
ABSTRACT 

 

FORSYTH, MICHAEL BRINKLEY. Behavior of Prestressed, Precast Concrete Thin-

Stemmed Members with Dapped Ends. (Under the direction of Gregory W. Lucier, Ph.D.) 

Prestressed precast double tee members with dapped ends have been effectively used for 

decades in parking garages. A dapped end is created when the web or stem of a beam is 

notched at the bottom corner, relocating the bearing location higher in the cross-section.  The 

design and detailing of a dapped end connection must consider the severe stress 

concentration that develops at the re-entrant corner. Dapped ends are often subjected to high 

bearing reactions that must be safely resisted by transferring forces into the main cross-

section of the beam through the reduced cross-section of the nib.  A bearing point that is 

eccentric to the dap face and the potential for additional axial loads from bearing friction 

complicate the design. Design of a dapped end can be further complicated by the presence of 

prestressing strands below the nib or through the nib. 

The primary objective of the research program was to examine the effectiveness of 

various selected dapped-end reinforcement details in prestressed concrete thin-stemmed 

members.  Eight reinforcement schemes were developed to examine different parameters 

affecting the performance and strength of dapped end connections for prestressed thin-

stemmed beams. The parameters studied in this research program were: the inclination of 

hanger reinforcement, the radius of the bend in the hanger reinforcement, the inclusion of a 

heavy mesh shear basket, passing one strand through the nib, and a held back flange. Four 

full -scale prestressed single tee beams, each 30 feet long were tested to failure.  The test 



beams were designed so that each end could be tested independently of the other, providing 

two distinct tests per beam. 

The research further aimed to better characterize the lap splices that are often required 

between mild steel reinforcing bars and prestressing strands in dapped beams. In the dapped 

end designs investigated in this research program, force was transferred from the horizontal 

extension of the hanger reinforcement to the overlapped prestressing strands within the strand 

transfer length. Eight lap splice specimens were designed, fabricated, and tested in order to 

better understand the transfer of force from a mild rebar to a pre-tensioned strand. 

The results of the full scale beam tests and the lap-splice tests were compared to design 

assumptions, and were used to make preliminary recommendations for the design of dapped 

end beams. 

 

  



Behavior of Prestressed Concrete Thin-Stemmed  

Members with Dapped Ends 

 

 

 

 

by 

Michael Brinkley Forsyth 

 

 

 

 

A thesis submitted to the Graduate Faculty of 

North Carolina State University 

in partial fulfillment of the 

requirements for the Degree of 

Master of Science 

 

 

Civil Engineering 

 

 

 

 

Raleigh, North Carolina 

 

2013 

 

 

 

APPROVED BY: 

 

 

 

 

 

______________________________ 

Sami H. Rizkalla, Ph.D. 

______________________________ 

Paul Z. Zia, Ph.D. 

  

 

 

 

_______________________________ 

Gregory W. Lucier, Ph.D. 

Committee Chair 

 

 



 

ii  

DEDICATION  

I dedicate this thesis to my loving and devoted wife Mary Mines. Thank you for your 

unwavering encouragement, love, inspiration, and patience that made this accomplishment 

possible.  

I would also like to dedicate this thesis to my parents, Pam Brinkley and Carl Winston 

Forsyth II, and to my sister and brothers, Bonnie Forsyth, Carl ñTreyò Forsyth III and Jason 

Forsyth. Thank you for your love, support, strength, and countless sacrifices made in raising 

me into the person I am today.  

Thank You. 



 

iii  

BIOGRAPHY  

Michael Forsyth was born and raised in Durham, North Carolina. He graduated Magna 

Cum Laude with his Bachelors of Science Degree in Civil Engineering from North Carolina 

State University (NCSU) in 2011 with an emphasis in structural engineering. It was here at 

NCSU that he met his wife, Mary Mines Forsyth. Michael performed his graduate research at 

the prestigious Constructed Facilities Lab on NC Stateôs Centennial Campus and received his 

Masters of Science in Civil Engineering from NCSU in 2013 with an emphasis in structural 

engineering. He intends to pursue a career in structural engineering. 



 

iv 

ACKNOWLEDGMENTS  

I would like to thank my advisor and mentor, Dr. Greg Lucier for his support, direction,   

guidance, and education through the course of this research program. He has been an 

invaluable resource to me, this program, and the laboratory. I would also like to thank Dr. 

Sami Rizkalla for identifying me as a candidate for graduate research, his continual 

encouragement, support and contribution to my education and thesis. I would like to thank 

Dr. Zia for contributing his great weight of experience and advice to this research project. 

I would like to thank Don Logan of the Logan Structural Research Foundation for 

envisioning this research project and providing me with insight into the mechanics of dapped 

end connections through his great knowledge of prestressed concrete and dapped end beams. 

I would like to thank Jerry Atkinson and Jonathan McEntire for everything they did to 

train and mentor me into the capable laboratory technician I have become. Their practical 

knowledge and can-do attitude was instrumental in the completion of this research. Without 

their help, a project like this would not be possible. 

I would like to extend special thanks to Jon Soriano and Amir Botros for their help and 

guidance. Finally, I would like to thank all my friends and colleagues at the CFL for all the 

support, assistance, and friendship they have rendered over the years.  

  



 

v 

TABLE OF CONTENTS 

LIST OF TABLES ________________________________________________________ ix 

LIST OF FIGURES ________________________________________________________ x 

1 Introduction ______________________________________________________ 1 
1.1. Background _________________________________________________________ 1 
1.2. Objective __________________________________________________________ 3 
1.3. Program Scope ______________________________________________________ 4 

2 Literature Review __________________________________________________ 5 
2.1 Current Industry Practice ______________________________________________ 5 
2.2 Early Research ______________________________________________________ 9 
2.3 Research Referenced by Current Practice ________________________________ 10 
2.4 Deformed Rebar to Prestressed Strand Lap-Splices_________________________ 13 
2.5 Recent Research ____________________________________________________ 14 

3 Full Scale Beam Tests ______________________________________________ 20 
3.1 Thin-Stemmed Beams _______________________________________________ 20 
3.2 Parameters to be studied _____________________________________________ 21 

3.2.1 Inclination of Hanger Reinforcement _________________________________________ 21 
3.2.2 Bend radius of the Horizontal Extension of the Hanger Reinforcement ______________ 22 
3.2.3 Inclusion of Heavy Mesh Steel Basket ________________________________________ 23 
3.2.4 Passing one strand through the Nib __________________________________________ 24 
3.2.5 Reduced Nib with Recessed Flange ___________________________________________ 25 

3.3 Specimen Design ___________________________________________________ 25 
3.3.1 Design Loads ____________________________________________________________ 27 
3.3.2 Specimen Reinforcement Details ____________________________________________ 30 

3.4 Specimen Fabrication, Casting and Release _______________________________ 43 
3.5 Test Setup _________________________________________________________ 50 
3.6 Instrumentation ____________________________________________________ 53 
3.7 Material Tests ______________________________________________________ 57 

3.7.1 Concrete Material Tests ___________________________________________________ 57 
3.7.2 Mild Reinforcement Steel Material Tests ______________________________________ 58 
3.7.3 Prestressing Strand Material Tests ___________________________________________ 60 

4 Beam Test Results and Discussion ____________________________________ 61 
4.1 Typical Failure Modes ________________________________________________ 61 
4.2 Individual Specimen Failure Modes _____________________________________ 67 

4.2.1 {ǇŜŎƛƳŜƴ aп! ό±ŜǊǘƛŎŀƭ IŀƴƎŜǊ {ǘŜŜƭΣ пέ .ŜƴŘ wŀŘƛǳǎύ __________________________ 67 
4.2.2 Specimen M4B (Verticaƭ IŀƴƎŜǊ {ǘŜŜƭΣ мΦрέ .ŜƴŘ wŀŘƛǳǎύ _________________________ 69 
4.2.3 {ǇŜŎƛƳŜƴ aп/ ό±ŜǊǘƛŎŀƭ IŀƴƎŜǊ {ǘŜŜƭΣ {ǘǊŀƴŘ ǘƘǊƻǳƎƘ bƛōΣ мΦрέ .ŜƴŘύ ______________ 69 
4.2.4 Specimen M4D (±ŜǊǘƛŎŀƭ IŀƴƎŜǊ {ǘŜŜƭΣ [ƻƎŀƴ {ǘŜŜƭ .ŀǎƪŜǘΣ мΦрέ .ŜƴŘύ ______________ 74 



 

vi 

4.2.5 {ǇŜŎƛƳŜƴ [о! όLƴŎƭƛƴŜŘ wŜƛƴŦƻǊŎŜƳŜƴǘΣ пέ .ŜƴŘύ _______________________________ 76 
4.2.6 Specimen L3B (IƴŎƭƛƴŜŘ IŀƴƎŜǊ {ǘŜŜƭΣ мΦрέ .ŜƴŘ ǿƛǘƘ {ǘŜŜƭ .ŀǎƪŜǘύ _________________ 78 
4.2.7 {ǇŜŎƛƳŜƴ [о/ όLƴŎƭƛƴŜŘ IŀƴƎŜǊ {ǘŜŜƭΣ мΦрέ .ŜƴŘΣ .ŀǎƪŜǘΣ {ǘǊŀƴŘ ƛƴ bƛōύ _____________ 81 
4.2.8 {ǇŜŎƛƳŜƴ [о5 όLƴŎƭƛƴŜŘ IŀƴƎŜǊ {ǘŜŜƭΣ мΦрέ .ŜƴŘΣ .ŀǎƪŜǘΣ wŜŘǳŎŜŘ bƛōύ _____________ 82 

4.3 Influence of Inclined Hanger Reinforcement ______________________________ 84 
4.4 Presence of a Prestressed Strand in the Nib ______________________________ 87 
4.5 Hanger Steel Bend Radius ____________________________________________ 89 
4.6 Shear Reinforcement Basket __________________________________________ 91 
4.7 Nib Depth _________________________________________________________ 92 
4.8 Material Test Results from Beams ______________________________________ 92 

4.8.1 Prestressing Steel Tendon Material Properties _________________________________ 93 

5 Rebar to Strand Lap-Splice Tests _____________________________________ 96 
5.1 Test Specimens and Fabrication ________________________________________ 96 
5.2 Test Setup and Instrumentation ______________________________________ 101 

6 Lap-Splice Test Results ____________________________________________ 104 
6.1 Observed Lap Splice Failure Modes ____________________________________ 107 

6.1.1 Strand Bond ____________________________________________________________ 107 
6.1.2 Rebar Pullout ___________________________________________________________ 108 
6.1.3 Rebar Rupture __________________________________________________________ 109 

6.2 Material Test Results ς Lap Splice Specimens ____________________________ 111 

7 Analytical Modeling ______________________________________________ 112 
7.1 Vertical Hanger Orientation (M-series) _________________________________ 112 
7.2 Inclined Hanger Orientation (L-series) __________________________________ 117 
7.3 Analysis of Proposed Models _________________________________________ 121 

8 Summary and conclusions _________________________________________ 122 
8.1 Summary ________________________________________________________ 122 
8.2 Conclusions _______________________________________________________ 123 

9 References _____________________________________________________ 129 

10 APPENDICES ____________________________________________________ 131 

11 APPENDIX A: INDIVIDUAL BEAM TEST RESULTS _________________________ 132 
11.1 Specimen M4A ____________________________________________________ 133 

11.1.1 Cracking Pattern at Service Load after Cyclic Loading (26.6 kips) __________________ 133 
11.1.2 Cracking Pattern at Failure (49.1 kips) _______________________________________ 134 
11.1.3 Cracked Specimen with Reinforcing Steel Overlay ______________________________ 135 
11.1.4 Load-Deflection Behavior _________________________________________________ 136 
11.1.5 Load vs. Inclination Behavior _______________________________________________ 137 
11.1.6 Load vs. Strain Behavior __________________________________________________ 138 
11.1.7 Load vs. Strand Slip ______________________________________________________ 140 

11.2 Specimen M4B ____________________________________________________ 141 
11.2.1 Cracking Pattern at Service Load after Cyclic Loading (26.6 kips) __________________ 141 



 

vii  

11.2.2 Cracking Pattern at Failure (50.0 kips) _______________________________________ 142 
11.2.3 Cracked Specimen with Reinforcing Steel Overlay ______________________________ 143 
11.2.4 Load-Deflection Behavior _________________________________________________ 144 
11.2.5 Load vs. Inclination Behavior _______________________________________________ 145 
11.2.6 Load vs. Strain Behavior __________________________________________________ 146 
11.2.7 Load vs. Strand Slip ______________________________________________________ 149 

11.3 Specimen M4C ____________________________________________________ 150 
11.3.1 Cracking Pattern at Service Load after Cyclic Loading (26.6 kips) __________________ 150 
11.3.2 Cracking Pattern at Failure (59.1 kips) _______________________________________ 151 
11.3.3 Cracked Specimen with Reinforcing Steel Overlay ______________________________ 152 
11.3.4 Load-Deflection Behavior _________________________________________________ 153 
11.3.5 Load vs. Inclination Behavior _______________________________________________ 154 
11.3.6 Load vs. Strain Behavior __________________________________________________ 155 
11.3.7 Load vs. Strand Slip ______________________________________________________ 158 

11.4 Specimen M4D ____________________________________________________ 159 
11.4.1 Cracking Pattern at Service Load after Cyclic Loading (26.6 kips) __________________ 159 
11.4.2 Cracking Pattern at Failure (53.3 kips) _______________________________________ 160 
11.4.3 Cracked Specimen with Reinforcing Steel Overlay ______________________________ 161 
11.4.4 Load-Deflection Behavior _________________________________________________ 162 
11.4.5 Load vs. Inclination Behavior _______________________________________________ 163 
11.4.6 Load vs. Strain Behavior __________________________________________________ 164 
11.4.7 Load vs. Strand Slip ______________________________________________________ 167 

