Abstract

BOTROS AMIR WAGIH. Behaviorand Design of Dapped Ends of Prestressed Concrete
Thin-stemmed MembergUnder the direction dbr. SamiRizkalla)

Precast double tee beaw#h thin stems are widely used in parking structures and other
buildings.One detail ofterused fordouble tee beams in parking garagethesdapped end

detail. A dapped end is creatby notchingthe web or the stem of the beam at the bottom
corner, tlereforethe stem relieson the reduced section to carry the reactiohe End
supports are dapped such that the bottom of the double tee is level with the bottom of the
inverted tee or ledger beam on which it is suppoitéé.dappe@ndconnection is espglly
useful at crossovers between spans in parking structar@sder to minimizethe overall

floor to floor height. While dapped connection details have genenadisformed well the
frequert occurrenceof ursightly cracking at such connections is @ncern. Extensive
repairs are often required to address the cracks. In many cases, the cracking is attributed to
poor designdetails and construction practices. Unlike bottomsupported members,
compression from the bearing reaction is not availablelfrisist longitudinal splitting due

to bursting from development of pretensioning strand. Design of a dapped end can be further

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

The research reported in this thesis estigatel reinforcement details and parameters
believed to affect the behavior of dapped ends of-dstemmed prestressed concrete
members. This studyncluded an extensive analysis using 3D nonlinear finite element

modeling and a comprehensive experimiptagram using full scale prestressed dapped end



specimensThe analytical study was used to determine the parameters that have significant
effect on the behavior and to identify the most effective reinforcement schemes to design the
experimental programlhe experimental program consistedtwb phases. The first phase
included testing of eight specially designed lap splice specimens to determine the lap length
required to develop the yield strength of mild reinforcing bars spliced to prestressing strands
within the prestresdransfer zone. T second phase consisted of testing twenty full scale
forty feet long dapped end beams to examine the performance of six selected reinforcement
schemes for the dapped ends and to study the influence of six parameters that have shown to

have significant ééct on the behavior.

The six reinforcement schemes investigated in the experimental program weeetittad L-
shape inclined L-shape vertical Zshape with corner angle, Gstom Welded Wire
Reinforcement(WWR), vertical Gshapeand CZ scheme.The expemental programalso
examinedthe influence of severagparameters believed to affect the behawach as
prestressing the nib,oncrete strengthweb shear reinforcement, niteight length of

horizontalextensiorof hanger reinforcemeiind @cket nib déail.

The research findingfom the analytical studyand experimental programere used to
developdesign recommendatidior the dapped ersdof thin-stemmed prestressed concrete
members. These recommendations addressisgwees ofstrength, cracking beavior at

service load and reinforcement details.



© Copyright 205 Amir Botros

All Rights Reserved



Behavior and Design of Dapped Ends of Prestressed Concrete
Thin-stemmed Members

by
Amir Botros

A dissertatiorsubmitted to the Graduate Faculty of
North Carolina State University
in partial fulfillment of the
requirements for the &ree of
Doctorof Philosophy

Civil Engineering

Raleigh, North Carolina

2015

APPROVED BY:

Sami H. Rizkalla, Ph.D. Paul Z. Zia Ph.D.
Committee Chair

Gregory LucierPh.D. Rudolf SeracinpPh.D.



Dedi cati on

| dedicate this thesis tmy late beloved fatheiThank you for your love, support, strength,

and countless sacrifices made in raising me into the person | am today.

| would also like to dedicate this thesis to my beloved mother and sister who have supported
and encouraged me thughout all phases of the work.

Thank You.



Bi ography

Amir Botros started studying engineering in Q@ Ain ShamsUniversity, Cairo, Egypt. In
2005, Amir obtained his BS degree in Civil Engineering, witlgrade distinctiorof honor

and ascholastic ranks the sixthiiop studenbf his class. Soon after his graduation, he started
full-time work as a demonstrator in the Civil Engineering DepartmenAimtShams
University. He also participated part time in an engineering firm specializing in structural
analysis and design of prestressed concrete brittg2609, Amir obtainedhis M.Sc. degree

in Civil Engineering from Ain Sham Universitiyn 2012, Amir was awarded scholaship to
pursue aPh.D. degree in the United Statewhich enabled him to enroll in the graduate

program in structural engineeriag) North Carolina State University



Acknowl edgement s

The author would like to express his deepest gratitude tediisor Dr. Sami Rizkalla. In
addition to his support over the past three years, he has provided unwavering encouragement,
love, inspiration, and patience that was essential for the successfutiexef this research

project.

