening versus Moment at Joint (U-NEG-Q) 
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5.2.2.2 Staggered Hook Reinforced Joint (R-NEG-Q) 
The R-NEG-Q test was conducted per the prescribed loading procedure. For each load step the 

applied load was cycled five times up to the calculated value and down to the minimum value. If 

the specimen did not fail at the current load step, then the load was increased to the next load 

step and the test continued. 

5.2.2.2.1 Visual Inspection 
The condition of the joint before versus after the test is shown in Figure 5.11. Crack propagation 

was documented by marking and labeling the cracks after each load step. The labels 

corresponded to the force applied by the actuator onto the specimen. At the first load step (1.44 

(kips), there were no noticeable cracks. When loading up to the second load step (2.86 kips), 

cracks formed and extended up to the reinforcing steel height at the south joint interface. When 

loading up to the third load step (4.30 kips), cracks extended on the south joint interface up to the 

steel pan, and cracks formed at the north joint interface. When loading up to the fourth load step 

(5.72 kips), the cracks widened at both the north and south joint interfaces. Finally, when loading 

up to the fifth load step (7.16 kips), the specimen failed. 

  
Figure 5.11 R-NEG-Q Joint Before and After Test (Inverted Specimen) 

The distribution bars acted as part of the load-resisting mechanism of the specimen. These bars 

resisted compressive stresses and ultimately failed by buckling as shown in Figure 5.12. 
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Figure 5.12 R-NEG-Q Buckled Distribution Bars (Inverted Specimen) 

5.2.2.2.2 External Instrumentation 
As discussed earlier, external instrumentation consisted of wirepots attached to the top of the 

specimen to measure midspan deflection, wirepots attached to the bottom of the specimen to 

measure large midspan deflection, wirepots attached to the side of the specimen to measure 

crack opening at the joint-panel interface, and crack gages attached below the reinforcing steel 

locations to measure the crack opening at the joint interface. The bottom wirepots were utilized to 

capture the specimen behavior after the top wirepots exceeded their stroke limit. 

Figure 5.13 shows the behavior of the moment at joint versus midspan deflection. Note at each 

load step as the moment at the joint increased, more cracks formed in the specimen and the 

midspan deflection increased. The bottom wirepots were utilized to capture the specimen 

behavior after the top wirepots exceeded their stroke limit. 
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Figure 5.13 Moment at Joint versus Midspan Deflection (R-NEG-Q) 

Figure 5.14 shows the behavior of the side crack opening versus moment at joint. Similarly, as 

noted above, at each load step as the moment at the joint increased, the side cracks opened 

wider. 
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Figure 5.14 Side Crack Opening versus Moment at Joint (R-NEG-Q) 

Figure 5.15 shows the behavior of crack gage opening versus moment at joint. Note that the SE 

and SW crack gages increased significantly during the third load step compared to the NE and 

NW crack gages. This shows the larger crack opening along the south joint interface compared to 

the north joint interface. The crack gages were removed after the third load step to avoid any 

potential damage to the gages. 
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Figure 5.15 Crack Gage Opening versus Moment at Joint (R-NEG-Q) 

5.2.2.2.3 Internal Instrumentation 
As discussed earlier, internal instrumentation consisted of strain gages attached to each of the 

four hooked reinforcing bars within the joint. 

Figure 5.16 shows the behavior of the strain in reinforcing steel versus moment at joint. At each 

load step as the moment at the joint increased, more cracks formed in the specimen and the 

strain in the reinforcing steel increased. Note that when loading up to the third load step (23.0 kip-

in/ft) a crack formed at the south joint interface and the SE and SW bars yielded resulting in a 

significant increase in the strain. The NE bar yielded later when the crack at the north joint 

interface widened when loading up to the fourth load step (29.2 kip-in/ft). The strain gages 

reached their limit at approximately 19,000 με. 
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Figure 5.16 Strain in Reinforcing Steel versus Moment at Joint (R-NEG-Q) 

5.2.3 Shear Reversal Test Results 
This third subsection covers quasi-static shear reversal results for the unreinforced shear key 

joint (U-REV-Q) and staggered hook reinforced joint (R-REV-Q) specimens. 

5.2.3.1 Unreinforced Shear Key Joint (U-REV-Q) 
The U-REV-Q test was conducted per the prescribed loading procedure. For each load step the 

applied load was cycled five times up to the calculated value and down to the minimum value. If 

the specimen did not fail at the current load step, then the load was increased to the next load 

step and the test continued. 

5.2.3.1.1 Visual Inspection 
The condition of the joint before versus after the test is shown in Figure 5.17. Crack propagation 

was documented by marking and labeling the cracks after each load step. The labels 

corresponded to the force applied by one of the actuators onto the specimen. At the first load step 

(1.32 kips) and second load step (2.15 kips) no noticeable cracks formed. After the third load step 

(3.80 kips), cracks formed within the deck concrete on the north and south side of the joint 

originating at the top of the WT steel sections. After the fourth load step (4.62 kips), the cracks 

extended. During the fifth load step (5.45 kips), several more cracks formed within the deck 

concrete reaching up to the top surface of the specimen. Finally, during the sixth load step (6.27 

kips), the specimen failed. 
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Figure 5.17 U-REV-Q Joint Before and After Test 

5.2.3.1.2 External Instrumentation 
As discussed earlier, external instrumentation consisted of wirepots attached to the top of the 

specimen to measure midspan deflection, wirepots attached to the bottom of the specimen to 

measure large midspan deflection, and wirepots attached to the side of the specimen to measure 

crack opening at the joint-panel interface. 

Figure 5.18 shows the behavior of the shear at joint versus midspan deflection. Note at each load 

step as the shear at the joint increased, more cracks formed in the specimen and the midspan 

deflection increased. The bottom wirepots were utilized to capture the specimen behavior after 

the top wirepots exceeded their stroke limit. 

Figure 5.19 shows the behavior of the side crack opening versus shear at joint. Similarly, as 

noted above, at each load step as the shear at the joint increased, the side cracks opened wider. 

The graph depicts the behavior of the south as well as the north joint interfaces. 
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Figure 5.18 Shear at Joint versus Midspan Deflection (U-REV-Q) 

 
Figure 5.19 Side Crack Opening versus Shear at Joint (U-REV-Q) 
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5.2.3.2 Staggered Hook Reinforced Joint (R-REV-Q) 
The R-REV-Q test was conducted per the prescribed loading procedure. For each load step the 

applied load was cycled five times up to the calculated value and down to the minimum value. If 

the specimen did not fail at the current load step, then the load was increased to the next load 

step and the test continued. 

5.2.3.2.1 Visual Inspection 
The condition of the joint before versus after the test is shown in Figure 5.20. Crack propagation 

was documented by marking and labeling the cracks after each load step. The labels 

corresponded to the force applied by one of the actuators onto the specimen. During the first load 

step (1.32 kips), second load step (2.15 kips), and third load step (2.97 kips), no noticeable 

cracks formed. During the fourth load step (3.80 kips), a crack formed along the north joint 

interface extending up to the reinforcing steel height. When loading up to the fifth load step (4.62 

kips), the cracks extended along the north joint interface and new cracks formed along the south 

joint interface extending up towards the top surface of the specimen. During the middle of the fifth 

load step, the specimen deflected significantly and rested on wood blocks intended to catch 

specimen when it failed. It was determined that the specimen may be able to resist additional 

force so the load was removed momentarily to remove the blocks below, and then the test 

continued as planned. During the sixth load step (5.45 kips), the specimen failed. 

  
Figure 5.20 R-REV-Q Joint Before and After Test 

5.2.3.2.2 External Instrumentation 
As discussed earlier, external instrumentation consisted of wirepots attached to the top of the 

specimen to measure midspan deflection, wirepots attached to the bottom of the specimen to 

measure large midspan deflection, and wirepots attached to the side of the specimen to measure 

crack opening at the joint-panel interface.  

Figure 5.21 shows the behavior of the shear at joint versus midspan deflection. Note at each load 

step as the shear at the joint increased, more cracks formed in the specimen and the midspan 
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deflection increased. The bottom wirepots were utilized to capture the specimen behavior after 

the top wirepots exceeded their stroke limit. 

 
Figure 5.21 Shear at Joint versus Midspan Deflection (R-REV-Q) 

Figure 5.22 shows the behavior of the side crack opening versus shear at joint. Similarly, as 

noted above, at each load step as the shear at the joint increased, the side cracks opened wider. 

The graph depicts the behavior of the south joint interface as well as the north joint interface. 
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Figure 5.22 Side Crack Opening versus Shear at Joint (R-REV-Q) 

5.2.3.2.3 Internal Instrumentation 
As discussed earlier, internal instrumentation consisted of strain gages attached to each of the 

four hooked reinforcing bars within the joint. 