11.5 Specimen L3A _____________________________________________________ 168 
11.5.1 Cracking Pattern at Service Load after Cyclic Loading (26.6 kips) __________________ 168 
11.5.2 Cracking Pattern at Failure (63.1 kips) _______________________________________ 169 
11.5.3 Cracked Specimen with Reinforcing Steel Overlay ______________________________ 170 
11.5.4 Load-Deflection Behavior _________________________________________________ 171 
11.5.5 Load vs. Inclination Behavior _______________________________________________ 172 
11.5.6 Load vs. Strain Behavior __________________________________________________ 173 
11.5.7 Load vs. Strand Slip ______________________________________________________ 175 

11.6 Specimen L3B _____________________________________________________ 176 
11.6.1 Cracking Pattern at Service Load after Cyclic Loading (26.6 kips) __________________ 176 
11.6.2 Cracking Pattern at Failure (67.0 kips) _______________________________________ 177 
11.6.3 Cracked Specimen with Reinforcing Steel Overlay ______________________________ 178 
Load-Deflection Behavior _________________________________________________________ 179 
11.6.4 Load vs. Inclination Behavior _______________________________________________ 180 
11.6.5 Load vs. Strain Behavior __________________________________________________ 181 
11.6.6 Load vs. Strand Slip ______________________________________________________ 184 

11.7 Specimen L3C _____________________________________________________ 185 
11.7.1 Cracking Pattern at Service Load after Cyclic Loading (26.6 kips) __________________ 185 
11.7.2 Cracking Pattern at Failure (73.0 kips) _______________________________________ 186 
11.7.3 Cracked Specimen with Reinforcing Steel Overlay ______________________________ 187 
11.7.4 Load-Deflection Behavior _________________________________________________ 188 
11.7.5 Load vs. Inclination Curve _________________________________________________ 189 
11.7.6 Load vs. Strain Behavior __________________________________________________ 190 
11.7.7 Load vs. Strand Slip ______________________________________________________ 193 



 

viii  

11.8 Specimen L3D _____________________________________________________ 194 
11.8.1 Cracking Pattern at Service Load after Cyclic Loading (26.6 kips) __________________ 194 
11.8.2 Cracking Pattern at Failure (68.0 kips) _______________________________________ 195 
11.8.3 Cracked Specimen with Reinforcing Steel Overlay ______________________________ 196 
11.8.4 Load-Deflection Behavior _________________________________________________ 197 
11.8.5 Load vs. Inclination Behavior _______________________________________________ 198 
11.8.6 Load vs. Strain Behavior __________________________________________________ 199 
11.8.7 Load vs. Strand Slip ______________________________________________________ 201 

12 APPENDIX B: INDIVIDUAL LAP-SPLICE TEST RESULTS _____________________ 202 

13 APPENDIX C: SELECTED FRAMES FROM VIDEO RECORDING _______________ 206 
13.1 Specimen M4A ____________________________________________________ 207 
13.2 Specimen M4B ____________________________________________________ 209 
13.3 Specimen M4C ____________________________________________________ 211 
13.4 Specimen M4D ____________________________________________________ 214 
13.5 Specimen L3A _____________________________________________________ 216 
13.6 Specimen L3B _____________________________________________________ 218 
13.7 Specimen L3C _____________________________________________________ 221 
13.8 Specimen L3D _____________________________________________________ 223 

 



 

ix 

LIST OF TABLES  

Table 3-1: Test Matrix for Beam Tests ................................................................................... 21 
Table 3-2: Loading Schedule .................................................................................................. 29 
Table 3-3: Strain Gauge Locations on Dapped End Reinforcing Detail ................................ 56 

Table 4-1: Summary of Full-Scale Single Tee Beam Test Results ........................................ 61 
Table 4-2: Results from Concrete Material Tests ï Full-Scale Single Tee Beams ................ 93 
Table 4-3: Steel Reinforcement Material Properties ï Full-Scale Single Tee Beams ............ 93 
Table 4-4: Prestressing Tendon Material Properties ï Full-Scale Single Tee Beams ............ 95 

Table 4-5: Results of Large Block Pullout Tests ï Full-Scale Single Tee Beams ................. 95 
Table 5-1: Test Matrix for Lap-Splice Specimens .................................................................. 99 
Table 6-1: Lap-Splice Test Results ....................................................................................... 105 

Table 6-2: Concrete Material Strength ï Lap-Splice Tests .................................................. 111 
Table 6-3: Steel Reinforcement Material Properties ï Lap-Splice Tests ............................. 111 

 

  



 

x 

LIST OF FIGURES 

Figure 1-1: Beams with and without Dapped Ends .................................................................. 2 
Figure 1-2: Typical Dapped End in a Precast Concrete Beam ................................................. 2 
Figure 2-1: Potential Failure Modes and Required Reinforcement in Dapped-End 

Connections. (Fig. 5.6.3 from PCI Design Handbook, 7
th
 Edition) .................................. 6 

Figure 2-2: C-bar alternative for Hanger Reinforcement (Fig. 5.6.3 from PCI Design 

Handbook, 7
th
 Edition) ...................................................................................................... 6 

Figure 2-3: Struts Formed Parallel to Inclined Cracking (Reproduced from Fig. RA.3.2 in 

ACI 318-11) ...................................................................................................................... 8 
Figure 2-4: Comparison of Internal force systems: (a) in corbel on a column and (b) in a 

dapped-end beam (Reproduced from Mattock & Chan, 1979)....................................... 10 

Figure 2-5: Alternative Z-bar Reinforcement Detail (Nanni & Huang, 2002) ....................... 16 
Figure 2-6: STM Model proposed by Cook and Mitchell (1988) and Referenced in ACI 

SP208 .............................................................................................................................. 17 
Figure 2-7: Strut and Tie Model presented in the FIP Recommendations and Referenced in 

ACI SP208 ...................................................................................................................... 18 
Figure 2-8: Simplified Strut and Tie Model presented by Alan Mattock (2012) ................... 19 

Figure 3-1: Typical Specimen Cross-Section and Dapped End Elevation ............................. 20 
Figure 3-2: Vertical vs. Inclined Hanger Detail ...................................................................... 22 

Figure 3-3: Hanger Reinforcement with Bend creating the Horizontal Extension ................. 23 
Figure 3-4: Custom Fabricated Steel Basket .......................................................................... 24 

Figure 3-5: Location of Prestressing Strands in Experimental Program ................................ 24 
Figure 3-6: Full Depth Nib vs. Reduced Nib .......................................................................... 25 
Figure 3-7: Location of Applied Test Loads and Reaction Forces for all Specimens ............ 26 

Figure 3-8: Shear Distributions in the End Regions of Test Specimens and 60-ft Equivalent 

Tee................................................................................................................................... 26 

Figure 3-9: Moment Distributions in the End Regions of Test Specimens and 60-ft 

Equivalent Tee ................................................................................................................ 27 
Figure 3-10: Loading Schedule ............................................................................................... 29 

Figure 3-11: Sketch of Vertical Looped Hanger Reinforcement ............................................ 31 

Figure 3-12: Specimen M4A Reinforcement Detail ............................................................... 32 
Figure 3-13: Specimen M4A Dapped End Reinforcement Detail .......................................... 32 
Figure 3-14: Specimen M4B Reinforcement Detail ............................................................... 33 
Figure 3-15: Specimen M4B Dap End Reinforcement Detail ................................................ 34 
Figure 3-16: Specimen M4C Reinforcement Detail ............................................................... 35 

Figure 3-17: Specimen M4C Dap End Reinforcement Detail ................................................ 35 
Figure 3-18: Specimen M4D Reinforcement Detail ............................................................... 36 
Figure 3-19: Specimen M4D Dap End Reinforcement Detail ................................................ 37 
Figure 3-20: Specimen L3A Reinforcement Detail ................................................................ 38 



 

xi 

Figure 3-21: Specimen L3A Dap End Reinforcement Detail ................................................. 38 
Figure 3-22: Specimen L3B Reinforcement Detail ................................................................ 39 
Figure 3-23: Specimen L3B Dap End Reinforcement Detail ................................................. 40 
Figure 3-24: Specimen L3C Reinforcement Detail ................................................................ 41 

Figure 3-25: Specimen L3C Dap End Reinforcement Detail ................................................. 41 
Figure 3-26: Specimen L3D Reinforcement Detail ................................................................ 42 
Figure 3-27: Specimen L3D Dap End Reinforcement Detail ................................................. 43 
Figure 3-28: Large Block Pullout Test performed at Stresscon ............................................. 44 
Figure 3-29: Strain Gauge Welded to Pre-Tensioned Strand in Formwork ........................... 45 

Figure 3-30: Test Specimen Orientation in Casting Bed ........................................................ 46 
Figure 3-31: Test Beams Prior to Casting............................................................................... 46 

Figure 3-32: Casting of Dummy Sections .............................................................................. 47 
Figure 3-33: Casting of L-Series Specimens .......................................................................... 47 
Figure 3-34: Beams covered in Tarp for Curing ..................................................................... 48 
Figure 3-35: Cutting Both Ends of Each Line of Strand in Unison with Four Torches ......... 49 

Figure 3-36: Overall View of Test Setup ................................................................................ 50 
Figure 3-37: Top and Side View of the Test Setup ................................................................ 51 

Figure 3-38: Inclined Link Support ........................................................................................ 52 
Figure 3-39: Left-side and Right-side View of Fixed Pin Isolation Support .......................... 53 
Figure 3-40: Locations of String Potentiometers and Load Points ......................................... 54 

Figure 3-41: Typical Strain Gauge attached to Reinforcing Bar ............................................ 55 

Figure 3-42: Concrete Cylinders prior to Testing ................................................................... 58 
Figure 3-43: Compression Test, Modulus of Elasticity Test, & Tensile Strength Test .......... 58 
Figure 3-44: Rebar Prior to Testing, Half of the Wire Basket, Vertical Stem WWF ............. 59 

Figure 3-45: Wire Basket, Steel Rebar, Vertical Stem WWF in Test Setup .......................... 59 
Figure 3-46: Strands Prior to Testing, Welded Strain Gauge, & Typical Strand in Setup ..... 60 

Figure 4-1: Typical Measured Load-Displacement Response (Specimen L3A Shown) ........ 62 
Figure 4-2: M-Series First Full-Depth Diagonal Crack .......................................................... 63 
Figure 4-3: L-Series First Full-Depth Diagonal Crack ........................................................... 64 

Figure 4-4: Formation of Diagonal Crack for Specimen M4B (Frame 1 of 4) ....................... 65 
Figure 4-5: Formation of Diagonal Crack for Specimen M4B (Frame 2 of 4) ....................... 65 

Figure 4-6: Formation of Diagonal Crack for Specimen M4B (Frame 3 of 4) ....................... 66 

Figure 4-7: Formation of Diagonal Crack for Specimen M4B (Frame 4 of 4) ....................... 66 
Figure 4-8: Second Full-Depth (and Failure) Diagonal Crack ............................................... 67 
Figure 4-9: Specimen M4A at Service Load after Cycles (Load Step 6) ............................... 68 

Figure 4-10: Specimen M4A at Failure .................................................................................. 68 
Figure 4-11: Specimen M4B at Failure .................................................................................. 69 
Figure 4-12: Specimen M4C at Service Load after Cycles (Step 6)....................................... 70 
Figure 4-13: First Major Diagonal Tension Crack (50 kips) .................................................. 71 
Figure 4-14: Vertical Dap Reaction vs. Strain Gauge SG3 & SG4 for Specimen M4C ........ 72 

Figure 4-15: Main Vertical Dap Reaction vs. Relative Strand Slip for Specimen M4C ........ 73 



 

xii  

Figure 4-16: Specimen M4C at Failure (59.1 kips) ................................................................ 73 
Figure 4-17: Specimen M4D at Service Load after Service Cycles (Load Step 6) ................ 74 
Figure 4-18: Main Vertical Reaction vs. Relative Strand Slip for Specimen M4D ............... 75 
Figure 4-19: Specimen M4D at Failure .................................................................................. 75 

Figure 4-20: Main Vertical Reaction vs. Relative Strand Slip for Specimen L3A ................. 76 
Figure 4-21: Main Vertical Reaction vs. Strain Gauge SG3 for Specimen L3A .................... 77 
Figure 4-22: Specimen L3A at Failure ................................................................................... 78 
Figure 4-23: Main Vertical Reaction vs. Strain Gauge SG5 for Specimen L3B .................... 79 
Figure 4-24: Main Vertical Reaction vs. Relative Strand Slip for Specimen L3B ................. 79 

Figure 4-25: Main Vertical Reaction vs. Strain Gauge SG3 and SG4 for Specimen L3B ..... 80 
Figure 4-26: Second Diagonal Tension Crack at 59 kips for Specimen L3B ......................... 80 

Figure 4-27: Specimen L3B at Failure.................................................................................... 81 
Figure 4-28: Specimen L3C at Failure.................................................................................... 82 
Figure 4-29: Main Vertical Reaction vs. Relative Strand Slip for Specimen L3B ................. 83 
Figure 4-30: Main Vertical Reaction vs. Strain Gauge SG3 and SG4 for Specimen L3B ..... 83 

Figure 4-31: Specimen L3D at Failure ................................................................................... 84 
Figure 4-32: Service Cracking of Specimen M4B verses L3A .............................................. 85 

Figure 4-33: Failure Cracking of Specimen M4A with Digital Overlay of Reinforcement 

Detail ............................................................................................................................... 86 
Figure 4-34: Failure Cracking of Specimen L3A with Digital Overlay of Reinforcement 

Detail ............................................................................................................................... 87 

Figure 4-35: Cracking at 37.5 kips for Specimen M4B (no strand in nib) verses M4C (strand 

in nib) .............................................................................................................................. 88 
Figure 4-36: Main Vertical Reaction vs. Hanger Strain at 4ò Bend (Specimen M4A) .......... 90 

Figure 4-37: Main Vertical Reaction vs. Hanger Strain at 1.5ò Bend (Specimen M4B) ....... 90 
Figure 4-38: Specimen M4B and M4D at Failure .................................................................. 91 