The author would also liketthank Dr. Paul Zigfor contributing his experience and advice

to this research projecthe author also expresses his thank®itoGregory Lucierfor his
valuable support and assistance throughout all phases of this research finejecithor also
expresses his thanks to Dr. Rudolf Seracino and Dr. Kara Peters for their constructive

comments.

| would also like to acknowledge the Precast / Prestressed Concrete Institute and their

membership for sponsoring this research and for providing extensivextieaid support.

The constructive comments and encouragements throughout the repeaviaded byMr.
Gary Klein Mr. Blake Andrewsand Mr. Kurt Hollowayof Wiss, Janney, Elstner Associates,

Inc. of Northbrook, ILduring the period of the researahehighly acknowledged.

| would like to extend special thanks to all my colleagues and friends in the constructed
facilities laboratory especially Michael Forsyth, Griff Shapack, Mohamed Nafaaiar
Khalaf Allah and Hamid Kazem for their assistance during the experimental phase of this

study.



Tabl @ notfent s

List of Tables

List of Figures-

1. Introduction

1.1  Background

1.3  Objective

1.4  Research Scope-
2. Literature Review

2.2 Research Studies

3. Finite Element Analysis

Xii

Xiv

1

1

1.2  Problems Associated with Dapped End Beamis ---3
6

-------- 7

____________ 8

2.1  Current Design Practice 8
------- 15

2.3  Splice Length of Mild Steel to Prestressed Strané 26
2.4  Challenges to Current Practiee 29
---31

3.1  Finite Element Program 31
3.1.1 Concrete Materiat ---31
3.1.2 Steel Materiak-----------=-mmm oo 33
3.1.3 Analysis Solution Technique 34
3.2  Calibration of Finite Element Models 35
3.2.1 Measured Data used in the Calibration Proeess- 35
3.2.2 Calibration Methodology 38
3.3  Validation of Finite Element Models 41
3.3.1 Behavior of Test Specimens 41
3.3.2 Prediction of the FE Analysis 43
3.3.3 Comparison of Analytical Predictions to Measured Vaiue------------- 44
3.3.3.1 Specimen L3B 44
3.3.3.2 Specimen L3D 46
3.3.3.3 Specimen M4D 47
3.3.4 Results of the Calibration 49
3.4  Current Design Procedure of Dapped EAds----------------=-mmcmmmmmmmmmeee 50
3.4.1 Height of the Dap- ---50
3.4.1 Reinforcement of the Dapped Enéd 52
3.5  Studied Reinforcement Schemes 54
3.5.1 Vertical L Shape Reinforcement Scheme-----------------------m-m-momeeo- 54
3.5.1 C Shape Reinforcement Scheme 55
3.5.2 Inclined L Shape Reinforcement Scheme---------------------m-m-mcmemee- 56
3.5.3 Vertical and Inclined Z Shape Schemes--------------==-mmmmmmmmmmmmmee oo 57
3.5.4 Custom Welded Wire Reinforcement Scheme -59
3.5.5 Comparison of Reinforcement Schemes--------------=-=--mmmmmmmmmme- 60
------- 64