Figure 5.23 shows the behavior of the strain in reinforcing steel versus shear at joint. At each load 

step as the shear at the joint increased, more cracks formed in the specimen and the strain in the 

reinforcing steel increased. Note that during the fourth load step (+/- 0.41 kips/ft) a crack formed 

at the north joint interface and the NE and NW bars yielded resulting in a significant increase in 

the strain. During the fifth load step (+/- 0.62 kips/ft) a crack formed at the south joint interface 

and the SW bars yielded resulting in a significant increase in the strain. Meanwhile, the SE and 

NW strain gages exceeded their range. The strain gages reached their limit at approximately 

19,000 με. 
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Figure 5.23 Strain in Reinforcing Steel versus Shear at Joint (R-REV-Q) 

5.3 FATIGUE TESTS 
This section covers the fatigue test results for both the unreinforced shear key and staggered 

hook reinforced joints. This section is separated into three main subsections: positive bending, 

negative bending, and shear reversal test results. 

5.3.1 Positive Bending Test Results 
This first subsection covers quasi-static positive bending results for the unreinforced shear key 

joint (U-POS-Q) and staggered hook reinforced joint (R-POS-Q) specimens. 

5.3.1.1 Unreinforced Shear Key Joint (U-POS-F) 
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5.3.1.1.1 Visual Inspection 
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cracks formed. During the 51,477th cycle, the specimen failed along the south side of the joint 

within the deck concrete. The crack originated at the flange of the steel WT section and extended 

up to the top of the specimen. 

 
Figure 5.24 U-POS-F Joint at Discrete Intervals 

5.3.1.1.2 External Instrumentation 
As discussed earlier, external instrumentation consisted of wirepots attached to the top of the 

specimen to measure midspan deflection, wirepots attached to the bottom of the specimen to 
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measure large midspan deflection, and wirepots attached to the side of the specimen to measure 

crack opening at the joint-panel interface. 

Figure 5.25 shows the behavior of the moment at joint versus midspan deflection. Note at each 

discrete interval, as the test continued and more cracks formed, the stiffness of the specimen 

weakened and the midspan deflection increased. Figure 5.26 shows the moment versus midspan 

deflection of each discrete interval superimposed on top of each other to demonstrate the loss of 

stiffness of the joint as the test progressed. 

 
Figure 5.25 Moment at Joint versus Midspan Deflection (U-POS-F) 
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Figure 5.26 Moment at Joint versus Superimposed Midspan Deflection (U-POS-F) 

Figure 5.27 shows the behavior of the side crack opening versus moment at joint. Similarly, as 

noted above, as the test continued and more cracks formed, the side cracks opened wider. 

 
Figure 5.27 Side Crack Opening versus Moment at Joint (U-POS-F) 
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5.3.1.2 Staggered Hook Reinforced Joint (R-POS-F) 
The R-POS-F test was conducted per the prescribed loading procedure. The test was scheduled 

to run for 2,000,000 cycles and pause at discrete intervals to record the degradation of the joint at 

the 1st, 10th, 100th, 1,000th, 10,000th, 100,000th, 1,000,000th, and 2,000,000th cycle. 

5.3.1.2.1 Visual Inspection 
The condition of the joint at each discrete interval is shown in Figure 5.28. Crack propagation was 

documented by marking the cracks after each discrete interval. After the 1st, 10th, and 100th cycle, 

no noticeable cracks formed. After the 1,000th cycle, cracks formed at the south side within the 

joint extending up to the reinforcing steel height. The test continued without any new cracks 

forming until the test was concluded after the 2,000,000th cycle. 
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Cycle 2,000,000 Cycle 100,000 

Cycle 10,000 Cycle 1,000 

Cycle 100 

Cycle 1 

Figure 5.28 R-POS-F Joint Before at Discrete Intervals 

5.3.1.2.2 External Instrumentation 
As discussed earlier, external instrumentation consisted of wirepots attached to the top of the 

specimen to measure midspan deflection, wirepots attached to the bottom of the specimen to 

measure large midspan deflection, and wirepots attached to the side of the specimen to measure 

crack opening at the joint-panel interface. 

Figure 5.29 shows the behavior of the moment at joint versus midspan deflection. Note at each 

discrete interval, as the test continued and more cracks formed, the stiffness of the specimen 
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weakened and the midspan deflection increased. Between the 100th and 1,000th cycle, there was 

a significant increase in midspan deflection. This corresponded to a crack that formed in the 

south side of the joint at the time. Figure 5.30 shows the moment versus midspan deflection of 

each discrete interval superimposed on top of each other to demonstrate the loss of stiffness of 

the joint as the test progressed. 

 
Figure 5.29 Moment at Joint versus Midspan Deflection (R-POS-F) 
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Figure 5.30 Moment at Joint versus Superimposed Deflection (R-POS-F) 

Figure 5.31 shows the behavior of the side crack opening versus moment at joint. Similarly, as 

noted above, as the test continued and more cracks formed, the side cracks opened wider. The 

south joint interface did not widen significantly when compared to other tests. 
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Figure 5.31 Side Crack Opening versus Moment at Joint (R-POS-F) 

5.3.1.2.3 Internal Instrumentation 
As discussed earlier, internal instrumentation consisted of strain gages attached to each of the 

four hooked reinforcing bars within the joint. 

Figure 5.32, 5.33, 5.34, and 5.35 show the behavior of the SE, NE, SW, and NW strain in 

reinforcing steel versus moment at joint, respectively. At each discrete interval, as the test 

continued and more cracks formed, the stiffness of the specimen weakened and the midspan 

deflection increased. Between the 100th and 1,000th cycle, there was a significant increase in 

strain for the SE and SW bars. This corresponded to a crack that formed at the south joint 

interface. 

0.30 

0.25 

-C 
:::. 0.20 
QI) 
C 
'i: 
QI 
C. 
Q 0.15 
~ 
u 
I.! u 
QI 0.10 

"C 
vi 

0.05 

0 .00 

0 2 4 6 

- Cycle 1 

- Cycle10 

- cycle100 

- Cycle 1,000 

- Cycle 10,000 

- Cycle 100,000 

- Cycle 1,000,000 

- Cycle 2,000,000 

8 10 12 14 16 18 20 

Moment at Joint (kip-in/ft) 



 

101 
 

 
Figure 5.32 Strain in SE Reinforcing Steel versus Moment at Joint (R-POS-F) 

 
Figure 5.33 Strain in NE Reinforcing Steel versus Moment at Joint (R-POS-F) 
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Figure 5.34 Strain in SW Reinforcing Steel versus Moment at Joint (R-POS-F) 

 
Figure 5.35 Strain in NW Reinforcing Steel versus Moment at Joint (R-POS-F) 
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5.3.2 Negative Bending Test Results 
This second subsection covers fatigue negative bending results for the unreinforced shear key 

joint (U-NEG-F) and staggered hook reinforced joint (R-NEG-F) specimens. 

5.3.2.1 Unreinforced Shear Key Joint (U-NEG-F) 
The U-NEG-F test was conducted per the prescribed loading procedure. The test was scheduled 

to run for 2,000,000 cycles and pause at discrete intervals to record the degradation of the joint at 

the 1st, 10th, 100th, 1,000th, 10,000th, 100,000th, 1,000,000th, and 2,000,000th cycle. 

5.3.2.1.1 Visual Inspection 
The condition of the joint at each discrete interval is shown in Figure 5.36. Crack propagation was 

documented by marking the cracks after each discrete interval. After the 1st cycle, no noticeable 

cracks formed. After the 10th cycle, cracks formed within the deck concrete on the north side of 

the joint directly below the steel WT section. During the 14th cycle, the specimen failed at a new 

crack location on the north side of the joint within the deck concrete. 

 

Cycle 14 

Cycle 10 Cycle 1 

Figure 5.36 U-NEG-F Joint at Discrete Intervals (Inverted Specimen) 
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5.3.2.1.2 External Instrumentation 
As discussed earlier, external instrumentation consisted of wirepots attached to the top of the 

specimen to measure midspan deflection, wirepots attached to the bottom of the specimen to 

measure large midspan deflection, and wirepots attached to the side of the specimen to measure 

crack opening at the joint-panel interface. 

Figure 5.37 shows the behavior of the moment at joint versus midspan deflection. Note at each 

discrete interval, as the test continued and more cracks formed, the stiffness of the specimen 

weakened and the midspan deflection increased. Figure 5.38 shows the moment versus midspan 

deflection of each discrete interval superimposed on top of each other to demonstrate the loss of 

stiffness of the joint as the test progressed. 

 
Figure 5.37 Moment at Joint versus Midspan Deflection (U-NEG-F) 
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Figure 5.38 Moment at Joint versus Superimposed Midspan Deflection (U-NEG-F) 

Crack formation and failure occurred to the north of the joint. Unfortunately, the failure was 

expected to occur to the south of the joint so the side wirepots were attached at this location. 

Therefore, no useful data was recorded with these instruments to compare side crack opening 

versus moment at joint. 