Figure 4-39: Specimen L3B (left-side) and L3D (right-side) at Failure ................................. 92 
Figure 4-40: Stress Strain Curve for Tendon #3 ..................................................................... 95 
Figure 5-1: Detail of Type A Lap Splice Specimen ............................................................... 97 

Figure 5-2: Detail of Type B Lap Splice Specimen ................................................................ 98 
Figure 5-3: End Region of a Typical Type B Lap-Splice Specimen .................................... 100 

Figure 5-4: Casting Layout and Release Plan for Lap Splice Specimens............................. 100 

Figure 5-5: Lap-Splice Test Specimens Prior to Testing ...................................................... 103 
Figure 5-6: Typical Lap-Splice Test Setup ........................................................................... 103 
Figure 5-7: Sketch of Lap-Splice Test Setup ........................................................................ 104 

Figure 6-1: Longitudinal Cracking Typical of Specimens 3, 4, 7, and 8 .............................. 106 
Figure 6-2: Overview of Specimen with a Typical Bond Failure ......................................... 108 
Figure 6-3: Typical Lap Splice Failure Triggered by Loss of Strand Bond ......................... 108 
Figure 6-4: Typical Rebar Pullout ........................................................................................ 109 
Figure 6-5: Transverse Cracking at Regular Intervals .......................................................... 110 

Figure 6-6: Ruptured Rebar for Specimen 6 ......................................................................... 110 



 

xiii  

Figure 7-1: Strut and Tie Elemental Forces for Vertical Hanger Reinforcement Detail ...... 113 
Figure 7-2: Location of Nodes with Respect to Actual Reinforcement................................ 114 
Figure 7-3: M-Series STM Digitally Overlaid on Failure Cracking Pattern ........................ 114 
Figure 7-4: Main Vertical Reaction vs. Strain Gauge SG1 for Specimen M4A................... 116 

Figure 7-5: Strut and Tie Elemental Forces for Inclined Hanger Reinforcement Detail ...... 118 
Figure 7-6: Location of Nodes with Respect to Actual Reinforcement................................ 119 
Figure 7-7: L-Series STM Digitally Overlaid on Failure Cracking Pattern ......................... 119 
Figure 7-8: Main Vertical Reaction vs. Strain Gauge SG1 & SG1.1 for Specimen L3A .... 120 
Figure 7-9: STM by Cook and Mitchell (1988) Superimposed on Failure Crack Photo for 

Specimen M4A ............................................................................................................. 121 
Figure 11-1: Left Side of Specimen M4A at 26.6 kips ......................................................... 133 

Figure 11-2: Right Side of Specimen M4A at 26.6 kips....................................................... 133 
Figure 11-3: Left Side of M4A at Failure ............................................................................. 134 
Figure 11-4: Right Side of M4A at Failure ........................................................................... 134 
Figure 11-5: Crack Pattern of the Right Side of M4A after Failure ..................................... 135 

Figure 11-6: Crack Pattern of the Left Side of M4A after Failure ....................................... 135 
Figure 11-7: Measured Displacement for Specimen M4A ................................................... 136 

Figure 11-8: Measured Inclination for Specimen M4A ........................................................ 137 
Figure 11-9: Location of Strain Gauges for Specimen M4A ................................................ 138 
Figure 11-10: Measured Strain for gauge SG1 for Specimen M4A ..................................... 138 

Figure 11-11: Measured Strain for gauge SG2 for Specimen M4A ..................................... 139 

Figure 11-12: Measured Strain for gauges SG3, SG4 and SG5 for Specimen M4A............ 139 
Figure 11-13: Left Side of Specimen M4B at 26.6 kips ....................................................... 141 
Figure 11-14: Right Side of Specimen M4B at 26.6 kips ..................................................... 141 

Figure 11-15: Left Side of M4B at Failure ........................................................................... 142 
Figure 11-16: Right Side of M4B at Failure ......................................................................... 142 

Figure 11-17: Crack Pattern of the Right Side of M4B after Failure ................................... 143 
Figure 11-18: Crack Pattern of the Left Side of M4B after Failure...................................... 143 
Figure 11-19: Measured Displacement for Specimen M4B ................................................. 144 

Figure 11-20: Measured Inclination for Specimen M4B ...................................................... 145 
Figure 11-21: Location of Strain Gauges for Specimen M4B .............................................. 146 

Figure 11-22: Measured Strain for gauge SG2 for Specimen M4B ..................................... 146 

Figure 11-23: Measured Strain for gauge SG3 for Specimen M4B ..................................... 147 
Figure 11-24: Measured Strain for gauges SG4 and SG5 for Specimen M4B ..................... 147 
Figure 11-25: Measured Strain for gauge SG6 for Specimen M4B ..................................... 148 

Figure 11-26: Measured Strand Slip for gauges Slip 1 and Slip 2 for Specimen M4B ........ 149 
Figure 11-27: Left Side of Specimen M4C at 26.6 kips ....................................................... 150 
Figure 11-28: Right Side of Specimen M4C at 26.6 kips ..................................................... 150 
Figure 11-29: Left Side of M4C at Failure ........................................................................... 151 
Figure 11-30: Right Side of M4C at Failure ......................................................................... 151 

Figure 11-31: Crack Pattern of the Right Side of M4C after Failure ................................... 152 



 

xiv 

Figure 11-32: Crack Pattern of the Left Side of M4C after Failure...................................... 152 
Figure 11-33: Measured Displacement for Specimen M4C ................................................. 153 
Figure 11-34: Measured Inclination for Specimen M4C ...................................................... 154 
Figure 11-35: Location of Strain Gauges for Specimen M4C .............................................. 155 

Figure 11-36: Measured Strain for gauges SG1 and SG3 for Specimen M4C ..................... 155 
Figure 11-37: Measured Strain for gauge SG2 for Specimen M4C ..................................... 156 
Figure 11-38: Measured Strain for gauges SG4, SG5 and SG6 for Specimen M4C ............ 156 
Figure 11-39: Measured Strain for gauge SG7 for Specimen M4C ..................................... 157 
Figure 11-40: Measured Strand Slip for gauges Slip 1, Slip 2 and Slip 3 for Specimen M4C

....................................................................................................................................... 158 
Figure 11-41: Left Side of Specimen M4D at 26.6 kips ....................................................... 159 

Figure 11-42: Right Side of Specimen M4D at 26.6 kips..................................................... 159 
Figure 11-43: Left Side of M4D at Failure ........................................................................... 160 
Figure 11-44: Right Side of M4D at Failure ......................................................................... 160 
Figure 11-45: Crack Pattern of the Right Side of M4D after Failure ................................... 161 

Figure 11-46: Crack Pattern of the Left Side of M4D after Failure ..................................... 161 
Figure 11-47: Measured Displacement for Specimen M4D ................................................. 162 

Figure 11-48: Measured Inclination for Specimen M4D ...................................................... 163 
Figure 11-49: Location of Strain Gauges for Specimen M4D .............................................. 164 
Figure 11-50: Measured Strain for gauges SG1 and SG5 for Specimen M4D ..................... 164 

Figure 11-51: Measured Strain for gauge SG2 for Specimen M4D ..................................... 165 

Figure 11-52: Measured Strain for gauges SG3 and SG4 for Specimen M4D ..................... 165 
Figure 11-53: Measured Strain for gauge SG6 for Specimen M4D ..................................... 166 
Figure 11-54: Measured Strand Slip for gauges Slip 1 and Slip 2 for Specimen M4D ........ 167 

Figure 11-55: Left Side of Specimen L3A at 26.6 kips ........................................................ 168 
Figure 11-56: Right Side of Specimen L3A at 26.6 kips ...................................................... 168 

Figure 11-57: Left Side of L3A at Failure ............................................................................ 169 
Figure 11-58: Right Side of L3A at Failure .......................................................................... 169 
Figure 11-59: Crack Pattern of the Right Side of L3A after Failure .................................... 170 

Figure 11-60: Crack Pattern of the Left Side of L3A after Failure ...................................... 170 
Figure 11-61: Measured Displacement for Specimen L3A .................................................. 171 

Figure 11-62: Measured Inclination for Specimen L3A ....................................................... 172 

Figure 11-63: Location of Strain Gauges for Specimen L3A ............................................... 173 
Figure 11-64: Measured Strain for gauges SG1, SG1.1, and SG3 for Specimen L3A ......... 173 
Figure 11-65: Measured Strain for gauge SG2 for Specimen L3A ...................................... 174 

Figure 11-66: Measured Strain for gauges SG3, SG4, SG5 and SG6 for Specimen L3A ... 174 
Figure 11-67: Measured Strand Slip for gauges Slip 1 and Slip 2 for Specimen L3A ......... 175 
Figure 11-68: Left Side of L3B at 26.6 kips ......................................................................... 176 
Figure 11-69: Right Side of L3B at 26.6 kips ....................................................................... 176 
Figure 11-70: Left Side of L3B at Failure ............................................................................ 177 

Figure 11-71: Right Side of L3B at Failure .......................................................................... 177 



 

xv 

Figure 11-72: Crack Pattern of the Right Side of L3B after Failure .................................... 178 
Figure 11-73: Crack Pattern of the Left Side of L3B after Failure ....................................... 178 
Figure 11-74: Measured Displacement for Specimen L3B .................................................. 179 
Figure 11-75: Measured Inclination for Specimen L3B ....................................................... 180 

Figure 11-76: Location of Strain Gauges for Specimen L3B ............................................... 181 
Figure 11-77: Measured Strain for gauges SG1 and SG2 for Specimen L3B ...................... 181 
Figure 11-78: Measured Strain for gauges SG3 and SG4 for Specimen L3B ...................... 182 
Figure 11-79: Measured Strain for gauges SG5 and SG6 for Specimen L3B ...................... 182 
Figure 11-80: Measured Strain for gauges SG2 and SG7 for Specimen L3B ...................... 183 

Figure 11-81: Measured Strain for gauges SG7 and SG8 for Specimen L3B ...................... 183 
Figure 11-82: Measured Displacement for gauges Slip 1 and Slip 2 for Specimen L3B ..... 184 

Figure 11-83: Left Side of L3C at 26.6 kips ......................................................................... 185 
Figure 11-84: Right Side of L3C at 26.6 kips ....................................................................... 185 
Figure 11-85: Left Side of L3C at Failure ............................................................................ 186 
Figure 11-86: Right Side of L3C at Failure .......................................................................... 186 

Figure 11-87: Crack Pattern of the Right Side of L3C after Failure .................................... 187 
Figure 11-88: Crack Pattern of the Left Side of L3C after Failure ....................................... 187 

Figure 11-89: Measured Displacement for Specimen L3C .................................................. 188 
Figure 11-90: Measured Inclination for Specimen L3C ....................................................... 189 
Figure 11-91: Location of Strain Gauges for Specimen L3C ............................................... 190 

Figure 11-92: Measured Strain for gauges SG1 and SG5 for Specimen L3C ...................... 190 

Figure 11-93: Measured Strain for gauges SG2 for Specimen L3C ..................................... 191 
Figure 11-94: Measured Strain for gauges SG3 and SG4 for Specimen L3C ...................... 191 
Figure 11-95: Measured Strain for gauges SG6, and SG7 for Specimen L3C ..................... 192 

Figure 11-96: Measured Strain for gauge SG8 for Specimen L3C ...................................... 192 
Figure 11-97: Measured Displacement for gauges Slip 1 and Slip 2 for Specimen L3C ..... 193 

Figure 11-98: Left Side of Specimen L3D at 26.6 kips ........................................................ 194 
Figure 11-99: Right Side of Specimen L3D at 26.6 kips ...................................................... 194 
Figure 11-100: Left Side of L3D at Failure .......................................................................... 195 

Figure 11-101: Right Side of L3D at Failure ........................................................................ 195 
Figure 11-102: Crack Pattern of the Right Side of L3D after Failure .................................. 196 

Figure 11-103: Crack Pattern of the Left Side of L3D after Failure .................................... 196 

Figure 11-104: Measured Displacement for Specimen L3D ................................................ 197 
Figure 11-105: Measured Inclination for Specimen L3D ..................................................... 198 
Figure 11-106: Location of Strain Gauges for Specimen L3D ............................................. 199 

Figure 11-107: Measured Strain for gauge SG1 for Specimen L3D .................................... 199 
Figure 11-108: Measured Strain for gauge SG2 for Specimen L3D .................................... 200 
Figure 11-109: Measured Strain for gauges SG3 and SG4 for Specimen L3D .................... 200 
Figure 11-110: Measured Strand Slip for gauges Slip 1 and Slip 2 for Specimen L3D ....... 201 
Figure 12-1: Slip versus Applied Load for Specimen 1 ....................................................... 202 

Figure 12-2: Slip versus Applied Load for Specimen 2 ....................................................... 202 



 

xvi 

Figure 12-3: Slip versus Applied Load for Specimen 3 ....................................................... 203 
Figure 12-4: Slip versus Applied Load for Specimen 4 ....................................................... 203 
Figure 12-5: Slip versus Applied Load for Specimen 5 ....................................................... 204 
Figure 12-6: Slip versus Applied Load for Specimen 6 ....................................................... 204 

Figure 12-7: Slip versus Applied Load for Specimen 7 ....................................................... 205 
Figure 12-8: Slip versus Applied Load for Specimen 8 ....................................................... 205 
Figure 13-1: Formation of Diagonal Crack for Specimen M4A (Frame 1 of 3) .................. 207 
Figure 13-2: Formation of Diagonal Crack for Specimen M4A (Frame 2 of 3) .................. 207 
Figure 13-3: Formation of Diagonal Crack for Specimen M4A (Frame 3 of 3) .................. 208 

Figure 13-4: Formation of Diagonal Crack for Specimen M4B (Frame 1 of 4) ................... 209 
Figure 13-5: Formation of Diagonal Crack for Specimen M4B (Frame 2 of 4) ................... 209 

Figure 13-6: Formation of Diagonal Crack for Specimen M4B (Frame 3 of 4) ................... 210 
Figure 13-7: Formation of Diagonal Crack for Specimen M4B (Frame 4 of 4) ................... 210 
Figure 13-8: Formation of Diagonal Crack for Specimen M4C (Frame 1 of 6) ................... 211 
Figure 13-9: Formation of Diagonal Crack for Specimen M4C (Frame 2 of 6) ................... 211 