3.6  Parametric Study:




3.6.1 Prestressing Level
3.62 Hanger Reinforcement, Ask

-67
69

71

3.6.3 Shear Friction Reinforcement, Ak
3.6.4 \Vertical Shear Reinforcement, Aw

73

3.6.5 Nib Flexural Reinforcement, As

75

3.6.6 Nib Prestressing

367 Length of Horizont al Ext ens ke-n79

3.6.8 Concrete Strengtli, 6-¢

81

3.6.1 Shear Reinforcement of Web

3.6.2 Nib Height

3.6.3 Flange Cut Back:

82

3.6.4 Debonded Length of Strands
3.6.5 Corner Angle Construction DetaHs

3.7 Summary

4. Experimental Program

4.1  Phase 1: Lap Splice Study-

4.1.1 Background
4.1.2 Test Specimens

4.1.3 Fabrication of Specimens

4.1.4 Test Setup and Instrumentatien
4.1.5 Material Properties at Time of Release and Testing

4.2  Phase 2: Full Scale Dapped End Beams

4.2.1 Test Matrix
4.2.2 Design Loads for Test Specimens

4.2.3 Reinforcement of the Dapped Esné

4.2.4 Proportioning of Stem Meshk
4.2.5 Proportioning of Deck Mesh

4.2.6 Reinforcement Schemes

4.2.6.1 Vertical L Scheme
4.2.6.2 Vertical Z Scheme with Corner Angle

4.2.6.3 Inclined L Scheme

4.2.6.4 C Shape Scheme

4.2.6.5 Custom Welded Wire Reinforcement
426.6 CZScheme

4.2.7 Studed Parameters

4.2.7.1 Nib Prestressing

4.2.7.2 Concrete Strength
42.7.3 Shear Reinforcement of the Web

4.2.7.4 Nib Height

4.2.7.5 Length of Horizontal Extension of Hanger Reinforcement

4.2.7.6 Pocket Nib Detai
42.8 Specimens Fabrication

4.2.9 Test Setup

4.2.10 Instrumentation

Vi

of

t

he



4.211 Material Properties- 145

4.2.11.1 Concrete Material 145
4.2.11.2 Mild Reinforcement Steel Material 148

5. Test Results and Discussien 149
5.1 Test Results of the First Phase 149
5.1.1 PuUll-oUt TeStS----m-mmmmmm oo oo 149
5.1.2 Failures Modes --- 150
5.1.2.1 Strand Bond Failure 150
5.1.2.2 Longitudinal Splitting Failure 152
5.1.2.3 Splitting and Strand Slipping 154

5.1.3 Discussion of Lap Splice Specimens RestHis - 157

5.2  Full Scale Beams Results 159
5.2.1 Cracking Behavior 161
5.2.1.1 Initial Cracks Prior to Loading 161
5.2.1.2 Cracking at Service Load 163

5.2.2 Failure Modes--------=-=mmmm oo oo 167
5.2.2.1 Diagonal Tension Cracking of the Web 167
5.2.2.2 Flexural Shear Crack after Splitting and Strand Slip 169
5.2.2.3 Diagonal Tension Cracking within the Nib 172
5.2.2.4 Concrete Crushing in the Bottom Corper: 175

5.2.3 Comparisons between Specimens 177
5.2.3.1 Reinforcement Schemes 177
5.2.3.2 Hanger Reinforcement and Stem Mesh 184
5.2.3.3 Orientation of Hanger Reinforcement 187
5.2.3.4 Nib Prestressing 190
5.2.3.5 Concrete Strength 194
5.2.3.6 Shear Reinforcement of the Web 197
5.2.3.7 Splice Length 199
5.2.38  Nib Height 202

5.3 Summary 204
6. Research Findings and Design Recommendatiens --- 207
6.1 Load Path 207
6.2  Nib Region 209
6.3  Shear Strength of Region 214
6.4  B-Region Behavior -227
6.5 Demand in Hanger Reinforcement 227
6.6  Splice Length between Hanger Reinforcement and Prestressing Str&a%s
6.7  Serviceability Considerations 233
6.8  Constructability and Tolerances 233
7. Summary and Conclusions 236
7.1  Conclusions 237
8. References 241
9. Appendices 243