5.3.2.2 Staggered Hook Reinforced Joint (R-NEG-F) 
The R-NEG-F test was conducted per the prescribed loading procedure. The test was scheduled 

to run for 2,000,000 cycles and pause at discrete intervals to record the degradation of the joint at 

the 1st, 10th, 100th, 1,000th, 10,000th, 100,000th, 1,000,000th, and 2,000,000th cycle. 

5.3.2.2.1 Visual Inspection 
The condition of the joint at each discrete interval prior to failure is shown in Figure 5.39. Crack 

propagation was documented by marking the cracks after each discrete interval. After the 1st 

cycle, cracks formed at the north and south joint interfaces. After the 10th cycle, cracks extended 

up to the reinforcing steel height. After the 100th, 1,000th, and 100,000th cycle, no new cracks 

formed. After the 499,528th cycle, the joint failed. The condition at failure is shown in Figure 5.40. 
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Figure 5.39 R-NEG-F Joint at Discrete Intervals before Failure (Inverted Specimen) 
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Cycle 499,528 

Figure 5.40 R-NEG-F Joint at Failure (Inverted Specimen) 

5.3.2.2.2 External Instrumentation 
As discussed earlier, external instrumentation consisted of wirepots attached to the top of the 

specimen to measure midspan deflection, wirepots attached to the bottom of the specimen to 

measure large midspan deflection, wirepots attached to the side of the specimen to measure 

crack opening at the joint-panel interface, and crack gages attached below the reinforcing steel 

locations to measure the crack opening at the joint interface. The bottom wirepots were utilized to 

capture the specimen behavior after the top wirepots exceeded their stroke limit. 

Figure 5.41 shows the behavior of the moment at joint versus midspan deflection. Note at each 

discrete interval, as the test continued and more cracks formed, the stiffness of the specimen 

weakened and the midspan deflection increased. Figure 5.41 shows the moment versus midspan 

deflection of each discrete interval superimposed on top of each other to demonstrate the loss of 

stiffness of the joint as the test progressed. 
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Figure 5.41 Moment at Joint versus Midspan Deflection (R-NEG-F) 

 
Figure 5.42 Moment at Joint versus Superimposed Midspan Deflection (R-NEG-F) 
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Figure 5.43 shows the behavior of the side crack opening versus moment at joint. Similarly, as 

noted above, as the test continued and more cracks formed, the side cracks opened wider. 

 
Figure 5.43 Side Crack Opening versus Moment at Joint (R-NEG-F) 

Figure 5.44 shows the behavior of the average of the SE and SW crack gages represented as the 

south crack gage opening versus moment at joint while Figure 5.45 shows the behavior of the 

average of the NE and NW crack gages represented as the north crack gage opening versus 

moment at joint. Note that the south crack gages increased significantly throughout the test 

compared to the north crack gages. This shows larger crack opening along the south joint 

interface compared to the north. The crack gages were removed after the 100,000th cycle to avoid 

any potential damage to the gages. 
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Figure 5.44 South Crack Gage Opening versus Moment at Joint (R-NEG-F) 

 
Figure 5.45 North Crack Gage Opening versus Moment at Joint (R-NEG-F) 
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5.3.2.2.3 Internal Instrumentation 
As discussed earlier, internal instrumentation consisted of strain gages attached to each of the 

four hooked reinforcing bars within the joint. 

Figure 5.46, 5.47, 5.48, and 5.49 show the behavior of the SE, NE, SW, and NW strain in 

reinforcing steel versus moment at joint, respectively. At each discrete interval, as the test 

continued and more cracks formed, the stiffness of the specimen weakened and the reinforcing 

steel strain increased. 

Each of the four reinforcement bars behaved differently during this test. The slope in the SE and 

SW strain gages were similar. The SW strain gage showed significant increases in strain at each 

discrete interval when compared to the SE gage. The gages exceeded their limit after the 

10,000th discrete interval either due to reinforcement yielding or instrumentation failure. The strain 

gage limit was approximately 19,000 με. The slope in the NE and NW strain gages were also 

similar. The difference between the two north gages was that the NE bar experienced 

compressive strains originally. This may be because the specimen experienced slight torsion 

effects during the test or because the load path of the joint required the NE bar to provide 

compressive resistance. 

After the test was concluded the condition of the reinforcing steel was investigated. From visually 

inspecting the south joint interface crack opening, it was determined that the SE bar had 

fractured. To inspect the condition of the SW bar, the SW bar was cut with a reciprocating saw to 

separate the north and south decks. Figure 5.50 shows the two decks separated. The north deck 

is on top and exposes the SE and SW bars. Figure 5.51 shows the condition of the SE and SW 

bars. The SE bar experienced a ductile fracture while the SW had not failed, yet there were signs 

of significant necking. 
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Figure 5.46 Strain in SE Reinforcing Steel versus Moment at Joint (R-NEG-F) 

 
Figure 5.47 Strain in NE Reinforcing Steel versus Moment at Joint (R-NEG-F) 

10,000 

8,000 

-"' :1. 6,000 -... 
~ 

..0 ., 
= ... 4,000 

"' C 

C 

'i! .. 
"' 

2,000 

0 

-2,000 

0 

10,000 

8,000 -

"':1. - h,C~lll -... 
1 
~ 

- Cyclel 
- Cyclel0 
- Cycle 100 
- Cycle 1,000 
- Cycle 10,000 

' ' 

2 4 

- Cyd~ 1 
- C:yrfo 1(J 

- Cycle 100 
- C:y1fo 1,000 

- Cycle 10,000 
- c:yrJ~ 1(111,000 

- Cycle 499,528 

' ' ' ' ' ' ' 

6 8 10 12 14 16 18 20 

Moment at Joint (kip-in/ft} 

.., 1,000 ---------------------------
2 
C 

C 

·~ 2,000 ---------------------------
t;; 

w' < ? 
; 

> 4 = 4, 

-2,000 ---------------------------

0 2 4 G 8 10 12 14 l G 18 20 

Moment at Joint (kip-in/ft) 



 

113 
 

 
Figure 5.48 Strain in SW Reinforcing Steel versus Moment at Joint (R-NEG-F) 

 
Figure 5.49 Strain in NW Reinforcing Steel versus Moment at Joint (R-NEG-F) 
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discrete interval when compared to the SE gage. The gages exceeded their limit after the 

10,000th discrete interval either due to reinforcement yielding or instrumentation failure. The strain 

gage limit was approximately 19,000 με. The slope in the NE and NW strain gages were also 

similar. The difference between the two north gages was that the NE bar experienced 

compressive strains originally. This may be because the specimen experienced slight torsion 

effects during the test or because the load path of the joint required the NE bar to provide 

compressive resistance. 

After the test was concluded the condition of the reinforcing steel was investigated. From visually 

inspecting the south joint interface crack opening, it was determined that the SE bar had 

fractured. To inspect the condition of the SW bar, the SW bar was cut with a reciprocating saw to 

separate the north and south decks. Figure 5.50 shows the two decks separated. The north deck 

is on top and exposes the SE and SW bars. Figure 5.51 shows the condition of the SE and SW 

bars. The SE bar experienced a ductile fracture while the SW had not failed, yet there were signs 

of significant necking. 

 
Figure 5.50 Separated (and Inverted) Deck Panels (R-NEG-F) 
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Figure 5.51 SE (fractured) and SW (cut) Reinforcing Steel Failure Condition (R-NEG-F) 

5.3.3 Shear Reversal Test Results 
This third subsection covers fatigue shear reversal bending results for the unreinforced shear key 

joint (U-REV-F) and staggered hook reinforced joint (R-REV-F) specimens. 

5.3.3.1 Unreinforced Shear Key Joint (U-REV-F) 
The U-REV-F test was conducted per the prescribed loading procedure. The test was scheduled 

to run for 2,000,000 cycles and pause at discrete intervals to record the degradation of the joint at 

the 1st, 10th, 100th, 1,000th, 10,000th, 100,000th, 1,000,000th, and 2,000,000th cycle. 

5.3.3.1.1 Visual Inspection 
The condition of the joint of the joint at each discrete interval is shown in Figures 5.52 and 5.53. 

Crack propagation was documented by marking the cracks after each discrete interval. Before 

testing began, cracks were marked within the deck concrete on the north and south side of the 

joint starting at the steel WT section and extending up to the reinforcing steel height. These 

cracks may have formed due to shrinkage or handling of the specimen. After the 1st cycle, no new 

cracks formed. After the 10th cycle, cracks extended upwards. After the 100th cycle, cracks on the 

north side of the joint extended and widened. After the 1,000th cycle, additional cracks on the 

north side of the joint formed. After the 10,000th cycle cracks extended and widened on the north 

and south side of the joint. After the 100,000th cycle, cracks widened and some extended. After 

the 1,000,000th cycle, cracks widened. After the 2,000,000th cycle, cracks continued to widen, and 

the test was concluded without the specimen failing. 
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Cycle 100,000 Cycle 10,000 

Cycle 1000 Cycle 100 

Cycle 10 Cycle 1 

Figure 5.52 U-REV-F Joint up to 100,000 Cycles 
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Cycle 2,000,000 Cycle 1,000,000 

Figure 5.53 U-REV-F Joint beyond 1,000,000 Cycles 

5.3.3.1.2 External Instrumentation 
As discussed earlier, external instrumentation consisted of wirepots attached to the top of the 

specimen to measure midspan deflection, wirepots attached to the bottom of the specimen to 

measure large midspan deflection, and wirepots attached to the side of the specimen to measure 

crack opening at the joint-panel interface. 