Figure 13-10: Formation of Diagonal Crack for Specimen M4C (Frame 3 of 6) ................. 212 
Figure 13-11: Formation of Diagonal Crack for Specimen M4C (Frame 4 of 6) ................. 212 

Figure 13-12: Formation of Diagonal Crack for Specimen M4C (Frame 5 of 6) ................. 213 
Figure 13-13: Formation of Diagonal Crack for Specimen M4C (Frame 6 of 6) ................. 213 
Figure 13-14: Formation of Diagonal Crack for Specimen M4D (Frame 1 of 3) ................ 214 

Figure 13-15: Formation of Diagonal Crack for Specimen M4D (Frame 2 of 3) ................ 214 

Figure 13-16: Formation of Diagonal Crack for Specimen M4D (Frame 3 of 3) ................ 215 
Figure 13-17: Formation of Diagonal Crack for Specimen L3A (Frame 1 of 3) ................. 216 
Figure 13-18: Formation of Diagonal Crack for Specimen L3A (Frame 2 of 3) ................. 216 

Figure 13-19: Formation of Diagonal Crack for Specimen L3A (Frame 3 of 3) ................. 217 
Figure 13-20: Formation of Diagonal Crack for Specimen L3B (Frame 1 of 5) .................. 218 

Figure 13-21: Formation of Diagonal Crack for Specimen L3B (Frame 2 of 5) .................. 218 
Figure 13-22: Formation of Diagonal Crack for Specimen L3B (Frame 3 of 5) .................. 219 
Figure 13-23: Formation of Diagonal Crack for Specimen L3B (Frame 4 of 5) .................. 219 

Figure 13-24: Formation of Diagonal Crack for Specimen L3B (Frame 5 of 5) .................. 220 
Figure 13-25: Formation of Diagonal Crack for Specimen L3C (Frame 1 of 2) .................. 221 

Figure 13-26: Formation of Diagonal Crack for Specimen L3C (Frame 2 of 3) .................. 221 

Figure 13-27: Formation of Diagonal Crack for Specimen L3C (Frame 3 of 3) .................. 222 
Figure 13-28: Formation of Diagonal Crack for Specimen L3D (Frame 1 of 3) ................. 223 
Figure 13-29: Formation of Diagonal Crack for Specimen L3D (Frame 2 of 3) ................. 223 

Figure 13-30: Formation of Diagonal Crack for Specimen L3D (Frame 3 of 3) ................. 224 



 

1 

1 INTRODUCTION  

1.1. Background 

Precast structural members provide several advantages to building designers and 

contractors, especially in situations where the speed of construction is emphasized. Precast 

manufacturing expedites the construction process by allowing large pieces of a building 

project, such as beam, slabs, and thin-stemmed óTeeô members, to be cast off-site and then 

transported to the jobsite rather than forming and casting each structural element in place and 

then allowing for time to cure. Prestressing these precast structural elements can further 

optimize efficiency by allowing members to span longer distances and carry higher loads 

than those reinforced with mild steel alone. Precast concrete manufacturing can also provide 

better quality control than traditional concrete construction due to the repetitive, controlled, 

industrial production.  Such a setting allows for a reduction in construction error and the 

creation of favorable casting and curing conditions.  

One detail often used in buildings and parking garages that is unique to precast concrete 

construction is the dapped end.  A dapped end is created when the web or stem of a beam is 

notched at the bottom corner, moving the bearing location higher in the cross-section.  The 

notch itself is known as the ñdapò and the portion of concrete remaining above the dap is 

referred to as the nib, as shown in Figure 1-1. A typical beam-to-ledge connection using a 

dapped end is shown in Figure 1-2. The dapped end detail enables the overall depth of a 

precast floor or roof structure to be reduced by recessing the supporting corbel or ledge into 

the supported beam.  By allowing for a reduction in floor height, the dapped end detail can 

significantly reduce the overall height of a building.  
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Figure 1-1: Beams with  and without Dapped Ends 

 

Figure 1-2: Typical Dapped End in a Precast Concrete Beam 

The design and detailing of a dapped end connection must consider the severe stress 

concentration that develops at the re-entrant corner. Dapped ends are often subjected to high 

bearing reactions that must be safely resisted by transferring forces into the main cross-

section of the beam through the reduced cross-section of the nib.  A bearing point that is 

eccentric to the dap face and the potential for additional axial loads from bearing friction and 

axial shortening due to creep complicate the design.  In thin-stemmed members such as 
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double-tee beams, this severe loading condition must be resisted by a cross-section that has 

limited space for mild steel reinforcement and lacks the benefit to shear resistance normally 

provided by a bearing reaction on the tension face. Design of a dapped end can be further 

complicated by the presence of prestressing strands below the nib or through the nib.  

Prestressed strands may transfer additional horizontal and splitting forces into the section in 

the dap region.  The magnitude of the forces applied to the section by prestressing can be 

many times the magnitude of the primary dap reaction.  In addition, in prestressed beams 

with dapped ends, the need may arise to transfer forces between mild steel reinforcement and 

prestressing strands through lap splices.  

In the precast concrete industry, the design of dapped end beams typically follows the 

provisions outlined in the PCI Design Handbook (Precast Prestressed Concrete Institute, 

2010), however, dapped end reinforcing details are not standardized across the industry.  In 

addition, few experimental studies of dapped end thin-stemmed beams have been conducted, 

particularly when prestressed beams are considered. This thesis presents a research program 

conducted at the Constructed Facilities Laboratory at North Carolina State University in 

conjunction with the Logan Structural Research Foundation that aimed to investigate the 

behavior of various dapped end reinforcement details in precast prestressed double-tee 

beams. Multiple dapped end reinforcement details were examined for ultimate and service 

level performance. 

1.2. Objective 

The primary objective of the research presented here was to examine the effectiveness of 

various selected dapped-end reinforcement details in prestressed concrete thin-stemmed 
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members.  The research further aimed to better characterize the lap splices that are often 

required between mild steel reinforcing bars and prestressing strands in dapped beams. 

1.3. Program Scope 

The combination of experimental and analytical work outlined below was undertaken to 

achieve the research objectives. 

a) A l iterature review was conducted in order to investigate the background and 

behavior of dapped ends in prestressed thin-stem members. Industry design 

methods and procedures were studied. 

b) Eight full -scale, prestressed, dapped ends of double-tee beams, each with a 

unique reinforcing scheme, were designed to experimentally examine different 

parameters believed to affect the behavior of the dapped end. Strains at various 

locations on the interior reinforcing steel were measured along with the strand 

slip and the applied load. 

c) Eight lap-splice test specimens were designed, fabricated, tested, and analyzed to 

examine the required overlap length of rebar to prestressing strand required to 

yield the mild steel reinforcement. These lap-splice tests replicated the 

phenomenon which occurs in the bottom of the stem of a dapped end connection 

where the force in the horizontal rebar is transferred to the prestressing strand 

along the over-lapped length. 

d) A Strut-and-Tie model was developed to model the dapped end reinforcement 

details to examine the capability of the model to accurately determine the 

capacity of the design.  
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2 LITERATURE REVIEW  

The dapped end connection has been successfully used in untold numbers of reinforced 

and prestressed concrete members. The design of these members is often completed using the 

PCI Handbook provisions for dapped end bearing.  In other cases, Appendix A of ACI-318 

on Strut-and-Tie Models also offers acceptable method for design (American Concrete 

Institute, 2008). Research on dapped end beams has been relatively limited since the first 

paper was published on the topic 40 years ago. There is limited literature discussing the lap-

splice phenomenon that occurs in the bottom of the stem of a prestressed dapped end beam. 

Recently, researchers have proposed strut and tie models and techniques to better 

characterize the behavior in a dapped end beam. 

2.1 Current Industry Practice  

The PCI Design Handbook, 7
th
 edition, prescribes a design methodology which is based 

on classical shear and shear-friction theory.  The method relies upon equilibrium of free body 

diagrams acting across potential failure plans. The procedure conservatively treats the dapped 

end connection as reinforced concrete (ignores prestressing) and proportions the 

reinforcement for the nib region in a manner that assumes the nib behaves as an inverted 

corbel. Reproduced herein as Figure 2-1 and Figure 2-2, the PCI Handbook illustrates typical 

dapped end details and potential failure plans that have been observed in dapped double tee 

beams. The bars labeled Ash are colloquially referred to as óhanger reinforcementô with 

anchorage provided by the horizontal extension (Aôsh) bent toward mid-span of the beam. As 

indicated in Figure 2-1, the PCI Handbook requires the As and Aôsh reinforcement to be 
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extended one bar development length past the critical diagonal crack failure plane indicated 

as Crack 5.  

 

Figure 2-1: Potential Failure Modes and Required Reinforcement in Dapped-End Connections. (Fig. 5.6.3 

from PCI Design Handbook, 7
th

 Edition)  

 

Figure 2-2: C-bar alternative for Hanger Reinforcement (Fig. 5.6.3 from PCI Design Handbook, 7
th

 

Edition)  
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The thin stems of prestressed tee members are usually too congested to accommodate 

proper closed stirrups, as Figure 2-1 suggests using. Instead, C-shaped bars shown in Figure 

2-2 are a common alternative. The C-shaped hanger reinforcement detail shown is commonly 

used in industry, however, this detail does not confine the strut running upward from the 

bearing surface toward mid-span. Cracks developed in this strut can propagate directly over 

the top of the curved C-bar. At the bottom of the stem, the horizontal extension of the hanger 

reinforcement must be long enough to allow the mild steel to develop within the transfer 

zone of the prestressing strands also present in that region.  

According to the PCI Design Handbook, an outward tension force is developed at the 

bearing when properly designed bearing pads are used. The PCI Design Handbook 

recommends applying a horizontal force (Nu) taken as 0.2 times the sustained load portion of 

the ultimate load (Vu) (PCI Design Handbook 7th Ed., 2010). The vertical load is due to the 

typical first order effects from dead and live loading. The addition of horizontal load arises 

from the influence of volume change, temperature change, and second order effects which 

loads the beam axially and should be accounted for in design. The ratio of normal force to 

vertical load has been debated in design of bearing connections as researchers have proposed 

different values (Raths, 1984). In addition to the load and material factors, an additional 

overload safety factor is sometimes used in precast connection design, as described by 

Section 6.22 in the PCI Design Handbook 7
th
 Edition. The magnitude of the additional 

overload factor for a particular connection depends on the engineerôs judgment and is not 

uniform throughout the precast industry.  The general purpose of such a factor is to guarantee 

that failure does not occur in the critical connections of precast concrete elements.  There is 
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debate within the industry as to whether a connection factor should be applied to dapped end 

design.    

A Strut and Tie Model (STM) is also acceptable for design of any region of geometric or 

force discontinuity per ACI 318 Appendix A. The dapped end connection can be designed 

using a STM due to the large reaction force at the nib and the geometry change a short 

distance away from the bearing point. The ACI provisions do not account for prestressing 

force in the creation of a STM. The prestressing force is not fully transferred in the region, so 

designing without considering prestressing is usually considered by the industry as 

conservative. When using a STM to design dapped end bearing, the ties should coincide with 

the location the mild reinforcement, in the form of the hanger, nib flexure, and nib shear 

reinforcement. The struts then should coincide with the logical flow of force. Reproduced 

herein as Figure 2-3 from ACI 318-11, Struts will typically be located parallel to two inclined 

cracks. This cracking phenomenon allows examination of the cracking patterns of dapped 

end beams to determine the orientation and width of the struts that form the truss action. 

 

Figure 2-3: Struts Formed Parallel to Inclined Cracking (Reproduced from Fig. RA.3.2 in ACI 318-11) 
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2.2 Early Research  

Werner and Dilger published research in 1973 on prestressed concrete ñstepped beams,ò 

known today as dapped end beams (Werner & Dilger, 1973). Werner and Dilger studied 

beams 92ò long with square cross sections that were prestressed using post-tensioning rods.  

Two rods were installed through the member: one through the nib and another through the 

dap face. Both post-tensioning rods were drapped at mid-span. Werner and Dilger also 

examined the effect of including tensile forces at the bearing applied in conjunction with the 

vertical load by using a plate inclined at 30° with a roller at one end of the beam and a pinned 

reaction at the other. This inclination resulted in an applied outward tensile force equal to 

50% of the vertical dap reaction. Some of their test specimens exhibited premature failures at 

the anchorage regions of the post-tensioning bars and had to be externally reinforced in those 

regions. They also investigated inclined reinforcement verses vertical stirrups and found 

them to be equally efficient in resisting shear. Werner and Dilger recommended that 

horizontal bars at mid-depth (As steel in Figure 2-1) should be extended at least a distance 

equal to the beam depth beyond the reentrant corner and be provided with down hooks to 

ensure anchorage. 

Hamoudi, Phang, and Bierweiler conducted research published in 1975 on 30 ft. long 

prestressed tee-beam members with various dap reinforcement schemes (Hamoudi, Phang, & 

Bierweiler, 1975). They also investigated inclined reinforcement but without an outward 

bearing force. They also investigated the use of a post-tensioned rod installed vertically from 

the top flange of the tee through the stem to provide additional shear strength near the re-

entrant corner. 
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2.3 Research Referenced by Current Practice 

Building on the work of previous researchers, Mattock directed research that would later 

form the core of the design procedure currently recommended by the PCI Handbook. 

Mattock and Chan proposed an inverted corbel analogy to analyze dapped end beams 

(Mattock & Chan, 1979).  The nib of a dapped end resembles an inverted corbel but instead 

of the compressive force in the corbel being resisted by the column (Figure 2-4a), the 

compressive force in the nib must be resisted by the tensile force in the vertical hanger 

reinforcement commonly referred to as the hanger steel (Figure 2-4b).  