Vil



10. Appendix A: Results of the Extended Parametric Stuey

11. Appendix B: Individual Beam Test Results

11.1 Specimen 1A
11.1.1 Cracking Pattern at Various Load Levels

11.1.2 Load-Deflection Behavior

11.1.3 Load vs. Strain Behavicr

11.1.4 Pi Gages Strains at Retrant Corner
11.1.5 Load vs. Strand Slip

11.2 Specimen 1B

11.2.1 Cracking Pattern at Various Load Levels
11.2.2 LoadDeflection Behavior

11.2.3 Load vs. Strain Behavicr

11.2.4 Pi Gages Strains at Retrant Corner
11.2.5 Load vs. Strand Slip

11.3 Specimen 2A

11.3.1 Cracking Pattern at Various Load Levels
11.3.2 LoadDeflection Behavior

11.3.3 Load vs. Strain Behavicr

11.3.4 Pi Gages Strains at Retrant Corner

11.3.5 Load vs. Strand Slip
11.4 Specimen 2B

11.4.1 Cracking Pattern at Various Load Levels

11.4.2 Load-Deflection Behavior
11.4.3 Load vs. Strain Behavicr

11.4.4 Pi Gages Strains at Retrant Corner

11.4.5 Load vs. Strand Slip
11.5 Specimen 3A

11.5.1 Cracking Pattern at Various Load Levels

11.5.2 Load-Deflection Behavior
11.5.3 Load vs. Strain Behavicr

11.5.4 Pi Gages Strains at Retrant Corner

11.5.5 Load vs. Strand Slip

11.6 Specimen 3B
11.6.1 Cracking Pattern at Various Load Levels

11.6.2 Load-Deflection Behavior

11.6.3 Load vs. Strain Behavior
11.6.4 Pi Gages Strains at Retrant Corner

11.6.5 Load vs. Strand Slip

11.7 Specimen 4A
11.7.1 Cracking Pattern at Various Load Levels

11.7.2 Load-Deflection Behavior

11.7.3 Load vs. Strain Behaviocr
11.7.4 Pi Gages Strains at Fentrant Corner

244

252
253
253
255
255
256
256
257
257
259
259
260
260
261
261
263
263
264
264
265
265
267
267
268
268
269
269
271
271
272
272
273
273
275
275
276
276
277
277
279
279
280

viii



11.7.5 Load vs. Strand Slip

11.8 Specimen 4B
11.8.1 Cracking Pattern at Various Load Levels

11.8.2 Load-Deflection Behavior

11.8.3 Load vs. Strain Behavicr
11.8.4 Pi gages Strains at Fetrant Corner

11.8.5 Load vs. Strand Slip

11.9 Specimen 5A
11.9.1 Cracking Pattern at Various Load Levels

11.9.2 Load-Deflection Behavior

11.9.3 Load vs. Strain Behavick

11.9.4 Pi Gages Strains at Retrant Corner
11.9.5 Load vs. Strand Slip

11.10 Specimen 5B

11.10.1Cracking Pattern at Various Load Levels
11.10.2. oad-Deflection Behavior

11.10.3o0ad vs. Strain Behaviok

11.10.4Pi Gages Strains at Retrant Corner
11.10.9.0ad vs. Strand Slip

11.11 Specimen 6A

11.11.1Cracking Pattern at Various Load Levels
11.11.2 oad-Deflection Behavior:

11.11.3 oad vs. Strain Behaviok

11.11.4Pi Gages Strains at Retrant Corner

11.11.9 oad vs. Strand Slip
11.12 Specimen 6B

11.12.1Cracking Pattern at Various Load Levels

11.12.2 oad-Deflection Behavior
11.12.3 oad vs. Strain Behaviok

11.12.4Pi Gages Strains at Rantrant Corner

11.12.9 oad vs. Strand Slip
11.13 Specimen 7A

11.13.1Cracking Pattern at Various Load Levels

11.13.2 oad-Deflection Behavior

11.13.3 0ad vs. Strain Behaviok

11.13.4Pi Gages Strains at Ramtrant Corner

11.13.9.0ad vs. Strand Slip

11.14 Specimen 7B
11.14.1Cracking Pattern at Various Load Levels

11.14.2 oad-Deflection Behavior

11.14.3 oad vs. Strain Behavior
11.14.4Pi gages Strains at Rentrant Corner

11.14.9 oad vs. Strand Slip

280
281
281
283
283
284
284
285
285
287
287
288
288
289
289
201
201
292
292
293
293
295
295
296
296
297
297
299
299
300
300
301
301
303
303
304
304
305
305
307
307
308
308