Figure 5.54 shows the behavior of the shear at joint versus midspan deflection. Note at each 

discrete interval, as the test continued and more cracks formed, the stiffness of the specimen 

weakened and the midspan deflection increased. Figure 5.55 shows the shear versus midspan 

deflection of each discrete interval superimposed on top of each other to demonstrate the loss of 

stiffness of the joint as the test progressed. 

Figure 5.56 shows a graph of the south side crack opening versus shear at joint while Figure 5.57 

shows a graph of the north side crack opening versus shear at joint. Similarly, as noted above, as 

the test continued and more cracks formed, the side cracks opened wider. The south and north 

sides of the joint degraded at similar rates. 
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Figure 5.54 Shear at Joint versus Midspan Deflection (U-REV-F) 

 
Figure 5.55 Shear at Joint versus Superimposed Midspan Deflection (U-REV-F) 
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the test continued and more cracks formed, the side cracks opened wider. The south and north 

sides of the joint degraded at similar rates. 

 
Figure 5.56 South Side Crack Opening versus Shear at Joint (U-REV-F) 

 
Figure 5.57 North Side Crack Opening versus Shear at Joint (U-REV-F) 
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5.3.3.2 Staggered Hook Reinforced Joint (R-REV-F) 
The R-REV-F test was conducted per the prescribed loading procedure. The test was scheduled 

to run for 2,000,000 cycles and pause at discrete intervals to record the degradation of the joint at 

the 1st, 10th, 100th, 1,000th, 10,000th, 100,000th, 1,000,000th, and 2,000,000th cycle. 

5.3.3.2.1 Visual Inspection 
The condition of the joint at each discrete interval is shown in Figures 5.58 and 5.59. Crack 

propagation was documented by marking the cracks after each discrete interval. After the 1st, 

10th, 100th, 1,000th, and 10,000th cycle, no noticeable cracks formed. After the 100,000th cycle, 

cracks formed within the joint on the north side extending up to the reinforcing steel height. After 

the 1,000,000th cycle, cracks formed within the joint on the south side extending up to the 

reinforcing steel height. After the 2,000,000th cycle, no new cracks formed, and the test was 

concluded without the specimen failing. 
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Cycle 100,000 Cycle 10,000 

Cycle 1000 Cycle 100 

Cycle 10 Cycle 1 

Figure 5.58 R-REV-F Joint up to 100,000 Cycles 
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Cycle 2,000,000 Cycle 1,000,000 

Figure 5.59 R-REV-F Joint beyond 1,000,000 Cycles 

5.3.3.2.2 External Instrumentation 
As discussed earlier, external instrumentation consisted of wirepots attached to the top of the 

specimen to measure midspan deflection, wirepots attached to the bottom of the specimen to 

measure large midspan deflection, and wirepots attached to the side of the specimen to measure 

crack opening at the joint-panel interface. 

Figure 5.60 shows the behavior of the shear at joint versus midspan deflection. Note at each 

discrete interval, as the test continued and more cracks formed, the stiffness of the specimen 

weakened and the midspan deflection increased. Between the 10,000th and 100,000th cycle, there 

was an increase in midspan deflection. This corresponded to the first crack that formed in the 

north side of the joint. Figure 5.61 shows the shear versus midspan deflection of each discrete 

interval superimposed on top of each other to demonstrate the loss of stiffness of the joint as the 

test progressed. 
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Figure 5.60 Shear at Joint versus Midspan Deflection (R-REV-F) 

 
Figure 5.61 Shear at Joint versus Superimposed Midspan Deflection (R-REV-F) 
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the test continued and more cracks formed, the side cracks opened wider. The south and north 

joint interfaces did not widen significantly when compared to other tests. 

 
Figure 5.62 South Side Crack Opening versus Shear at Joint (R-REV-F) 

 
Figure 5.63 North Side Crack Opening versus Shear at Joint (R-REV-F) 
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5.3.3.2.3 Internal Instrumentation 
As discussed earlier, internal instrumentation consisted of strain gages attached to each of the 

four hooked reinforcing bars within the joint. 

Figure 5.64, 5.65, 5.66, and 5.67 show the behavior of the SE, NE, SW, and NW strain in 

reinforcing steel versus shear at joint, respectively. At each discrete interval, as the test continued 

and more cracks formed, the stiffness of the specimen weakened and the strain in the 

reinforcement increased. At the 100,000th cycle, there was a significant increase in strain for the 

NE and NW bars. This corresponded to a crack that formed at the north joint interface. At the 

1,000,000th cycle, there was a significant increase in strain for the SE and SW bars. This 

corresponded to a crack that formed at the south joint interface. 

 
Figure 5.64 Strain in SE Reinforcing Steel versus Shear at Joint (R-REV-F) 
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Figure 5.65 Strain in NE Reinforcing Steel versus Shear at Joint (R- REV-F) 

 
Figure 5.66 Strain in SW Reinforcing Steel versus Shear at Joint (R- REV-F) 
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Figure 5.67 Strain in NW Reinforcing Steel versus Shear at Joint (R- REV-F) 
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Figure 5.68 Capacities of Flexure Specimens under Quasi-Static Loading 
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specimen behavior at the first crack instance and at failure. For the shear reversal tests U-REV-Q 

cracked under similar shear stress as R-REV-Q. The joint shear at the first crack occurrence for 

these two specimens were both 56% of Vservice. Surprisingly, U-REV-Q failed under slightly more 

shear stress than R-REV-Q. The joint shear for these two specimens at failure was 99% and 85% 

of Vservice, respectively. Both specimens experienced several cracks when loaded and 

experienced large amounts of midspan deflection. 

 
Figure 5.69 Capacities of Shear-Reversal Specimens under Quasi-Static Loading 

Although the unreinforced shear key joint specimen had greater ultimate strength than the 
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Results of the flexure specimens under fatigue loading are summarized in Table 5.1. The cycle 

count and corresponding midspan deflection are shown comparing the specimen behavior at the 

first crack instance and at failure. It was observed that for the positive bending tests U-POS-F 

cracked with less cycles than R-POS-F. The cycle count at the first crack occurrence for these 

two specimens was 1 and sometime before 1,000 respectively. Similarly, U-POS-F failed with 

less cycles than R-POS-F. The cycle count for these two specimens was 51,477 and greater than 

2,000,000, respectively. The unreinforced shear key joint experienced several cracks when 

loaded and large midspan deflection due to the gradual degradation of the joint. In contrast, the 

staggered hook reinforced joint specimen maintained similar stiffness for the duration of the test 

and had minimal midspan deflection. 

Table 5.1 Capacities of Flexure Specimens under Fatigue Loading 

  Cycle Number Midspan Deflection 
(in.) 

U-POS-F First Crack 1 0.08 
Failure 51,477 1.00 

R-POS-F First Crack 1,000 0.02 
Failure > 2,000,000 0.14 

U-NEG-F First Crack 10 0.02 
Failure 14 0.18 

R-NEG-F First Crack 1 0.11 
Failure 499,528 1.95 

 
Surprisingly, for the negative bending tests U-NEG-F cracked at a greater number of cycles than 

R-NEG-F. The cycle count at the first crack occurrence for these two specimens was sometime 

before 10 and 1, respectively. However, U-NEG-F failed at far fewer cycles than R-NEG-F. The 

cycle count for these two specimens was 14 and 499,528, respectively. The unreinforced shear 

key joint specimen failed in a brittle manner after only a few load cycles with little sign of 

degradation. In contrast, the staggered hook reinforced joint specimen experienced several 

cracks when loaded and exhibited a large amount of midspan deflection. 

The two staggered hook reinforced joint specimens resisted a significant amount more number of 

cycles than the unreinforced shear key joint specimens in both the positive bending and negative 

bending tests. This difference in bending capacity between the two specimen types was due to 

the fact that one type had reinforcing extending out of the deck concrete and into the joint while 

the other did not. However, only the R-POS-F specimen endured the entire 2,000,000-cycle test. 

Therefore, comparing the two specimens proved to be inconclusive. 
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5.4.4 Shear Reversal Specimens under Fatigue Loading 
The loading selected for the fatigue tests for this research study was less than what was 

recommended for future experimental programs. This was because the results from the quasi-

static tests showed that on average these test specimens did not have the capacity to resist the 

service-level stresses. The applied load for fatigue shear-reversal tests for this research study 

corresponded to 3% of Vn which was only approximately 42% of Vservice. 