 

Figure 2-4: Comparison of Internal force systems: (a) in corbel on a column and (b) in a dapped-end 

beam (Reproduced from Mattock & Chan, 1979) 

 Mattock and Chan recognized that the critical failure planes were a diagonal crack 

originating from the re-entrant corner (crack 3 in Figure 2-1) or a diagonal crack originating 
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from the bottom corner of the full-depth beam (crack 5 in Figure 2-1)  and assumed a 45° 

crack angle. Mattock and Chan investigated the design method for dapped end beams by 

fabricating test specimens with varying amount of hanger steel and examined the effect of 

combined vertical and horizontal load acting at the end of the dapped beam. Mattock and 

Chanôs test setup involved testing both ends of four different reinforced concrete dapped end 

tee beams, each end having a different reinforcement detail than the other. Their test 

specimens were small scale 10 ft. long beams, with a 5 in. by 24 in. cross-section. After each 

test, damage was confined to the region of the dapped end so it was possible to turn the beam 

around and test the other dapped end. Their test design allowed for shear and longitudinal 

tension to be applied independently of one another. Mattock and Chan illustrated how critical 

the main dapped-end flexural reinforcement (labeled As in Figure 2-1) is by noting that ñin all 

cases, the dapped-end main reinforcement yielded before maximum load was reached.ò  

Mattock and Theryo researched on dapped thin-stem members with a state-of-the-art 

research project on dapped end beams published by PCI (Mattock & Theryo, 1986). This 

project investigated dapped end reinforcement schemes for thin stemmed precast prestressed 

concrete member using 16 ft. full scale specimens subjected to a combined load of shear and 

outward tension at the bearing plate. Prior to this study, only Hamoudi, Phang, and 

Bierweiler had examined full scale beam specimens. Twelve specimens were tested with an 

induced outward tensile force equal to twenty percent of the vertical shear load. Mattock & 

Theryo tested five different hanger reinforcement details, including vertical and inclined 

hanger details very similar to those studied in this thesis. 
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In investigating the inclined reinforcement, Mattock and Theryo concluded that the 

concrete must contribute significantly to the shear strength, as they achieved higher 

capacities than the reinforcement alone could reasonably provide. This conclusion was also 

verified by the orientation of the cracks above the inclined bars. The calculated nominal 

shear strength of the beam was equal to the vertical component of the yield strength of the 

inclined (hanger) bars plus the shear which would cause cracking at the re-entrant corner. 

Mattock and Theryo concluded that looping the hanger steel with a 180° bend transverse to 

the axis of the member was effective at anchoring the hanger reinforcement.  

Mattock and Theryo also examined the effect of placing prestressing strand in the nib of 

the dapped end. They tested specimens with half of the prestressing strands located in the nib 

and specimens with no strands in the nib. Locating strands higher in section, such as in the 

nib, is not appealing to producers because it decreases the bending strength and flexural 

efficiency at mid-span. This could be overcome by harping strands near mid-span but this 

requires additional hardware and can be a hazardous operation to perform on strands 

tensioned in the formwork. After completion of testing, Mattock and Theryo concluded that 

the specimens which had some strands located in the nib performed better (carried high loads 

with less cracking) than did specimens with all strands located in the stem. They 

recommended that not less than half the prestressing strands should pass through the nib. 

Specimens with all strands located in the dapped region displayed more severe cracking at 

the re-entrant corner as compared to specimens with some strands located in the nib. They 

also noted that the stresses in the dapped end flexural reinforcement were much greater in 

specimens with no strands passing through the nib. Mattock and Theryo suggested that the 
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shear strength of a dapped end connection could be calculated using Vci and Vcw at a distance 

of h/2 from the end of the full depth web while taking into account the buildup of prestress 

along the beam and the effect of the tension force acting on the dapped end.  

2.4 Deformed Rebar to Prestressed Strand Lap-Splices  

The force required to yield the horizontal extension of the hanger reinforcement (Aôsh in 

Figure 2-1) is developed from the anchoring provided by the adjacent prestressing strands. 

Mattock and Theryo proposed multiple reinforcement design and detailing recommendations, 

including a minimum rebar-to-strand lap-splice length to ensure that the yield strength of the 

hanger reinforcement is developed (Mattock & Theryo, 1986). They found that the horizontal 

extension of the hanger reinforcement should extend not less than 1.7 times the specified 

development length to develop yield strength. Mattock and Abdie further investigated this 

topic by testing eleven specimens examining the transfer of force between reinforcing bars 

and a pretensioned strand (Mattock & Abdie, 1988). 

Mattock and Abdie tested slender prestressed prisms with two reinforcing bars of equal 

length protruding out one end of the prestressed prism. Tension was applied to the protruding 

bars while restraining the concrete prism away from the lapped length of the rebars with an 

embedded steel fixture. Mattock and Abdie pre-tensioned each strand to 50% of yield prior to 

casting and transferred the prestressing force gradually to the concrete. Their experimental 

program tested eleven specimens cast in pairs with variation of the size of the reinforcing 

steel and the lap length of the reinforcing bars to the strand. Mattock and Abdie concluded 

that as the embedment length of the bars increased so does the ultimate load. They developed 

Equation 1 to calculate the lap length required (l) to reach at particular load (Pn) for a given 
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area of steel reinforcement (Ag). A safety factor of 4/3 was also incorporated into the 

equation (Mattock & Abdie, 1988). 
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Using this equation, Mattock and Abdie concluded that the required lap length to yield 

two grade 60 #4 bars to one İò 7-wire Grade 270 pretensioned strand is 55 inches, much 

longer than the development length recommended in the ACI guidelines.  

2.5 Recent Research 

Typical dapped end beam designs anchor the hanger steel (Ash) by bending it at the 

bottom to create the horizontal extension (Aôsh) which runs parallel to the prestressing 

tendons (refer to Figure 2-2). This detail is a cheaper alternative to separate anchorage ties 

which would be required to develop the vertical hanger steel and the horizontal hanger steel 

extension. This bend, or ñcurved bar,ò needs to be able to transfer the force in the hanger 

steel through the bend to the horizontal extension. Gary Klein proposed design guidelines to 

establish a minimum bend radius when using a curved-bar node in a STM (2008). A curved-

bar node would be appropriate in the STM of a dapped end beam to represent this bend in the 

hanger steel. The proposed approach would require a minimum bend radius for the hanger 

reinforcement to ensure that the yield force could be transferred around the node. Klein 

developed Equation 2 to calculate a minimum bend radius (ὶ) for the inside bar based of the 

total area of steel (Ats), the yield strength of the steel (fy), the width of the strut transverse (b), 

and a specified compressive strength (fôc)  
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Nagrodzka-Godycka & Piotrkowski (2012) recently conducted research on small 

prestressed reinforced concrete dapped end beams with inclined and vertical hanger 

reinforcement to better understand the state of stresses, cracking, and load capacity of the 

dapped ends. The researchers also examined the effect of inclined forces on the performance 

of a dapped end connection. They tested specimens in pairs, one with only a vertical reaction 

and the other an additional outward horizontal reaction equal to 50% of vertical. The 

researchers concluded that the application of the horizontal force was a critical situation 

which caused a significant decrease in load capacity. Their test results also showed that the 

inclined hanger orientation performed better than the vertical hanger orientation  

Nanni and Huang (2002) proposed an alternative reinforcement detail that satisfies the 

provisions in the PCI Design Handbook. Their reinforcement detail, described as a Z-bar, is 

shown in Figure 2-5. Their test specimens consisted of prestressed double tee beams with 

three prestressing strands located below the nib and four strands located above the nib. They 

found that this alternative reinforcement detail was suitable for use in a dapped end 

connection. 
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Figure 2-5: Alternative Z -bar Reinforcement Detail (Nanni & Huang, 2002) 

Mattock recently suggested a simplified strut and tie truss model (STM) that is more 

consistent with the actual behavior of the dapped end as compared to other models (Mattock, 

2012). Mattock examined the STM in a design example for a dapped end beam provided in 

ACI SP-208 (Reineck, 2002), which used a model by Cook and Mitchell (1988), shown in 

Figure 2-6, and concluded that this model predicted forces in the hanger reinforcement that 

were inconsistent with tests he has witnessed. Using this model would lead to the unrealistic 

situation where the predicted hanger steel forces are greatly in excess of the vertical bearing 

reaction.  He noted that the assumption of the presence of compression Strut BD was 

inconsistent with the diagonal tension cracking behavior at the re-entrant corner observed in 

many tests of beams with dapped ends. 
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Figure 2-6: STM Model proposed by Cook and Mitchell (1988) and Referenced in ACI SP208  

Mattock examined a second design example used in ACI SP-208, which used a model 

provided by FIP, shown in Figure 2-7 (FIP Commission 3 "Practical Design", 1996). This 

model implies that the total tension in Tie AD must be resisted at Node D by the horizontal 

component of Strut CD acting with Tie DF as a truss. For this to be true, Tie AD must be 

terminated at Node D with some form of positive anchorage. In actuality, Tie AD continues 

past node D by a sufficient length to develop the yield strength of Tie AD. The force in Tie 

AD builds up over this development length instead of suddenly at Node D as the model in 

Figure 2-7 would indicate. Mattock concluded that there is no need for Tie DF to act in 

conjunction with Strut CD to resist Tie AD and that Tie AD was in equilibrium by the force 

provided by the development of the extension of Tie AD. He validated this conclusion from 

observations of prior tests, which did not provide Tie DF in their design yet no tensile 

distress occurred due to the omission of the tie. 
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Figure 2-7: Strut and Tie Model presented in the FIP Recommendations and Referenced in ACI SP208 

Mattock suggested instead a simplified strut and tie model with an anchorage force (P1) 

resisting Tie AD and an inclined compressive force (P2) resisting Strut CD shown in Figure 

2-8 below. Mattock assumed that the inclined compressive force (P2) is part of the overall 

truss action in the full depth beam consisting of the concrete at the top of the stem and in the 

flange of the tee beam. The anchorage force (P1) is provided by the extension the reinforcing 

steel of Tie AD through node D. This model is the basis for the strut and tie model presented 

in Chapter 6.2 of this thesis.  
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Figure 2-8: Simplified Strut and Tie Model presented by Alan Mattock (2012) 
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3 FULL SCALE BEAM TEST S 

The experimental program included four full-scale single-tee beams.  The four beams 

enabled study of eight reinforcing schemes that were developed to examine various selected 

parameters affecting the performance and strength of dapped end prestressed thin-stemmed 

beams. The selected configurations were representative of designs seen in industry, but the 

specimens were configured to study variables believed to have a significant effect on 

performance. The same test procedure was applied to each specimen, and a comprehensive 

test design was conceived to include cyclic loading and a tensile force due to bearing friction 

in addition to the main vertical reaction. 

3.1 Thin-Stemmed Beams 

The test specimens studied in this program were full-scale single-tee beams, each thirty 

feet long. The beams were designed such that after testing one end of a beam, it could be 

flipped around and the other end tested. The tests at each end of the same beam were 

independent because the damage from each test was confined to the end regions. The 

specimens were designed using the cross-section and dap dimensions shown in Figure 3-1.  

 

Figure 3-1: Typical Specimen Cross-Section and Dapped End Elevation 
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3.2 Parameters to be studied 

The experimental program is summarized in Table 3-1. The table indicates the 

reinforcement schemes used and the special characteristics studied in each specimen. Five 

parameters were chosen for study, including: the inclination of hanger reinforcement, the 

radius of the bend in the hanger reinforcement, the inclusion of a heavy mesh shear basket 

(ñLogan Basketò), passing one strand through the nib, and a held back flange.  Each 

parameter is discussed in detail in the following section.  It should be noted that the test 

specimen designs were completed with extensive input from two advisors to the project: Don 

Logan of Logan Structural Research Foundation and Alan Mattock of University of 

Washington. 

Table 3-1: Test Matrix for Beam Tests 

Specimen 

Steel Reinforcement Detail 
Top Strand 

location 

Relative to 

Nib 

Reduced 

Nib 
Hanger Bar 

Detail 

Hanger 

Bar  Bend 

Radius 

Heavy 

Mesh 

Logan 

Basket 

L3A 

Inclined 

4ò 
 

Below No 

L3B 

1.5ò 

Present Below No 

L3C Present Above No 

L3D Present Below Yes 

M4A 

Vertical 

4ò 
 

Below No 

M4B 

1.5ò 
 

Below No 

M4C 
 

Above No 

M4D Present Below No 

 

3.2.1 Inclination of Hanger Reinforcement 

The hanger reinforcement is the primary path for transferring shear force through a 

dapped end connection after cracking compromises the concrete shear strength. As shown in 
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Figure 2-1, the PCI Handbook suggests the use of vertical hanger reinforcement to resist the 

vertical shear force. Research by others including Mattock and Theryo suggested that the use 

of inclined hanger reinforcement may prove superior to vertical reinforcement with the same 

area of steel (1986). In the current experimental program, test specimens with inclined 

hanger reinforcement are identified with the letter ñLò and specimens with vertical hanger 

reinforcement are identified with the letter ñM.ò The two hanger details examined in the 

experimental program are shown in Figure 3-2. 

 

Figure 3-2: Vertical vs. Inclined Hanger Detail 

3.2.2 Bend radius of the Horizontal Extension of the Hanger Reinforcement 

It has been proposed that the radius of the bend connecting the hanger reinforcement to 

the horizontal extension can affect the performance of that node in transferring force around 

the bend, shown in Figure 3-3 (Klein, 2008). Equation 2 suggests that for a design strength of 

fôc = 5000 psi, a depth of 5İò, and two layers with 2 - #4 Grade 60 deformed reinforcing bars 

each which form this curved bar node, the bend radius should be limited to a minimum 3½ 
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in. to provide sufficient anchorage. Therefore, bend radii of 4 in. and 1½ in. were examined 

in this study.  