11.15 Specimen 8A

11.15.1Cracking Pattern at Various Load Levels
11.15.2 oad-Deflection Behavior

11.15.3 oad vs. Strain Behavicr

11.15.4Pi gages Strains at Rentrant Corner
11.15.9 oad vs. Strand Slip

11.16 Specimen 8B

11.16.1Cracking Pattern at Various Load Levels
11.16.2 oadDeflection Behavior

11.16.3 oad vs. Strain Behavicr

11.16.4Pi gages Strains at Rentrant Corner

11.16.9.0ad vs. Strand Slip
11.17 Specimen 9A

11.17.1Cracking Pattern at Various Load Levels

11.17.2 oad-Deflection Behavior
11.17.3 oad vs. Strain Behavicr

11.17.4Pi gages Strains at Rentrant Corner

11.17.9 oad vs. Strand Slip
11.18 Specimen 9B

11.18.1Cracking Pattern at Various Load Levels

11.18.2 oad-Deflection Behavior

11.18.3 oad vs. Strain Behavicr

11.18.4Pi gages Strains at Rentrant Corner

11.18.9.0ad vs. Strand Slip

11.19 Specimen 10A
11.19.1Cracking Pattern at Various Load Levels

11.19.2 oad-Deflection Behavior

11.19.3 oad vs. Strain Behavior
11.19.4Pi gages Strains at Fetrant Corner

11.19.9 oad vs. Strand Slip

11.20 Specimen 10B
11.20.1Cracking Pattern at Various Load Levels

11.20.2 oad-Deflection Behavior

11.20.3oad vs. Strain Behavicr

11.20.4Pi gages Strains at Femtrant Corner

11.20.9.0ad vs. Strand Slip

12. Appendix C: Finite Element Results for the Full Scale Beam
13. Appendix D: End Region Shear for Full Scale Beams

13.1 Shear Strength for Specimen 1A

w

13.2 Shear Strength for Specim&B

13.3 Shear Strength for Specimen 2A
13.4 Shear Strength for Specimen 3A




13.5
13.6
13.7
13.8
13.9

Shear Strength for Specimen 4A

Shear Strength for Specimen 4B
Shear Strength for Specimen 5A

Shear Strength for Specimen 58

Shear Strength for Specimen 6B

13.10 Shear Strength for Specimen 9A
13.11 Shear Strength for Specimen 95

14. Appendix E: Detailed Drawings for the Full Scale Specimens

351
352
353
354
355
356
357

358

Xi



Li s fabolfes

Table3-1: Calibrated FE Model Parameters............oeuuviuiiiiiiccceeeeeeeiiiiicses e 41
Table3-2: Analytical Predictions vs. Experimental Results................ccceeevieeeeciieeeeennn. 49
Table3-3: Dap Height ANalysiS RESUILS.........coviiiiiiiiiiiie e 51
Table3-4: Dapped End Reinforcement Analysis ReSUItS...............ovvvviiccnvveeeeviininnnnns 53
Table3-5: Comparison of Reinforcement Schemes Studied..............coooevieeeeiiiieneeenn. 61
Table3-6: Parametric Study OULIINE............uueiiiiie e veeer e e e e 65
Table3-7: FE Results for Different Prestressing LeVEIS..........vviiiiiieemiiiieee, 68
Table3-8: FE Results for Different Hanger Steel AMOUNIs................ovvvvveeeeveeennnnnns 70
Table3-9: FE Results for Different She Friction Reinforcement Amounts...................12
Table3-10: FE Results for Different Vertical Shear Steel AMOUNIS...........cccvvvevvieenes 74
Table3-11: FE Results for Different Horizontal Flexural Steel Amounts..................... 76
Table3-12: FE Results for Models with Strands in the Nib............cccvvviviieeciiiiiiiieee. 78
Table3-13: FE Results for Different Hanger Steel Tail Lengths.............cooooiiiiceeee 80
Table3-14: FE Results for Different Concrete Strengths................iiceriveevivviiinnnnns 82
Table3-15: FE Results for Models with Additional Shear Reinforcement in Web......85
Table3-16: FE Resliis for Models with Different Nib Heights.............cccccciviiieenniineee 87
Table3-17: FE Results for Models Cut Back Flanges..............ccccoceiiiicveevivviiicineeenn. 89
Table3-18: FE Results for Different Debonded Lengths for Strands.......................... 91
Table3-19: FE Results for Models with Corner Angle Details............ccoeeeeiiieeeieeeennn. 95
Table4-1: Testing Matrix ér Lap Splice Specimens.............ccccccivivimmmnniniiiiieieeee 102
Table4-2: Measured Concrete PropertieS...........cieeii i e ceeeiiiiiiie e eeveeesa s 107
Table4-3: Measured Steel Reinforcement Bar Material Properties..............ccccvvueeen. 107
Table4-4: Geometry and Design Parameters for Beam Specimens........................ 109
Table4-5: Test Matrixfor Experimental Programy............ccccooeviiiiiicccs 111
Table4-6: Design Loads for Test SPeCimens............ccoovvvvviiieeee e eeeeeeeeeee e 113
Table4-7: Reinforcement Details of Beam Specimens..............ooovviiiicceee s 116
Table4-8: Concrete Compressive Strength and Elastic Modulus for Beam Speciméds
Table4-9: Steel Material Sample RESUIS............uuuiiiiiiiieeriiiie e 148
Table5-1: Lap-Splice TeSt RESUILS......coooviiiiiiei e 150
Table5-2: Summary of Failure Load and Failure Mode for all Tested Beams.......... 160
Table6-1: Calculated Dapped Ends Strength Compared to Test Results................. 213
Table6-2: Concrete Contribution to Shear Strength from T€stspared to Calculated
DESIGN VAIUEBS......c.ceeeeiieiieei et e e e e e e eee et e s s e e e e e e e e e e et e e e e eaea s mnneeeeeeeeees 220
Table6-3: Predicted Shear Strength by Proposed Equations Compared to Measured Values
........................................................................................................................... 224
Table6-4: Measured Hanger Steel Force vs. Dap Vertical Reaction....................... 228
Table10-1: Parametric Study for C Shape Scheme.............coooiiceeiiiee v, 245
Table10-2: Parametric Study Results fordDhape Scheme............ccccvvviviviieevciiivinnnnen. 246
Table10-3: Parametric Study for Inclined¢hape Scheme..........ccccoooiiiiiiiei. 247
Table10-4: Parametric Study Resufty Inclined L Shape............cccvvvviiiiiiieecciiiiiiine. 248