Results of the shear reversal specimens under fatigue loading are summarized in Table 5.2. The 

cycle count and corresponding midspan deflection are shown comparing the specimen behavior 

at the first crack instance and at failure. It was observed that for the shear reversal tests U-REV-F 

cracked at far fewer cycles than R-REV-F. The cycle count at the first crack occurrence for these 

two specimens was 1 and sometime before 100,000, respectively. However, both specimens 

survived the full 2,000,000 cycle test without failure. The unreinforced shear key joint experienced 

several cracks when loaded and showed a large amount of midspan deflection. In contrast, the 

staggered hook reinforced joint specimen maintained similar stiffness for the duration of the test 

and had minimal midspan deflection. 

Table 5.2 Capacities of Shear-Reversal Specimens under Fatigue Loading 

  Cycle Number Midspan Deflection 
(in.) 

U-REV-F First Crack 1 0.01 
Failure > 2,000,000 1.07 

R-REV-F First Crack 100,000 0.03 
Failure > 2,000,000 0.23 

 
Since both specimens endured the 2,000,000 cycle test it can be concluded that the staggered 

hook reinforced joint specimen performed better than the unreinforced shear key joint specimen, 

because the difference in midspan deflection at the termination of the test was significant. This 

difference in joint stiffness between the two specimen types was due to the fact that one type had 

reinforcing extending out of the deck concrete and into the joint while the other did not. 

5.4.5 Joint Deterioration and Deck System Performance 
Crack formation and failure modes between the two specimen joint types used in this research 

study differed greatly. Figure 5.70 shows the differences in the crack locations between the two 

joint types. All the unreinforced shear key joint specimens initially cracked due to cracks 

originating within the precast deck concrete at the top of the steel WT section. The only exception 

was U-NEG-Q. It may be concluded that this specimen did not have adequate bonding at the 

interface between the precast concrete and the closure grout. However, all the staggered hook 

reinforced joint specimens initially cracked due to cracks originating at the joint-panel interface. 
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The discontinuity between the deck concrete surface, joint grout surface, and WT steel section 

provided an optimal location for cracks to form. 

  
Figure 5.70 Cracking Behavior in Unreinforced and Reinforced Joints 
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simultaneously (two-way bending) but is primarily designed to transfer loads transversely across 

girders (one-way bending). For this reason, if cracks form and grow within the transverse joint, 

load-carrying capacity of the deck system is not necessarily compromised: the loads may be 

redistributed to the stiffer transverse span between girders. In the extreme, continued 

deterioration of the transverse joint would gradually place more flexural and shear demand in the 

direction spanned by the WT sections from girder to girder, and the deck system would gradually 

transform into a collection of one-way spanning panels. This joint deterioration could shorten the 

service life of the bridge via durability and ride quality issues, but collapse would be unlikely. 

Because of the configuration of WT sections and metal stay-in-place concrete form sheets, initial 

cracking like that observed during positive flexure and shear reversal tests would not be visible in 

an actual bridge deck. Deposits of leached material on the bottom surface of the deck system 

may be the earliest visible indicator of this type of joint cracking. 

5.4.6 Potential for Replacing the Fatigue Test with the Quasi-Static Test 
Overall, the test specimens did not reach satisfactory ultimate strength or fatigue durability. The 

poor performance in general may be due to the fact that the design of the panels includes a 

reduction in cross section immediately adjacent to the joint location, which limits the cracking 

resistance and strength capacity of the joint-panel system. In addition, the panel design only 

allowed joint reinforcement to have a small effective depth for positive and negative moment 

resistance.  

However, these results do not indicate that the Exodermic deck system lacks adequate strength 

for use in bridge deck rehabilitation. The laboratory tests were designed as a small set of simple, 

conservative acceptance-type tests for transverse joint performance that would ideally be 
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applicable to a wide variety of bridge and panel types and configurations. Therefore, the tests 

were designed to result in stresses at least as large as the maximum possible stresses expected 

from any location under any truck position of any deck type in any common ALDOT girder-

supported bridge deck. Thus, if the jointed specimens exceed the very conservative requirements 

from the proposed test methods and performance criteria, then the testing agency can confidently 

recommend the joint as strong and durable enough for general use. 

The converse is not necessarily true. When the panels are installed on a bridge they are 

composite with the longitudinal girders so there is far less post-cracking deflection experienced by 

the joint compared to the post-cracking deflections from the laboratory tests. Furthermore, as 

explained in the preceding section, limited cracking of the transverse joint is expected to result in 

a gradual transformation to a more one-way load-carrying mechanism between girders. 

Therefore, if a deck joint type falls short of the performance criteria determined for this trial 

acceptance testing for general use, it does not indicate that the deck joint system is unsafe for 

any particular bridge rehabilitation project. 

Three out of the four quasi-statically loaded flexure specimens, U-POS-Q, R-POS-Q, and R-

NEG-Q, exceeded the full service-level moment at failure with 102%, 120%, and 112% of Mservice, 

respectively. Neither of the two quasi-statically loaded shear reversal specimens exceeded the 

designated service-level shear at failure. The U-REV-Q specimen was close since it failed at 99% 

of Vservice. Only the R-POS-F specimen survived the entire flexure fatigue test. Both the U-REV-F 

and R-REV-F specimens survived the entire shear-reversal fatigue test. Therefore, only the 

results from the R-POS-Q and R-POS-F tests can be used to judge the correlation between the 

quasi-static test and the fatigue test. 

Unfortunately for this research study, a larger sample size of successful quasi-static and fatigue 

tests needed to be completed in order to accurately judge whether there was any correlation 

between the two test types. So, this research team cannot conclusively recommend future 

experimental programs based solely on the quasi-static test. There is opportunity for future 

research projects to follow the test methods outlined in this research study to perform tests and 

determine if there is any correlation. As of this writing, it is recommended to perform both the 

quasi-static tests and the fatigue tests to determine the acceptability of proposed bridge deck joint 

systems. 

 



  

134 
 

 SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 

6.1 SUMMARY 
ALDOT does not yet have standards to test or evaluate the performance of transverse joints in 

precast-panel bridge deck systems. This research study developed test methods and 

performance criteria to compare the behavior of various precast-panel transverse joints and 

determine their acceptability. The test methods and performance criteria were developed by 

testing a proprietary deck system in the laboratory. The two joint types for the Exodermic deck 

system were the unreinforced shear key joint and the reinforced staggered hook joint. The 

transverse joints were tested in quasi-static and fatigue loading for positive bending, negative 

bending, and shear reversal.  Data were collected and analyzed to determine the in-service and 

long-term performance of the joints. The results were based on capacity, midspan deflection, and 

crack opening of the specimens. 

The performance criteria require that the transverse joints reach an ultimate strength of at least 

100% of Mservice for quasi-statically loaded flexure specimens and at least 100% of Vservice for 

quasi-statically loaded shear-reversal specimens. The Mservice is 28.9 kip-in per ft of joint width 

and Vservice is 0.728 kips per ft of joint width, which are based on stress demands in a deck joint 

determined from finite element analysis of a standard ALDOT bridge (Rhett 2012). The 

performance criteria also require that the transverse joints reach a fatigue durability of at least 

2,000,000 cycles before failure for the flexure and shear reversal specimens. 

6.2 CONCLUSIONS 
The results of this study support the following conclusions: 

• The load configuration outlined in Chapter 3 conservatively produces peak realistic 

stresses on joint specimens due to positive bending, negative bending, and shear reversal 

as determined from finite-element analyses of a range of standard ALDOT bridges. 
• The loading procedure outlined in Chapter 3 provides an efficient and adequate procedure 

to determine the ultimate strength and fatigue durability of transverse joints. 

• Overall, the transverse joints tested in this study did not satisfy the conservative proposed 

performance criteria. 

• Joint grout materials and proportions should be pre-qualified prior to use in precast deck 

rehabilitation projects. 

• Grout should be tested prior to transverse joint testing to ensure grout meets project design 

requirements. 

Chapter 6 
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• A larger sample size of successful quasi-static and fatigue tests using a variety of panel 

types need to be completed in order to accurately judge whether there is any useful 

correlation between the quasi-static test and the fatigue test.  

• This research team cannot conclusively recommend transverse joint acceptance based 

solely on the quasi-static test described in Chapter 3. 

6.3 RECOMMENDATIONS 
Several laboratory tests were conducted in this research study to develop test methods and 

performance criteria for acceptance of precast-panel bridge-deck transverse joints. To better 

understand the performance of various deck systems for implementation in ALDOT bridges, the 

following future work is recommended: 

• Conduct small-scale laboratory tests of post-tensioned full-depth precast deck transverse 

joints and non-post-tensioned full-depth precast deck transverse joints to compare 

ultimate strength and fatigue durability. 

• Conduct full-scale laboratory tests of precast deck panels composite with steel girders to 

compare the performance of various transverse joint types. 

• Compare precast deck transverse joints with different surface preparation techniques 

such as sandblasting or epoxy coating the joint surfaces. 

• Compare precast deck transverse joints with different types of grout materials. 