 

Figure 3-3: Hanger Reinforcement with Bend creating the Horizontal Extension 

3.2.3 Inclusion of Heavy Mesh Steel Basket 

The effect of including a custom fabricated steel mesh basket as supplementary hanger 

and shear steel was of interest to the test sponsor, Don Logan of the Logan Structural 

Research Foundation.  Logan designed the steel basket as a series of three, W10 steel wires 

spaced at 2 in. and bent into a U-shape, as shown in Figure 3-4.  Transverse welded wires 

enabled the W10 wires to develop in the concrete. The steel basket was sized to fit around all 

typical end reinforcement within the narrow width of a typical tee stem. 
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Figure 3-4: Custom Fabricated Steel Basket 

3.2.4 Passing one strand through the Nib 

Previous research has recommended passing strands through the nib as a way to improve 

the performance of a dapped end connection (Mattock & Chan, 1979). The presence of a 

strand in the nib is assumed to reduce cracking at the re-entrant corner by providing pre-

compression to that region. To study the effect of locating a strand in the nib, the top strand 

in a group of six was located either in the nib region or the dapped region of alternate 

specimens in this experimental program, as shown in Figure 3-5. 

 

Figure 3-5: Location of Prestressing Strands in Experimental Program 
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3.2.5 Reduced Nib with Recessed Flange 

In some applications, the top flange of the nib may be recessed to enable the stem of the 

nib to easily slide into a pocket.  Furthermore, it is recommended by the PCI Design 

Handbook (PCI Design Handbook 7th Ed., 2010) that the height of the dap cut-out should 

not be more than 50% of the overall beam depth. This parameter was studied in this program, 

as shown in Figure 3-6.  It is important to note that the total amount of the dap cut-out above 

and below the nib is approximately equal to 60% of the depth of the beam, however, the dap 

cutout below the nib does not exceed 50% of the beam depth.  This severe condition was 

specifically selected for study in this research program. 

 

Figure 3-6: Full Depth Nib vs. Reduced Nib 

3.3 Specimen Design 

All test specimens were supported on the nib bearing at one end and on a pin through the 

web at the opposite end.  The details of the supports are discussed below.  Equal loads were 

applied to each specimen at two locations.  The location of the applied test loads (P), shown 
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in Figure 3-7, were chosen such that the application of those loads would replicate the shear 

and moment distribution that would be found at the end region of a typical sixty foot long 

double-tee beam under a uniformly distributed load, shown in Figure 3-9 and Figure 3-9 

(Logan, private correspondence, 2012).  The location of the effective centroid of the inclined 

reaction was 2 in. away from the end of the beam. This replicates the most severe situation 

that could arise in design where the bearing is located at the tip of the nib.  

 

Figure 3-7: Location of Applied Test Loads and Reaction Forces for all Specimens 

 

Figure 3-8: Shear Distributions in the End Regions of Test Specimens and 60-ft Equivalent Tee 
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Figure 3-9: Moment Distribution s in the End Regions of Test Specimens and 60-ft Equivalent Tee 

It should be noted that the reaction at the left-hand side of Figure 3-7 was inclined to 

simulate conditions imposed by the PCI Design Handbook. The handbook recommends 

applying a horizontal force (Nu) taken as 0.2 times the sustained load portion of the ultimate 

load (Vu). The ratio of normal force to vertical load has been debated in design of bearing 

connections as researchers have proposed different values (Raths, 1984), however, a constant 

value of 20% was selected for all tests in this program following the PCI recommendations. 

3.3.1 Design Loads 

The applied loads were based on loading that would be expected at each connection of a 

60 ft. long x 30 in. deep x 6 ft. wide pretopped double-tee beam with section properties 

conforming to the PCI Design Handbook (Page 3-26 in PCI Design Handbook 7
th
 Edition).  

A 30 lb/ft
2
 snow load and a 40 lb/ft

2
 live load distributed uniformly across the top surface 
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were chosen as the design loads. Load factors of 1.2 times the dead load, 1.0 times the live 

load, and 1.6 times the snow load were determined to be the controlling load case. The 

design of the ends of the test specimens included a strength reduction factor (phi factor) of 

0.75 as required by the PCI Design Handbook for shear design.   

In addition to the load and strength factors, an additional overload safety factor was used 

to design the test specimens, as described by Section 6.22 in the PCI Design Handbook 7
th
 

Edition. The magnitude of the additional overload factor for a particular connection depends 

on the engineerôs judgment and is not uniform throughout the precast industry.  For this test 

program, an additional overload factor of 1.15 was applied to the design of all members, per 

guidance from the test sponsor.  

During testing, load was applied in several steps corresponding to relevant design 

values. A loading schedule, described in Table 3-2 and Figure 3-10, was formulated to 

represent important load steps. Each load step corresponds to a particular resultant of loading 

which arises from different steps of the design process. Between each step, the load was held 

so that crack widths and lengths could be systematically measured and photographed 

throughout the experimental program. 
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Table 3-2: Loading Schedule 

Step Description 

Vertical Dap 

Reaction 

(kips) 

1 Dead load induced by the 30 foot long test specimen 5.1 

2 Simulated Dead load representing a 60 foot long specimen 14 

3 Simulated Unfactored Service Load (DL + Parking-LL + Snow) 26.6 

4 Unload back to Simulated 60 foot Dead Load 14 

5 
Cyclic Loading to Simulated Unfactored Service Load for 360 

cycles at 9 cycles/min 
14 - 26.6 

6 Reload to Simulated Unfactored Service Load 26.6 

7 
Loaded to Simulated Factored Service Load = (1.2 x DL + 1.0 x 

Parking-LL + 1.6 x Snow) 
32.6 

8 Unload back to Simulated 60 foot Dead Load 14 

9 
Loaded to Simulated Factored Service Load times Overload 

Factor of 1.15 
37.5 

10 Unload back to Simulated 60 foot Dead Load 14 

11 
Three cycles to Simulated Factored Service Load times 

Overload Factor of 1.15  
14 - 37.5 

12 From 37.5k, gradual loading to 50 kips at a rate of 2.5 kips/min 37.5 - 50 

13 
Simulated Factored Service Load times Overload Factor of 1.15 

and Phi Factor of 0.75 
50 

14 Gradually Load to failure at a rate of 0.5 kip/min 50+ 

 

Figure 3-10: Loading Schedule 
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3.3.2 Specimen Reinforcement Details 

Each test specimen was designed under the guidance of Alan Mattock and Don Logan. 

Four thirty foot long beams were cast with a unique reinforcement detail at each end of the 

beam. The test beams were designed so that each end can be tested independently of the 

other, making eight tests in total. Each test specimen was designed in accordance with the 

specifications in the PCI Handbook 7
th
 Edition and to have the same shear capacity of Vu = 

50 kips. The horizontal extension of the hanger steel in each reinforcement detail was kept 

constant at 2ô-7ò, 1.8 times the development length specified for fôc=5000 psi concrete. Each 

specimen had six, Grade 270 low relaxation, 0.6ò diameter, 7-wire prestressing strands that 

conformed to ASTM A416. The strands in the formwork were arranged in a vertical line 

aligned in the center of the form spaced as shown in Figure 3-5. Each strand was pre-

tensioned to 41 kips, which correlates to seventy percent of the strandôs ultimate strength. 

Each specimen contained a standard W3 x W3 stem mesh measuring 28 in. tall x 5 ft. long.  

In the following sections, the aspects of the eight reinforcement details are described 

specimen by specimen. 

3.3.2.1 Specimen M4A 

Specimen M4A contained two sets of vertical hanger reinforcement, or four #4 

reinforcing bars in total (Aôsh). One set of vertical hanger reinforcement, shown in Figure 

3-11, consists of a single reinforcing bar with a 180°, 2 in. radius bend at the top oriented 

transverse to the axis of the beam and another 90° bend at the bottom to create the horizontal 

extension into the beam. The legs of the hanger reinforcement were detailed to straddle the 

column of prestressing strand in the stem, one leg on either side of the strand. The continuous 
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loop at the top of the hanger reinforcement helps to develop the hanger reinforcement and to 

confine the concrete at the top of the dapped end.  

 

Figure 3-11: Sketch of Vertical Looped Hanger Reinforcement 

All six prestressing strands were located within the stem in specimen M4A, and the 

hanger steel bend radius was 4 in. A sketch of the reinforcement detail for this specimen with 

annotations showing the bar sizes is shown in Figure 3-12 with a photograph of the actual 

reinforcement shown in Figure 3-13. The axial tension reinforcement (Ah) consisted of 2 #3 

reinforcing bars bent in a hairpin. 



 

32 

 

Figure 3-12: Specimen M4A Reinforcement Detail 

 

Figure 3-13: Specimen M4A Dapped End Reinforcement Detail 
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3.3.2.2 Specimen M4B 

Specimen M4B was identical to specimen M4A except that the bend radius of the 

hanger reinforcement was 1½ in. The tails of the hanger steel were bent so they ran parallel 

to the strand that shared the same depth within the stem of the beam. The behavior of 

specimen M4B can be directly compared to specimen M4A to examine the effect of 

decreasing the bend radius of the hanger reinforcement. The size of the rebar used was 

consistent throughout the M-series, as described in Figure 3-12, and is left off of Figure 3-14 

for clarity. A photograph of the actual reinforcement for specimen M4B is shown in Figure 

3-15. 

 

Figure 3-14: Specimen M4B Reinforcement Detail 
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Figure 3-15: Specimen M4B Dap End Reinforcement Detail 

3.3.2.3 Specimen M4C 

Specimen M4C contained a vertical hanger bar with a 1½ in. bend radius, similar to 

specimen M4B, but the tails of the hanger bar were bent such that the bend of the top bar was 

concentric with the bottom bar and the tails extended into the stem at an angle. The top strand 

was located 2 in. higher than in the other M-series specimens such that it passed through the 

nib instead of the dapped end, as shown in Figure 3-5. The behavior of this specimen can be 

directly compared to specimen M4B to examine the effect running a strand through the nib.  

The size of the rebar used was consistent throughout the M-series, as described in Figure 

3-12, and is left off of Figure 3-16 for clarity. A photograph of the actual reinforcement for 

specimen M4C is shown in Figure 3-17. 
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Figure 3-16: Specimen M4C Reinforcement Detail 

 

Figure 3-17: Specimen M4C Dap End Reinforcement Detail 
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3.3.2.4 Specimen M4D 

Specimen M4D had the same vertical hanger detail with split extension tails as specimen 

M4C, but had all six prestressing strands located below the nib. This specimen also contained 

a custom fabricated steel basket that is described in Section 3.2.3. The behavior of this 

specimen can be directly compared to specimen M4B to examine the effect of the steel 

basket. The size of the rebar used was consistent throughout the M-series as described in 

Figure 3-12 and is left off of Figure 3-18 for clarity. A photograph of the actual 

reinforcement for specimen M4D is shown in Figure 3-19. 

 

Figure 3-18: Specimen M4D Reinforcement Detail 
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Figure 3-19: Specimen M4D Dap End Reinforcement Detail 

3.3.2.5 Specimen L3A 

The L-series specimens contained two sets of inclined hanger bars instead of vertical 

hanger bars, connected by a continuous loop at the top of the beam similar to the vertical 

hanger bars in the M-series specimens. Unlike the M-series specimens, the nib flexure steel 

(As steel) was 2 #4 bars instead of 2 #5 bars. Specimen L3A had all six prestressing strands 

located within the stem and a hanger steel bend radius of 4 in. A sketch of the reinforcement 

detail for specimen L3A with annotations showing the bar sizes is shown in Figure 3-20, and 

a photograph of the actual reinforcement is shown in Figure 3-21. The behavior of this 

specimen can be directly compared to specimen M4A to examine the effect of inclined 

hanger reinforcement.  
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Figure 3-20: Specimen L3A Reinforcement Detail 

 

Figure 3-21: Specimen L3A Dap End Reinforcement Detail 

3.3.2.6 Specimen L3B 

Specimen L3B was similar to specimen L3A expect that the bend radius of the hanger 

reinforcement was 1½ in., the custom fabricated steel basket described in Section 3.2.3 was 

used, and the tails of the hanger reinforcement were split in a fashion similar to that used for 



 

39 

specimens M4C and M4D. The behavior of this specimen can be compared to specimen L3A 

to examine the effect of decreasing the bend radius of the hanger reinforcement with the 

additional of the steel basket. The size of the rebar used was consistent throughout the L-

series as described in Figure 3-20 and is left off of Figure 3-22 for clarity. A photograph of 

the actual reinforcement for specimen L3B is shown in Figure 3-23. 

 

Figure 3-22: Specimen L3B Reinforcement Detail 
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Figure 3-23: Specimen L3B Dap End Reinforcement Detail 

3.3.2.7 Specimen L3C 

Specimen L3C was identical to specimen L3B except that the top strand was located 2 

in. higher such that it passed through the nib of this specimen instead of the dapped end. The 

behavior of this specimen can be directly compared to specimen L3B to examine the effect of 

running a strand through the nib. The size of the rebar used was consistent throughout the L-

series as described in Figure 3-20 and is left off of Figure 3-24 for clarity. A photograph of 

the actual reinforcement for specimen L3C is shown in Figure 3-25. 
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Figure 3-24: Specimen L3C Reinforcement Detail 

 

Figure 3-25: Specimen L3C Dap End Reinforcement Detail 
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3.3.2.8 Specimen L3D 

Specimen L3D was identical to specimen L3B except that the flange was held back three 

inches from the end the beam. The top flange of the tee does not continue to the end of the 

nib but stops eight inches away from the end. This situation typically occurs in cases where it 

is desirable to recess the nib into the pocket of a girder or spandrel beam. It was proposed 

that the absence of the flange at the support of the beam may reduce the strength of the nib. 

The behavior of this specimen can be directly compared to specimen L3B to examine the 

effect of reducing the nib height.  The size of the rebar used was consistent throughout the L-

series as described in Figure 3-20 and is left off of Figure 3-26 for clarity. A photograph of 

the actual reinforcement for specimen L3D is shown in Figure 3-27. 