Xii



Table10-5: Parametric Study Results for Vertical Z Shape............ccvvvvvvieeeiiiiinnnnnen. 249
Table10-6: Parametric Study Results for Inclined Z Shape...........cccovvvviieeee e 250
Table10-7: Parametric Study for Welded Wire Reinforcement Scheme................... 251
Table12-1: Finite ElementResults and Experimental Results for all Tested Beams..335
Table13-1: End Region Shear Strength for Specimen.1A........ccccoeeiiiiiiiecciiiiiceenn. 347
Table13-2: End Region Shear Strength for Specimen.1B...........cccooooiiiieeeicceennn. 348
Table13-3: End Region Shear Strength for Specimen.2A.........ccccooviiiiiiiecciiiiieeennn. 349
Table13-4: End Region Shear Strength for Specimen.3A........ccccovveiiiiiccccicceeen, 350
Table13-5: End Region Shear Strength for Specimen.4A........ccccooiiiiiiieenee. 351
Table13-6: End Region Shear Strength for Specimen.4B..........ccccoooiiiiieceicceeeennn. 352
Table13-7: End Region Shear Strength for Specimen.b5A .........cceeiiiiiiiiiecc, 353
Table13-8: End Region She&trength for Specimen BB...........cccccoeiiiiiiiiecciiccceen, 354
Table13-9: End Region Shear Strength for Specimen.6B..........cccooovviiiiecciiiiiiennnnn. 355
Table13-10: End Region Shear Strength for Specimen9A...........cccovvvveeee e 356
Table13-11: End Region Shear Strength for Specimen.9B............ccccvvvvieeeiiiiiinnnnnn. 357

Xiii



Li sFi gur es

Figurel-1: Typical Double Tee Beams in Parking Structures
Figurel-2: Double Tee Beam to Ledge Connection with and without Dapped.Ends...2
Figure1-3: Typical Dapped End Connection in a Parking Structure
Figurel-4: Cracking Problems in Dapped End Beams..............cccoeiviicemeeevevinnnninneeeeenn. 4
Figurel-5: Diagonal Concrete Crushimgthe Nib Section
Figure2-1: (a) Potential Failure Modes for a Dapped End and (b) Required Reinforcement