For evaluating the acceptability of proposed deck panel joining methods, the following testing 

characteristics are recommended: 

• Use a simply supported span length of 72 in. 

• Use a minimum specimen width of 12 in., but 24 in. is recommended. The specimen 

width must be adequate to reflect representative joint reinforcing details, if any. 

• Apply load at location so that the ratio of bending moment to shear force at the joint 

location is 40 in. or less. 

• Apply load for flexure tests so that service-level bending moment at the joint is 28.9 kip-in 

per ft of joint specimen width. 

• Apply load for shear reversal tests so that service-level shear forces at the joint is 0.728 

kips per ft of joint specimen width. 

• Measure the applied load (as quantified by bending moment and shear force at the joint) 

and midspan deflection (at the joint location). 
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The following testing characteristics are recommended specifically for quasi-static testing: 

• For flexure tests the load steps should be 10% of Mcr, 20% of Mcr, 30% of Mcr, etc., where 

Mcr is a function of measured compressive strength of the deck concrete and the cross-

sectional dimensions of a unit width of deck joint. 

• For shear-reversal tests the load steps should be 1% of Vn, 2% of Vn, 3% of Vn, etc., 

where Vn is a function of measured compressive strength of the deck concrete and the 

cross-sectional dimensions of a unit width of deck joint. 

• For each load step, the load should be cycled five times at 0.02 Hz up to the calculated 

value and down to a minimum load of 0.25 kips per ft of joint specimen width before 

advancing to the next load increment. 

The following testing characteristics are recommended specifically for fatigue testing: 

• For flexure tests apply load so that service-level bending moment at the joint location is 

28.9 kip-in per ft of joint specimen width. 

• For shear-reversal tests apply load so that service-level shear force at joint is 0.728 kips 

per ft of joint specimen width. 

• All fatigue tests should be cycled up to the service-level load value and down to a 

minimum load of 0.25 kips per ft of joint specimen width. The test should run for 

2,000,000 cycles at 1.0 to 2.0 Hz. Pause the loading to record the degradation of the joint 

at the 1st, 10th, 100th, 1,000th, 10,000th, 100,000th, 1,000,000th, and 2,000,000th cycles. 
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APPENDIX B: EXODERMIC STEEL GRID DRAWINGS 
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APPENDIX C: SPECIFICATION FOR EXODERMIC DECK SYSTEMS 

 

SPECIFICATION FOR EXODERMIC"' DECK SYSTEMS 

[Note: Highlighted regions reqWJe input &om the author or pr~ gyid.mce. 
Hiehli~ting should not be visible en the completed document) 

1. DESCRIPTION 

[for Piec..t Diob] 

1.01 Contractor 3h.J.ll furnish, deliver, and install the precast Exodmnic™ deck panels, 
reinforcing steel, md rapid-!.etti.ng concrete as shown in the contract drawings and 
in .accordance ,v:ith the manufacturer';; recommendations. 

[Or, For C.llt-in-Place Decks] 

1.01 Contractor -shJ.ll furnish, deliver, and install the it eel grid panels, any 
miscellaneous metal forms (or other related forming materiah), reinforcing rteel, 
and strudura) concrete u iliown in the contract dr.a,vin.gs and in accordance with 
the manufacturer's recommendations. AU concrete required for this item shall be 
placed in the field. 

2. tl,LU ERl",l,S 

2.0 1 The materials for this \York shall meet the guality requirements of [the rele-..-mt 
~ niom of the owuer' 3 Standard Specifications], unless the same are altered by 
anr specific requirements under any Special Provision, or by note $ sho,,'lt on the 
contract drawings, or in the Proposal 

[Ior Piec..t Diob] 

Within 10 days after the contra-ct is awarded, the contractor ;hall notify the 
Engineer of the name, address, telephone number, and contact person of the steel 
grid fabricator and precaster of all de<l. panels to be manufactured, s.upplied, and 
inrtalled. The product under this item is patented. All royalty payments a.re paid 
by the authorized manufacturers. 

[Or, For Cast-in-Place Decks] 

Within 10 days after the contract is awarded, the contractor sha11 notify the Engineer of 
the name, addre ss, telephone nwnber, and contact person of the steel grid 
fabricator of all declc panels to be manufactured, supplied, and installed. The 
product under this item i; patented. AU royalty payments are paid by the 
authorized manufacturers. 

BGFMA TS-06 (Rev 0) Augus1 15, 2007 
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2.02 The steel grid deck system must be purchased from one of the folJo\"\·ing 
participating BGF~l 6.. members: 

Bailey Bridges, Inc. 
IDS! 
LB Fos1er 

Conta-ct: ~ne Gilmore 
Conta-ct: Chris Davis 
Conta-ct: Mike Riley 

Fwiher informcfion may be obtained from: 

BGFM.I. 
Attn: Muk K.aczinski 
300 East Cherry Street 
North Baltimore, OH 45872 
Tel: l-877-257-5499 
Fax: 419-257-0332 
mka~dsbro,,n.com 

(256) 845-7575 
(412) 682-3041 
(412) 928-3452 

2.03 The main bearing bars of the steel grid deck sh.all be fabricated £:om \VT 
,tructurn ,hapes u..oi,,gASTMA992 steel [A588/A709Grade 50\1! 
[A58SM/A7091l Grade 345\~~· also be specified as an a.ltenate.ar;!o" r• Wl- ,•••"'tid-ri 
~pplicatioml, and distribution bars and miscellaneous pl.at~ shall meet the 
requirement, o! A5 72/A709 Gr2de 50 [A572MIA709M Grade 315] steel 
[A5Sl!h'.709 Grade 501;. [A588M/A709M Grade 345\\1 m2y aho be s~ecilled as 
-an a.ltemate). Welding shaU be in eonfonnance "tvith established grid indurtry 
practice, including the permitted use of Gas ~•!eta.l Arc Welding ,:MIG). \Veld 
~ualification and weld procedw-es in accordance with AWS 01.5 [or per the 
relevant portion of the owner's Standard Specifiutions] shall be approved prior 
to deck panel fabrication. 

2.04 The panel layot!l sho,vn on the Contra-ct plans is sugge!.ted. The fabricator shall 
develop the layout and detail it on the shop drawings. 

2.05 Concrete sha.lJ be in eonfonnance nrith [the relevant portions of the owner's 
Standard Specifications]. e:"t« pt that max:imum couse aggregate S'haU not ex«ed 
3/8" [9jmmj itt ,ize. 

2.06 Reinforcing stetl shall be in conformance with ASTM A615 Grade 60 [A6151'•1 
Grade 400]. 

2.07 Galvanized coating.; shall confonn to ASTM A l23/Al23M. Any defect; in 
galvanizing shall be repaired as specified in ASTM A7S0. Repair materials 
containing alum.inwn shall not be used to restore defective are.as. 

2.08 Unless specified othenvise, leveling bolts, nut;, and washers shaU conform to the 
,pecifioations cl' ASTM A307, ASTM A563 and ASTM F844 respectively. 

BGFMA TS-06(Rev0) August 15, 2007 
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Leveling bolts need not be gatv.anized if mi:nim.um top cover onr the bolts of 2.5 
in-ches [63.5 mm] is provided. 

2.09 The vertical steel ;beet meta] form pan; inrtalJed in the grid prior to gah.:anizing 
shall conform to the laten specification for ASThf A366/A366M or 
A l 0l l/A l0l lM. GaJvanized steel sheet metal forms inrtalled folJol\ring grid 
panel galvanizing shall conform to the latest ;pecification for ASTM 
A653/A653l\•l, furnished in the gauge ;pecified on the contract drawings. All 
metal forms shall be protected during shipment and ; ite storage to retain their 
shape until declc panel instillation. 

[Include 2.10 for Preast Panw] 

2.10 R.apid-settine: concrete for the field closw-e ur; ;hall conform to [the relevant 
QQrtiom of the ov.'ller' 3 Standard Specificatiow . C03J"Se aggregate 3h.3.ll not 
exceed 3/8" [9.5 mm] in ;ize . Prior to opening to traffic, the design compressive 
strength of the closure pour concrete shall be attained, or other design strength 
allowable in accordance ,..-ith the lll.3llu.facturer's recommendations. Where no 
O'\'erlay is specified and to the e>.-tent fea..qb}e, rapid-1etting concrete color shall 
match that of the prec.ut concrete surface of the precast panel 

3. CONSTRUCTION DETAILS 

3.01 Steel Grid D .. k 

A. The steel grid deck shall be fabricated to the dimensions and properties as shown 
on the plans, shop drawings, and in accordance with [the relevant portions of the

1 

owner' s Standard Specificatiom]. The use of tertiary or ;upplemental bars to 
develop composite action behveen the concrete deck and steel grid shall not be 
allowed. Weld sizes shall be in conformance with enablished grid industry 
practice unless othern·ise indicated on the contract plans. It shall be the 
contractor's responsibility to field nrifr all dimensions in order to make 
nec-essary changes prior to fabrication. Due consideration shall be given to the 
placement of leveling d evices to provide adequate clearance for their field 
adjustment from above using a socket wrench and for adequate clearance for field 
placement of headed shear nuds. After the attachment of edge bar;, leveling 
devices, vertic..al form pans, and other components as described in the plans and 
specifications, the grid deck shall be galvanized in accordance with ASTM 
A l2 3/A l23M [or the relevant portions of the owner's Standard Specifications]. 