 

Figure 3-26: Specimen L3D Reinforcement Detail 
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Figure 3-27: Specimen L3D Dap End Reinforcement Detail 

3.4 Specimen Fabrication, Casting and Release 

The test beams were fabricated in a precast plant using industry quality controls and in 

accordance with industry standards. Stresscon Corporation in Colorado Springs, CO was 

chosen to produce the test beams due to the large amount of historical data available at this 

plant on the bond quality between concrete and the prestressing strand.  Stresscon also has a 

close relationship with the test sponsor, and their production team was willing to 

accommodate all test requirements. For the test specimens, it was desired to have a relatively 

low concrete strength at the time of release and a low concrete strength at the time of testing 

to ensure conservative test results by studying the most severe situation which could occur in 

precast manufacturing.  

The prestressing strand used in the experimental program was also prequalified for bond 

prior to casting. A Large Block Pullout Test, shown in Figure 3-28, was performed at 

Stresscon on samples of the strand used to fabricate the tee beams.  It was desired to have 
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strand with bond qualities meeting but not drastically exceeding minimum industry standards 

to further ensure a severe test condition. 

 

Figure 3-28: Large Block Pullout Test performed at Stresscon 

For all test specimens, internal weldable strain gauges were installed on the dapped end 

reinforcement and prestressing strand at various locations and were monitored throughout the 

experimental program, including during casting, release, and storage. In most cases, strain 

gauges were attached prior to placing the reinforcement into the formwork. The location and 

numbering of the strain gauges is described in Section 3.6. Applying the gauges to the 

prestressing strands was done while the strand was fully tensioned to ensure the strain gauge 

was in the correct location. A strain gauge attached to a pre-tensioned prestressing strand in 

the formwork is shown in Figure 3-29.  
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Figure 3-29: Strain Gauge Welded to Pre-Tensioned Strand in Formwork  

To form the single-tee beams, the casting bed of a double-tee form was separated down 

the middle of the top flange using plywood. The test specimens were arranged according to 

Figure 3-30 with a dummy section located at either end of the casting bed. Note that 

specimens M4C and L3C were formed adjacent to one another because the strand pattern at 

this location is different from the other specimens. The dummy sections were necessary to 

ensure that the face of each specimen would be shocked equally upon release when the 

strands were flame cut. The strands in the formwork were first tensioned to 41 kips followed 

by the placement of the unique specimen reinforcement details along with the stem mesh. 

Finally, a mesh consisting of W1.4 x W2.9 used to control cracking as is typical of precast 

fabrication was placed in the deck of the tee. Two #6 steel rebars were also placed at the top 

of the form, above the stem mesh outside the plane of the stem, to enhance the strength of the 

compression region of the flange. The test beams with stem mesh, and flange reinforcement 

prior to casting are shown in Figure 3-31.  
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Figure 3-30: Test Specimen Orientation in Casting Bed 

 

Figure 3-31: Test Beams Prior to Casting 

Production and casting of the test specimens was performed by a professional precast 

fabrication crew at Stresscon. The dummy sections were poured first as shown in Figure 

3-32, followed in order by the M-Series and then L-Series specimens, shown in Figure 3-33. 

Strain gauge wires were held out of the concrete surface at each end of each beam, and great 

care was taken to avoid damaging the strain gauges during casting and vibration.  After 

casting and finishing, the specimens were covered with a tarp, shown in Figure 3-34 and 

cured for 12 hours. 
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Figure 3-32: Casting of Dummy Sections 

 

Figure 3-33: Casting of L-Series Specimens 
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Figure 3-34: Beams covered in Tarp for Curing 

Great care was taken in planning the cutting sequence so that the face of each specimen 

was equally ñshockedò upon the sudden release of the prestressing force. A sudden release is 

a critical situation which occurs in a prestressing plant in which a concrete product is 

shocked by the force released when the first cut is made in a line of concrete products. This 

force release can have the undesirable effect of increasing the transfer length of the 

prestressing strand due to the damage that corresponds to the shock load. It was desired that 

the face of each specimen was shocked upon release. The dummy sections formed at either 

end of the casting bed, shown in Figure 3-30, ensured the strand remained tensioned between 

the test specimens. Cutting the strands progressed in the following order: 

1. Cut the excess strand at the far outside edges of the dummy sections 

simultaneously at four locations. 
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2. Cut the strand adjoining the dummy section to the test beams simultaneously at 

four locations. 

3. Cut the strands adjoining the M-series and L-series, in the middle of the line 

simultaneously at two locations. 

Each set of concrete members was held separate by a fixed steel bulkhead to ensure the 

strand remained tensioned between the specimens during the cutting process. Cutting of the 

strands at the ends of the specimen was done using a torch. The top strand was cut first, 

followed by the second and so on. Both ends of the same strand were cut in unison for each 

line of strand, requiring four torches in total as shown in Figure 3-35 for steps 1 and 2 listed 

above. Four cuts were made at once to prevent damage that could occur resulting from 

eccentric pre-compression if one side were cut before the other. Through this meticulous 

process, the face of each specimen was shocked upon release.  

 

Figure 3-35: Cutting Both Ends of Each Line of Strand in Unison with Four Torches  
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3.5 Test Setup 

The setup used to test all specimens in this program is shown in Figure 3-36. The 

specimen was supported by a pinned support in the foreground and an inclined link support 

(hidden by the beam flange) at the far end of Figure 3-36. The location of the loads and 

supports are indicated by Figure 3-7. 

 

Figure 3-36: Overall View of Test Setup 

Load was applied to the specimen by varying the hydraulic pressure in four hydraulic 

jacks, forcing the jacks to retract to apply load to the specimen or extend to reduce load on 

the specimen. All four hydraulic jacks shared the same pressure source which ensured a 

uniform applied load by each jack.  The jacks were operated in a closed-loop mode with a 
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load feedback for a portion of each test (initial and cyclic loads) and were operated manually 

with an electric pump and valve for higher-level load cycles. The four hydraulic jacks were 

connected to two large hollow steel box sections which were arranged across the top of the 

specimen as shown in Figure 3-37. The steel box sections pressed against two large steel 

plates which in turn pressed against the deck of the test specimen. A layer of industrial 

gypsum was cast between the plate and the deck of the tee to avoid stress concentrations and 

provide a flat bearing surface.  

  

Figure 3-37: Top and Side View of the Test Setup 

An inclined link support was conceived for these tests to introduce a horizontal force 

component to the beam end as vertical load was applied during each test. The inclined link, 

shown in Figure 3-38, was used at the tested end to resist vertical loads and allow rotation, 

while inducing a horizontal force at the reaction. In order to replicate design conditions 

imposed by the PCI Design Handbook (2010), the inclined link support was intended to exert 

a constant twenty percent of the vertical reaction in the horizontal direction away from the 
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dapped end in addition to the normal force. This twenty percent horizontal force represents 

the bearing friction which occurs under normal loading conditions. The angle of the link was 

monitored by two clinometers with a target inclination of 11.3° to achieve a twenty percent 

horizontal force component. The steel pin at the top of the inclined link was welded to the 

bearing plate cast into the nib of each specimen to connect the inclined link support to the 

specimen. The middle of the steel pin was milled flat so that the bearing plate would sit level 

on the pin and provide a large area to weld. The top pin was allowed to rotate within the link 

and the link itself was allowed to rotate about the base to allow the beam to deform freely in 

the horizontal direction and to rotate about the top pin.  After the conclusion of each test, the 

pin was cut away from the bearing plate and the inclined link setup was reused for all eight 

tests. 

  

Figure 3-38: Inclined Link S upport  
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The other end of the beam, opposite the inclined link, was held in place by a pinned 

connection located 4 ft. - 4 in. away from the end which restrained vertical and horizontal 

movement but allowed rotation of the specimen. To facilitate this pin connection, each end of 

a test specimen was cast with a steel sleeve located in the stem of beam.  For testing, a large 

steel rod was inserted into the sleeve and held in place by a support at the pinned end as 

shown in Figure 3-39. This configuration allowed the connection to act as a rotational pin, 

provide torsional stability throughout the test, and isolate the non-tested end during the test. 

The design of the pin support enabled the pin to be adjusted to accommodate mis-alignment 

of the sleeve in any direction.  In general, sleeve alignment for all specimens was excellent 

and minimal adjustment was needed.   

  

Figure 3-39: Left -side and Right-side View of Fixed Pin Isolation Support  

3.6 Instrumentation  

For all eight tests, data were collected at a rate of 1 Hz from electronic instrumentation.  

The electronic data complimented photographs of cracking and detailed measurements of 
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crack width taken after each step of loading. String potentiometers were used to measure the 

deflection at various points along the specimen, as shown in Figure 3-40. The test setup 

prevented string potentiometers SP4 and SP5 from being placed directly underneath the 

applied load, so SP4 and SP5 were placed as close as practicable underneath the applied load 

(about 5 in. away, as shown in the figure). Clinometers were fixed to the inclined link to 

monitor the initial link angle from vertical and any rotation relative to the desired inclination 

of 11.3°. Slip of the bottom and second-from-bottom prestressing strands were monitored 

using small displacement sensors during testing (excluding specimen M4A). The top-most 

strand in specimen M4C was also monitored for slip during testing. 

 

Figure 3-40: Locations of String Potentiometers and Load Points 

Weldable strain gauges were attached to each specimen prior to casting at various 

locations on the mild steel reinforcement and prestressing tendons and were monitored at 

intervals during casting, shipping, and throughout testing. Weldable strain gauges are 

preferable because they do not require the surface to be covered with polyurethane and other 

protective materials after installation and therefore, do not interfere with bond behavior of 
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steel reinforcing bars or prestressed tendons. The strain gauges were placed on the underside 

of the reinforcing steel to protect them during the casting process as pouring concrete into the 

formwork could damage the sensitive gauges. Small sections of the steel reinforcement were 

ground smooth to remove mill-scale and to provide a suitable surface for attaching gauges. A 

typical strain gauge attached to a reinforcing bar is shown in Figure 3-41. 

 

Figure 3-41: Typical Strain Gauge attached to Reinforcing Bar 

The location and identification number of each strain gauge for all eight specimens is 

shown in Table 3-3.  A total of 51 internal gauges were applied for the 8 specimens. 
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Table 3-3: Strain Gauge Locations on Dapped End Reinforcing Detail 

 
L3A 

 
M4A  

 
L3B 

 
M4B 

 
L3C  

M4C 

 
L3D 

 
M4D 
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3.7 Material Tests 

Material samples of the steel reinforcing bars and prestressing strand used to fabricate 

the test specimens were collected prior to casting, and nominal 4 in. x 8 in. cylinders of 

concrete were molded at the time of casting. Material samples were shipped to the laboratory 

with the test specimens, and material tests were performed on the concrete, steel reinforcing 

bars, and steel prestressing strand to determine the relevant engineering properties of each. 

Those tests are summarized below. 

3.7.1 Concrete Material Tests 

Concrete cylinders (4 in. x 8 in.) molded at the time of casting, as shown in Figure 3-42, 

were tested in accordance with ASTM C39 to determine their compressive strength.  

Cylinders were also tested in accordance with ASTM C496 to determine their splitting 

tensile strength and ASTM C469 to determine the concrete modulus of elasticity, as shown in 

Figure 3-43. The concrete modulus of elasticity was determined using a machined 

compressometer in conjunction with a Forney compression testing machine. The 

compressometer was fit around the concrete cylinder and the cylinder was loaded to 40% of 

ultimate compressive strength multiple times to determine the relationship between stress and 

strain. 
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Figure 3-42: Concrete Cylinders prior to Testing 

   

Figure 3-43: Compression Test, Modulus of Elasticity Test, & Tensile Strength Test 

3.7.2 Mild Reinforcement Steel Material Tests 

Material samples of the steel reinforcement, welded wire mesh, and the custom 

fabricated steel basket collected prior to casting are shown in Figure 3-44. Properties of the 

steel were confirmed through tension tests performed on the different sizes of rebar, the 
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vertical wires of the stem WWF, and the vertical legs of the fabricated steel basket in 

accordance with ASTM A370 using a 220-kip MTS closed-loop universal testing machine as 

shown in Figure 3-45.  

   

 Figure 3-44: Rebar Prior to Testing, Half of the Wire Basket, Vertical Stem WWF 

   

Figure 3-45: Wire Basket, Steel Rebar, Vertical Stem WWF in Test Setup 
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3.7.3 Prestressing Strand Material Tests 

Material tests were performed on three samples of prestressing strand samples using a 

220-kip closed-loop universal testing machine. Prestressing chucks were fitted to each end of 

the strand and the chucks were gripped in the jaws of the testing machine, shown in Figure 

3-46. A strain gauge was attached to the strand in a similar process to what was done in the 

test specimens. The strand was first tensioned to 41.0 kips (70% of 270 ksi for a 0.6 in. 

standard tendon) and the same type of weldable strain gauge which was used in the full-scale 

test was then attached to the strand. The tension on the strand was then reduced to 10 kips 

and then cycled multiple times between 45 kips and 10 kips to determine the relationship 

between force and strain. Bond tests on the strand were conducted at Stresscon prior to 

shipping the test specimens.   

   

Figure 3-46: Strands Prior to Testing, Welded Strain Gauge, & Typical Strand in Setup  
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4 BEAM TEST RESULTS AND DISCUSSION 

This section presents the results of the large scale beam tests along with the results of 

material tests related to the beams. The test results for all eight single tee beam specimens are 

summarized in Table 4-1. Detailed test results for each of the eight reinforcing details tested 

in the experimental program are summarized in Appendix A. The detailed test results 

presented in the appendices are summarized in the following sections by individually 

examining the failure mode of each specimen and discussing the behavior and effects of 

selected parameters.  

 

Table 4-1: Summary of Full-Scale Single Tee Beam Test Results 

Specimen 

Steel Reinforcement Detail Top Strand 

location 

Relative to 

Nib 

Peak Main 

Vertical 

Reaction Hanger Bar 

Detail 

Hanger 

Bar  Bend 

Radius 

Heavy 

Mesh 

Basket (lbs.) 