B. The dimensional tolerances for each rl:ee) grid panel ;hall be in accordance with 
the most recent version ofBGFMA TS-0 1, "Fabrication Tolerances for Grid 
O eclcs", published by the Bridge Grid F looring Manufac.hlren Association. 

[Or] 
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B. Tb~ stee:l grid deck: panels shall be fabricated within the fo11owing tolerances: 

Pantl LE:ll ::0.25"r6.4mml tin th<! dilection of main bail 
Pan&I Widlh (IV) +O, -0.125"[·3 .lmm] (in the direction of 

distribution bar) 
Sou.areoen iaf:ouls ' Dl • and ' D2'\ I 0 1-02 I < 0.5"rt2.1mml 
Longitlldinal Camber 0 .003•L 

TransYe.rse Camber 0 .004•W 
Sweep ~side bow) ('L • in f~et, to lerance o .02s•L (for L ~ 40' -0") 
in inches) 0 .00065•Lz (for L > 40'-0'.'t 
['L' in meters., tolerance in millimet.en] [20.&l "L (for L:, 12.19lJI% 

fo.11s •Lz ffor L > 12.192m 
?v!ain B:ar VeniC3lity 0 .04•H ('H' = foJl bar height} (See Note l ) 
Din dbution Bar Vertie;alitv 0 .04•H l'H' = full bar heie:ht) (See No.e l) 

8 3l' S:nadn bin Bar & Dist. Bar' ::0. l25" r3-2:mm1 cente.r to cente.r ' See Note l ' 

Note 1: No more than 1% of all location; can viobte specified tolerance. 

C. Sheet metal fonns shall be inrtalled in roch a manner a; to minimi.z.e leakage. 

D. Lifting lOCJ.tion; and lifting procedure; ;hall be included on the shop dra,Ying 
submis;fon. Care ·.ilia.11 be taken to avoid twisting of the panels or bending of the 
panels in the weak (perpendicular to main bar) direction. [lfae of multi~icl:: 
~ ints is recommended.] Steel grid panel; must be properly blocked ,vith wood 
(n:ith du;e regard to built-in panel camber) during transportation and storage in 
order to avoid distortion or other damage. 

3.02 Precut Concrete 

A. A concrete mix design, to be apptO'-'ed by the o,,"Jler, shall be submitted along 
with the shop dnwinp prior to commencing work. The concr.e-te mix provided 
shaU produce concr.e-te that ;hall attain,, minimmn ~S-day comprusive rtret1oath 
of 4000 p,i [27.6 MPa] [or other de,ig!! >trang!l! •~ecified]. 318" [9.5 mm] 
maximum coarse aggregate ;hall be used in the mix. 

B. Rebar b.yout shall con..qder the location of the leveling bolts, providing iufficient 
clearance for adju!tment in the field using a socket wrench. Main (top) rebar, 
nrhich runs in the same direction as the ma.in bearing bars of the !tee! grid, shall 
be placed a minimum of l" from the web of the main bearing bars. Minimum 
conr be tween re bar and exposed ;Wac es of precast concrete shall be I " unless 
othenviu sbon'lt on the plans. 

C. Th~ top $utfac.e of the roadway shall be given a textured finish as designated by 
the Engineer. 
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D. The ca!.ti.ng bed .and forms shall hav e provi;ions for straightening and holding the 
steel vid panels flat and square prior t,, pla,CU,Z concrete. The steel :rid panels 
shaU he checked for conform.ity n--ith the required dimemions .u to cros; slope, 
and must be supported to prevent disph cement during precasting operations to 
obtain the propa concrete thicknas. 

E. Pree.1st panels shall not be remo,,ed from the forms or mov ed until the concrete 
hu reached the greater of 3500 psi [24.1 MPa] or 75% of the concrete design 
comprasive rtret1oath. 

F. Precast panels shall be properly cw-ed ·m til the concrete reaches ih 28-day d esign 
strength. 

G. The dimensional toleranca of a completed precast panel in any direction shall he 
±114 inch [±6.4 mm). 

H. After curing, all form release material md anr other forming materials adhering 
to the vertical faces of concrete ;hall b! removed. Plecast concrete vertical faces 
shall he sandblasted, with c.are taken to a,·oid dam.age to the galvanized or epoxy 
coatings. 

L A rigid lifting frame ;hould be used whenever the precut panels are moved. 
Lifting loa.tions must be positioned to limit strases in the panel and analysis 
should consider stres;H cau;ed by def.ection of the lifting frame. Proposed 
handling methods must limit the actual concrete tensile stresses to the concrete 
modulus of :rupture based upon the prcposed support locations and expected 
dynamic loading during handling, stonge, and transportation of the panels. 
Particular care ;hall be taken to avoid twi!.ting of the panels or bending of the 
panels in the weak (perpendicular to the main bar) direct ion. 

J. The completed panel; shall be marked with their proper identification number. 
Panels shall be stored and shipped right ; ide up, and wood lagging shall be u;ed 
(with due regard to built-in panel camber) to prev ent steel, concrete, sheet metal, 
or galvanized coating damage. At a minimum, lagging shaU he placed 
immediately adjacent to the propo.$ed lifting locations and at the ends of the panel. 
Preferably, blocking should be placed it all rtringer (floor beam) block-outs and 
at the ends of the panel Blocking behveen stacked panels must be in vertical 
alignment acro;s the panel width. Stad: no more than foux precast panel; high. 

[Or, For Cast-in-Place DeW ] 

3.02 Concrete 

A. A concrete mix design, to be approved by the o,,.-ner, shall be ;ubmitted for 
approva1 prior to commencing work. :he concrete mix provided sha1) produce 
concrete ,..-hich ;ball attain a 28-day ccmpres:fr..:e strength of4000 psi [27.6 ~ lPa] 
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[or other design rtrength sp,ecified]. 3/8" [9.5 mm) maxlmwn coarse aggregate 
,hall be used. 

B. The top surface of the road,Yay shaU be given a non-skid texture as design.3.ted br 
the Engineer. 

3.03 Field lnstalhtion [lor Plec;ut Panels] 

A. Installation and inrtallation tolerances shall be in accordance with this 
specification and the mo.rt recent version of BGFMA TS-03, "InstaJ.lation 
Tolerances and Guidelines: for Grid Reinforced Concrete Bridge Decl:s," 
published by the Bridge Grid Flooring Manufacturers As;ociation. 

[Or] 

A. Installation shaU be in accorcbnce nith this specification and the mos:t recent 
version ofBGTh!A. TS-03, "Instillation Tolerances md Guideline:s for Grid 
Reinforced Concrete Bridge Decks," publis:hed by the Bridge Grid Flooring 
Manufacturer; Association. The steel grid deck panels shall be installed within 
the follo,Ying tolerances: 

1.) Alignment: Main bearing bar misalignment between adjacent grid deck 
panels shaU be no more than 112" (12. 7mm]. 

2.) Gap: Distance behYeen main. bearing bars between adj acent grid deck panels 
shall be as specified, ±112,. (± 12.7mm] but shall not exceed 8" [203.2-mm]. 

B. Panels wiU be delivered to the job site free from any defects and bearing the 
proper identifying marks. 

C. Wh en rehabilitating a structure, and prior to deck panel inrlalla.tion, blast clean 
the top ru:rfaces of be.am flanges and the surfa-ce:s of concrete and uncoated 
reinforcing steel that will be in contact with new rapid-setting concrete according 
to [the relevant portions of the owner's Standard Sp,ecifications]. 

D . The panels-shall be placed on the structure with c.areful consideration given to the 
alignment of e.ach adj acent panel. M easure from fi.-...ed points to a,·oid cwnulative 
error. Lifting panels from the leveling devices, rebar, or distribution bars is 
prohibited. 

E. Adjustment to proper elevation shall be made through the use of the built-in 
leveling bolts if specified, or shims or other means. 

F. After all panels have been adjurted to their proper elev ation, and all haunch and 
miscellaneous forms have been installed, the contractor .shall insbll the welded 
beaded shear studs to the steel rtringers, girders, and/or floor beams as detailed on 
the plans through the openings provided in the deck panels. Alternatively, ,vith 
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careful layout, studs may be installed prior to placing deck panels. A separate 
welding generator shall be used to furnish power to uch stud gun in order to 
assure a-cceptable ,,;elds. 

G. After all studs have been inrtalled, the Contractor sha11 d ean the top surface of aU 
flanges before any concrete is placed, including breaking the ceramic ferrulH 
around the welded studs. 

H. At hluntles and areas of full-depth concrete, the contra-ct or shall seal the 
openings in the main ban using duct tape or other similar materia1 prior to 
concrete placement. Sea1 the opening.s from the haunch or full-depth side. 

I. Rapid setting concrete for field closure pours sh.all be placed finished, and cwed 
in .iccordance ,,;ith [the rele;tant QQrtions of the owuer' s Standard Specifications]. 
Maxi.mum coane aggregate size shaU be 3/S» [9 .5 mm]. A pencil vibrator shall 
be used in the haunch and transverse panel connection areas to assure good 
consolidation. 

CQ!, Fo1 C.llt-in-Place Decks] 

3.03 Field Imtallatioa. 

A. Installation and inrtallation tolerances shall be in accordance with this 
specification and the mort recent version ofBGFMA TS-03, "Installation 
Tolerances and Guidelines for Grid Reinforced Concrete Bridge Decl:s," 
published by the Bridge Grid Flooring Manufa.cturers Association. 

IQ,] 

A. Installation sha11 he in a-ccorcbnce nith this specification and the most re-cent 
version ofBGTh.4.A. TS-03, " Instillation Tolerances md Guide.lines for Grid 
Reinforced Concrete. Bridge Decks.,» publis:hed by the Bridge Grid Flooring 
Manufacturers Association. The steel grid deck panels shall be installed within 
the follo,,;ing tolerances: 

1.) Alignment: Main be.iring bar misalignment between .idjacent grid deck 
panels shall be no more than 112" [12.7mm]. 

2.) Gap: Distance beh,;een main bearing ban between adjacent grid deck panels 
shall be as specified, ±112-., [±12.7mm] but shall not exceed S" [203.2.mm]. 

B. Pane.ls will be delivered to the job site free from any defects and he.aring the 
proper identifying marl.:;. Check the panels for defects and identification. Repair 
or repbce the. grid panels or metal forms da.maged during shipment and storage, to 
the satisfaction of the Engineer. 
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C. When rehabilitating a structure, and prior to decl:: panel inrtaUation, blast d ean 
the top ru:rfaces of e:rirling beam flangH and the ru:rfaces: of concrete and 
uncoated reinforcing steel that will be in conb.ct with ne,v concrete according to 
[the relevant portion! of the owner' 3 Standard Specificatiom]. 

D. Position pane.ls on the beams and align ,vi.th adjacent panels. Measme from fixed 
points to avoid cumulative m or. Adjustment to proper elevation shall be made 
through the u~e of the built4 in leveling bolts if specified, or shims or other means. 
Square up panels as necessary. 

E . After all haunch and miscellaneous forms have been inrtalled, the contractor shall 
inrtall the ,ve.lded headed shear studs to the st~l stringers, girders, and/or floor 
beams as detailed on the plans through the opening,s provided in the deck panels. 
Alternativ ely, ,vi.th careful layout and the Engineer's permission, studs may be 
inrtalled prior to placing deck panels. A separate welding generator shaU be used 
to furnish power to each stud gun in order to as:sme acceptable welds. 

F. After all studs have been inrtalled, the Contractor shall clean the top surface of all 
flanges before any concrete is placed, including breaking the ceramic ferrule s 
around the welded studs. 

G. Gaps betw~n the main bars and the horizontal form pans shall be field sealed by 
the contractor ,vi.th silicone caulk as required to prevent excessive concrete and 
grout leakage. 

H. At haun-ches and areas of full4 depth concrete, the contra-ct or shall seal the 
openings in the main ban usi.ng duct tape or other similar material prior to 
concrete placement. Seal the openings from the haunch or full-depth side. 

I. No concrete shall be placed until ill grid panels are in place on the bridge, and 
secured in proper position and all welded [and bolted, if an:r] headed shear studs 
and reinforcing steel is installed in accordance with [the t ,d evant portions. ofd:i.J 
owner' 3 Standard Specifications). Main (top) rebar, which runs in the same 
direction as the main bearing bars of the steel grid, shall be placed a minimum of 
l " from the web of the main bearing bars. 

J. Concrete shall be placed. finished, and cured in accordance ,..-ith [the relevant 
~ rtiom of the o,1r'ller' 3 Standard Specifications]. A pencil vibrator shill be used 
in the haunch and full depth are.as between grid panels to assure good 
conrolidation. 

K. Tbt vertii:il nufii:es of a.ny i:onstrudion joints shill ~e thoroue-hly i:oited with a 
Portland cement mortar bonding grout [or other lUitJ.ble material]. 

L. Where feasible, a ,..-orker with a high-presiW"e water hose shall be stJ.ti.oned under 
the deck dwtng all concrete powing and finishing to wash anr drips off of the 
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structural rt~l Care must be taken not to disturb the form pans in the grid deck 
nrith the high.pressure rtream. 

M.. Damaged or defectr..:e concrete shall be repaired or replaced in accorcbnce with 
[the relevant portiom of the owner's Standard Specificatialll]. 

4. METHOD OF MEASUREt\lENT 

4.01 Precast Exodennicn! panels !'ball be measured as the total gross square footage of 
the deck slab panel instilled and inspected in accordance u•ith the plans md 
specifications. l\•!easw-emenb shall be taken from the out!ide edge to outside 
edge of the top nuface of the de<l. slab in both direction; . No deduction -s.h.all be 
made for joints, block•outs_, or openings. 

[Or, For C.ast•in-Place DeW ] 

4.01 Exodennicnt panels shall he measmed a; the total gross square footage of the 
grid deck panel installed and inspected in accordance ,,.-itb the plans and 
specifications. Measw-emenb ,,.-ill be taken from the outside edge to outside edge 
of the grid panel in both directions. No deduction will be :nade for j oints, bloclc
outs, or opening,s. 

5. BASIS OF PAYMENT 

5.0 I The unit bid price -shall include the cost of furnishing all labor, materials_, and 
equipment necessary to complete the work, including the furnishing and 
inrtallation of all declc panels, ,,.-hich aho includes the cos1 of transportation, 
storage_, and protection from dam.J.ge to the deck panels. 
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CO!'vll\,IENTARY TO SPECIFICATION FOR EXODERlvlIC"' 
DECK SYSTEMS 

C2.05 Aggregate size gruter than 3/S" cou1d potentially prevent con;olicbtion of 
concrete in and around fabrication punches critica1 for the development of 
composite .1ction ,vith the grid. Additionally, as the cl1Unnce behveen the 
bottom of the \VT main bearing bar and top flange of the -supporting steel 
decreases; it becomes more difficult to obtain full consolidation of concrete 
under the WT. The recommended minimum design haunch is 1-112". 
However, this is not ahvays achievable, and site conditions will dictate the 
height. For hawich heights less than the minimum, it U suggested that a high 
strength grout be poured to the bottom of the \VT ma.in bars over the 
supporting member prior to placement of field placed concrete. In fuis way, 
complete transfer of the load is emu.red. 

Cl.OJ ASTM A780 allows for three methods of repair: Zinc-Based Solders (Hot
Stick), Paints Containing Zinc Dust, or Sprayed Zinc (M etalization). 
Although some sb.tes include repair procedures within construction 
specific..J.tions, f'J.bricators should have the ability to select which method of 
repair in accordance ,vi.th A780 is most convenient 

Cl.10 Due to the inherent cold joints associated n--ith precut panel construction, .an 
overlay is always recommended to reduce the potential for intrusion of 
lunnfu1 brine from deicing salts. If an overlay is not specified, a •<plaid" 
appearance is expected from the different shades of concrete. This is the 
result of different materials that were used to batch the precast and clorure 
pour concretes at separate locations and times. An exact match is impossible 
to obtain, however, a clou match is possible if .samples of both precast md 
closure pour concrete are submitted in advance. 

C3.02A The strength of a grid reinforced concrete declc system is detenuined by the 
transformed area method. Although 28-day compressive strength 
requirements \r;uy among otvners, 4000 psi is gener.a.lly the lowest strength 
specified for concrete bridge decks. Therefore, fabricators have developed 
design tables md literature for their ~'Stems using a concrete design 
compressive strength of 4000 psi. Specification of compressive strengths less 
th.an 4000 p.si could alter the modular ratio and therefore affect the strength of 
the composite system and deviate from published design table s. 

In general, when specifying concrete for bridge decks, a low W/C (< 0.4) is 
preferred. Lo,v W/C ratios result in higher strength, low permeability 
concrete. Low W/C ratios and air entr.aiwnent increase the durability of the 
concrete. Although a low W/C ratio res.ults in a lower slump and therefore 
reduced workability , plarticizers have been used successfully to increase the 
workability without sacrificing strength. 
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C3.O2F (Precast only) AUon·able curing methods vary among O\\--ners; however, water 
curing is certainly the most widety accepted method. Continued hydration 
through water curing allows a supply of water to react with the cement for the 
concrete to gain strength. A minimum period of seven cbrs is often specified. 
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APPENDIX D: MASTEREMACO T 1060 TECHNICAL DATA GUIDE 
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