L3A 

Inclined 

4ò 
 

Below 63,100 

L3B 

1.5ò 

Present Below 67,000 

L3C Present Above 73,000 

L3D Present Below 68,000 

M4A 

Vertical 

4ò 
 

Below 49,100 

M4B 

1.5ò 
 

Below 50,000 

M4C 
 

Above 59,100 

M4D Present Below 53,300 

 

4.1 Typical Failure Modes 

All eight test specimens were loaded to failure according to the loading schedule 

outlined in Section 3.3.1. A typical load-deflection curve for the test specimen is shown in 

Figure 4-1. The load-deflection behaviors for all other specimens are shown in Appendix A. 
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Note the two sets of cyclic loads: 360 service cycles between 14 kips and 26.6 kips, and three 

additional factored cycles (including connection factor) from 14 kips to 37.5 kips.  The load 

cycles appear in the plotted load-deflection data as tightly grouped loops. Cycling at the 

service loads caused micro-cracks to form and to propagate, although cracking was not 

always visible at this stage.  Cycling the loads to the factored level caused visible cracking, 

as discussed later.  After the completion of all cycling (up to 37.5 kips), each test specimen 

was loaded incrementally to failure. As seen from Figure 4-1, the stiffness of the test 

specimen decreased substantially beyond a load of approximately 50 kips. This decrease in 

stiffness can be attributed to the significant amount of cracking that developed in all 

specimens as the applied load approached ultimate. 

 

Figure 4-1: Typical Measured Load-Displacement Response (Specimen L3A Shown) 
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For all tests, the first observed cracks always formed at the re-entrant corner and 

propagated upward toward mid-span at an angle of approximately 45°. As the applied load 

was increased, cracks developed progressively with existing cracks lengthening and new 

cracks forming generally from lower locations in the stem. All of the M-series specimens 

developed a full-depth diagonal crack passing through a location slightly above the bottom 

corner of the dapped end, shown as the bottom most crack in Figure 4-2, propagating toward 

mid-span at a nearly 45° angle. The L-series specimens developed a similar cracking 

behavior, shown in Figure 4-3, but the full-depth crack in the L-series passed through the 

location at the bend of the hanger reinforcements, not from the end face of the member. Prior 

to the appearance of the first full-depth diagonal crack, the behavior of the specimen 

appeared elastic. For all specimens, formation of this first major diagonal crack was 

accompanied by a relatively large strand slip and a marked sudden increase in the strain of 

the shear and hanger reinforcement.  

 

Figure 4-2: M -Series First Full-Depth Diagonal Crack 
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Figure 4-3: L -Series First Full-Depth Diagonal Crack 

Ultimate failure in all eight specimens occurred with the formation of a second full-

depth diagonal crack, as shown in Figure 4-8.  This failure crack appeared very suddenly, 

was located more toward the mid-span than any prior diagonal cracking at a shallower angle 

than 45°, approximately 30°, and appeared to initiate away from the effective region of the 

hanger reinforcement. This full depth crack occurred simultaneously with slip of the 

prestressing strands and a relatively large increase in strain in the shear reinforcement. The 

formation of the failure crack was recorded using a digital video recorder. Upon examination 

of the video footage, it was seen that the failure crack originated at mid-depth and propagated 

upward towards mid-span and downward towards the bottom corner of the stem. Individual 

frames captured from the video (Figure 4-4 through Figure 4-7), show the formation of the 

diagonal crack for Specimen M4B.  A photograph of Specimen M4B after failure is shown in 

Figure 4-8. At failure, it appears that the main diagonal crack is widest at mid-depth of the 

stem and almost closed at the bottom of the member. Selected frames documenting the 

failure crack for all test specimens are provided in Appendix C. 
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Figure 4-4: Formation of Diagonal Crack for Specimen M4B (Frame 1 of 4) 

 

Figure 4-5: Formation of Diagonal Crack for Specimen M4B (Frame 2 of 4) 

No Crack 

Crack 

Propagation 
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Figure 4-6: Formation of Diagonal Crack for Specimen M4B (Frame 3 of 4) 

 

Figure 4-7: Formation of Diagonal Crack for Specimen M4B (Frame 4 of 4) 

Full Crack 

Propagation 

Crack 
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Figure 4-8: Second Full-Depth (and Failure) Diagonal Crack 

4.2 Individual Specimen Failure Modes 

The individual failure modes of each large-scale beam specimen are presented in this 

section along with a brief discussion of each test.  Detailed results from each specimen are 

presented in the Appendix along with additional photos of each specimen at service load and 

ultimate load, as well as measurements of crack angles and plotted measured data.   

4.2.1 Specimen M4A (Vertical Hanger Steel, 4ò Bend Radius) 

Specimen M4A sustained a peak vertical end reaction of 49.1 kips prior to failure. At 

service load, shown in Figure 4-9, this specimen exhibited cracking originating from the re-

entrant corner to the flange-stem interface propagating toward mid-span at a 45° from 

horizontal.  The first diagonal tension crack formed at a 37 kip vertical reaction.  Failure 

occurred shortly after the formation of a second diagonal crack shown in Figure 4-10. 

Cracking initiating near the nib and reentrant corner extended upwards at an angle of 
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approximately 45°.  Cracks initiating from the bottom of the section were shallower, 

extending into the beam at an angle of approximately 30°.  Upon examination after failure, it 

was observed that the end of the strands had slipped into the specimen during tests. It was 

decided to instrument the bottom two strands to monitor slip during testing for each 

subsequent test. 

 

Figure 4-9: Specimen M4A at Service Load after Cycles (Load Step 6) 

 

Figure 4-10: Specimen M4A at Failure 



 

69 

4.2.2 Specimen M4B (Vertical Hanger Steel, 1.5ò Bend Radius)  

Specimen M4B sustained a peak vertical end reaction of 50.0 kips prior to failure. Crack 

widths of .02 in. were observed near the re-entrant corner after the completion of the service 

loading cycles. Failure was marked by the formation of a full-depth diagonal crack, shown in 

Figure 4-11, originating from the mid-depth of the stem and propagating upward towards the 

nearest load point and downward to the bottom of the dap face. The failure crack did not 

develop or propagate from previous cracking, but rather, formed suddenly from the interior 

of the beam and grew and widened quickly.  Failure in Specimen M4B was accompanied by 

a marked slipping of the prestressing strands. 

 

Figure 4-11: Specimen M4B at Failure 

4.2.3 Specimen M4C (Vertical Hanger Steel, Strand through Nib, 1.5ò Bend)  

Specimen M4C sustained a peak shear reaction of 59.1 kips prior to failure. Initial 

cracking includes small diagonal cracks extending upwards from the re-entrant corner to the 
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flange-stem interface propagating toward mid-span at a 45° from horizontal, as shown in 

Figure 4-12. 

 

Figure 4-12: Specimen M4C at Service Load after Cycles (Step 6) 

 The first major diagonal tension crack, shown in Figure 4-13, formed at a load of 

approximately 50 kips, and was accompanied by strand slip in both bottom strands (shown in 

Figure 4-15).   
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Figure 4-13: First Major Diagonal Tension Crack (50 kips) 

Strain in the hanger reinforcement at the location of the bend for the horizontal 

extension also increased dramatically at the 50 kip load level, as shown in Figure 4-14. Each 

increase in load beyond 50 kips caused further slipping of the strand accompanied by similar 

increases in hanger steel strain. The measured strain in the hanger reinforcement near the 

bottom bend is plotted versus the main vertical end reaction in Figure 4-14.  The hanger steel 

strain increased relatively slowly with increases in load through the 50 kip load level.  At the 

50 kip level, hanger strain increased dramatically and continued to increase with additional 

applied load to failure. 
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Figure 4-14: Vertical Dap Reaction vs. Strain Gauge SG3 & SG4 for Specimen M4C 

The measured strand slip is plotted versus the main vertical end reaction in Figure 4-15.  

As discussed above, the observed strand slip was minimal up to a load level of 50 kips.  At 

this level, both bottom strands slipped inward rapidly and continued slipping inwards to 

failure. 
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Figure 4-15: Main Vertical Dap Reaction vs. Relative Strand Slip for Specimen M4C 

Failure in the specimen occurred with the sudden formation of a critical diagonal crack, 

shown in Figure 4-16, originating from the interior the specimen propagating upwards 

toward the nearest load point and downward toward the bottom of the dap face. 

 

Figure 4-16: Specimen M4C at Failure (59.1 kips) 
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4.2.4 Specimen M4D (Vertical Hanger Steel, Logan Steel Basket, 1.5ò Bend) 

Specimen M4D sustained a main vertical reaction of 53.5 kips. Cracking at service load, 

shown in Figure 4-17, was similar to the other specimens and included many small cracks 

originating from the re-entrant corner, propagating upward at 45° toward mid-span. The 

largest measured crack width at service load was .010 in. The first diagonal tension crack 

formed at a shear reaction of approximately 52 kips and was accompanied with a relatively 

large slip of the bottom prestressing strands. Increasing the load beyond 52 kips caused 

additional slip of the prestressing strands, as shown in the plot of strand slip versus applied 

load (Figure 4-18) until the formation of the failure diagonal crack, shown in Figure 4-19. 

 

Figure 4-17: Specimen M4D at Service Load after Service Cycles (Load Step 6) 
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Figure 4-18: Main Vertical Reaction vs. Relative Strand Slip for Specimen M4D 

 

Figure 4-19: Specimen M4D at Failure 
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4.2.5 Specimen L3A (Inclined Reinforcement, 4ò Bend) 

Specimen L3A sustained a main vertical reaction of 63.1 kips. The first diagonal tension 

crack formed at a load of 51.9 kips, as indicated on Figure 4-22, and was accompanied by 

slipping of the bottom prestressing strand, as shown in Figure 4-20.  As with previous 

specimens with vertical reinforcement, Specimen L3A with inclined reinforcement exhibited 

sudden increase in strain at the bend in the hanger reinforcement in conjunction with the 

formation of the major diagonal tension crack, as shown in Figure 4-21. This sudden increase 

in strain can be attributed to the loss of shear capacity due to diagonal cracking.  Whether the 

loss in shear capacity was triggered by strand slip or whether the strand slip was triggered by 

diagonal cracking resulting from the loss in shear capacity is unknown. 

 

Figure 4-20: Main Vertical Reaction vs. Relative Strand Slip for Specimen L3A 
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Figure 4-21: Main Vertical Reaction vs. Strain Gauge SG3 for Specimen L3A 

Unlike previous specimens with vertical reinforcement, Specimen L3A was able to carry 

significant additional load after the formatting of a large diagonal crack.  As the applied load 

was increased beyond 52 kips, the initial diagonal crack in the end region widened 

substantially.  Failure finally occurred with the sudden formation of a diagonal crack, shown 

in Figure 4-22.  
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Figure 4-22: Specimen L3A at Failure 

4.2.6 Specimen L3B (Inclined Hanger Steel, 1.5ò Bend with Steel Basket) 

Specimen L3B sustained a main vertical end reaction of 67.0 kips and exhibited similar 

sudden increases in strain of the hanger reinforcement accompanied by strand slip at the 

formation of the first major diagonal crack. The increase in strain in the hanger reinforcement 

at the formation of the first diagonal tension crack, shown in Figure 4-23, is less than that 

observed in specimen L3A, likely due to the presence of shear steel reinforcement basket. As 

shown in Figure 4-24 and Figure 4-25, the strain in the vertical legs of the steel 

reinforcement basket increased as the prestressing strands began to slip at a load of 44.7 kips. 

A second diagonal crack formed at 59 kips, as shown in Figure 4-26. The effect of the 

formation of this crack on SG4 can be seen in Figure 4-25. The failure mode of specimen 

L3B was similar to that of specimen L3A, with the peak shear resistance occurring upon the 

sudden formation of a diagonal crack propagating through the stem of the member, as shown 

in Figure 4-27. 



 

79 

 

Figure 4-23: Main Vertical Reaction vs. Strain Gauge SG5 for Specimen L3B 

 

Figure 4-24: Main Vert ical Reaction vs. Relative Strand Slip for Specimen L3B 
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Figure 4-25: Main Vertical Reaction vs. Strain Gauge SG3 and SG4 for Specimen L3B 

 

Figure 4-26: Second Diagonal Tension Crack at 59 kips for Specimen L3B 
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Figure 4-27: Specimen L3B at Failure 

4.2.7 Specimen L3C (Inclined Hanger Steel, 1.5ò Bend, Basket, Strand in Nib) 

Specimen L3C exhibited the best performance of all eight specimens in the experimental 

program with a peak sustained main vertical reaction of 73.0 kips. This vertical reaction was 

large enough to cause flexural cracking at the mid-span of the beam during testing. Specimen 

L3C did not display any significant slip in strand, or any noticeable change in strain behavior 

until a 69 kip vertical dap reaction was reached. At a load level of 69 kips, a major diagonal 

tension crack formed and was accompanied by sudden strand slip along with an increase in 

strain in the legs of the hanger steel and reinforcing basket. Specimen L3C failed suddenly 

with the formation of a critical diagonal crack originating from the bend in the hanger 

reinforcement and propagating into the stem of the member toward the nearest load point 

shown in Figure 4-28. 



 

82 

 

Figure 4-28: Specimen L3C at Failure 

4.2.8 Specimen L3D (Inclined Hanger Steel, 1.5ò Bend, Basket, Reduced Nib) 

Specimen L3D sustained a main vertical reaction of 68.0 kips.  The behavior of this 

specimen closely mirrored that of specimen L3B with the first major diagonal tension crack, 

indicated in Figure 4-31, formed at 58 kips and was accompanied by strand slip, shown in 

Figure 4-29, and a sudden increase in strain in the vertical and hanger reinforcing steel, 

shown in Figure 4-30. The reduced nib height of specimen L3D did not appear to change the 

behavior or failure mode from that observed in specimen L3B. Failure occurred with the 

formation of a final, full-depth diagonal tension crack origination from the bend of the 

hanger reinforcement propagating into the specimen toward the nearest load point. 
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Figure 4-29: Main Vertical Reaction vs. Relative Strand Slip for Specimen L3B 

 

Figure 4-30: Main Vertical Reaction vs. Strain Gauge SG3 and SG4 for Specimen L3B 




























































































































































































































































