fOr @ DAPPEU ENQ.....eiiiiiiiiiiieeeeee et 9
Figure2-2: C-bar Alternative for Hanger Reinforcement..................ovvviccceeeevievvvennnnnns 13
Figure2-3: STM for a Dapped ENd...........ooooiiiiiiiie e 14
Figure2-4: Reinforcement Schemés Dapped End Beams (Mattock and Theryo, 1988
Figure2-5: Alternative Z Bar Reinforcement Detail (Nanni and Huang, 2002)............ 20
Figure2-6: Test Stand for Dapped End Beam Subjected to Inclined.Load................. 21
Figure2-7: Strut and Tie Model Truss given in the FIP Recommendatians................ 23
Figure2-8: Simplified STM for a Dapped End (Mattock, 2012)...............evvvviiicmennnnnns 24
Figure2-9: Specimen L3B (FOorsyth, 2013)........ccooiiiiiiiiiiiice e 25
Figure2-10: Lap Splice Specimens, Mattock and ADLO88)..............cccooiiiiiinenniiinns 27

Figure3-1: 20 Node Brick Element (Cervenka Consulting, 2011a)................ccovvveeen. 32
Figure3-2: Bilinear Stress Strain Law for Reinforcement (Cervenka Consulting, 20133)
Figure3-3: Modeling of Prestressing Strand
Figure3-4: Full NewtonRaphson method (Cervenka Consulting, 2011a)
Figure3-5: Typical Test Beam used in Calibration of FE Models (Forsyth, 2013)......36
Figure3-6: Dapped End Region Reinforcement Details for M series Specimens (Forsyth,

Figure3-8: Typical Layout and Mesh of Test Specimen............ccccccviiiccc, 39
Figure3-9: Steel Reinforcement in the Dap Region for M Series Beams

Figure3-10: Distribution of the Principle Compressive Strains at Failure for.L3B......40
Figure3-11: Beam L3B after Failure (Forsyth, 2013)..........ccccoooiiiiiiieeeiii e 43
Figure3-12: Crack Pattern Prediction at Different Loading Levels for L3B.................44
Figure3-13: Predicted vs. Measured Displacements for.L3B..........ccccoooeeiieeecinnnn. 45
Figure3-14: Principle Compressive Strains at Failure for Specimen.L3B................... 45
Figure3-15: Predicted vs. Measured Displacement for L3D .........ccvviiiiiiiiiiiicccnnnnn. 46
Figure3-16: Principle Compressive Strains at Failure for Specimen.L3D.................. a7
Figure3-17: Predicted vs. Measured Displacement for M4D.............cccccoivvccceeeeeeenn. 48
Figure3-18: PrincipleCompressive Strains at Failure for specimen M4D.................... 48
Figure3-19: Reinforcement Details for Verticatdhape Scheme (Control Beam)........ 55
Figure3-20: Reinforcement Details for-€hape Scheme (Control Beam)..................... 56
Figure3-21: Reinforcement Details for Inclineddhape Scheme (Control Beam)........ 57
Figure3-22: Reinforcement Details for Verticatghape (Control Beam)....................... 58

Xiv



Figure3-23: Reinforcement Details for Inclined Z Shape (Control Beam).................. 59
Figure3-24: Reinforcement Details for Welded Wire Reinforcement Scheme............ 60
Figure3-25: Predicted Load Deflection for Six Reinforcement Schemes................... 63
Figure3-26: Crack Width at Service Load (26 kips) for &ginforcement Schemes......63
Figure3-27: Typical Finite Element Mesh for Dapped End Beam used in Parametric6tudy
Figure3-28: Different Cases for Prestressing Level...........ccooooiiiiieeeeieed 67
Figure3-29: Effect of Prestressing LeVvel............ooooenn e 68
Figure3-30: Hanger Reinforcement L BarS...........ccoooviiiiiiiiieee e 69
Figure3-31: Effect of Hanger Steel AMOUNT............uiiiiiiiiiiiieeeieeeeee e 70
Figure3-32: Different Cases for Shear Friction Steel..............ccooovviieeeeiiee e, 71
Figure3-33: Effect ofShear Friction Steel AMOUNL.........ccoovviiiiiiiiiieeeii e 12
Figure3-34: Cases for Vertical Shear Steel...........oovevviiiiiiicei i 73
Figure3-35: Effect of Vertical Shear Steel Amount.................eeiiiicceiiiiiiiiiiiienennn 74
Figure3-36: Horizontal Flexural Steel............oovvivmiiiiiiice e 75
Figure3-37: Effect of Horizontal Flexural Steel Amount..............ccoccviiicce e 76
Figure3-38: Different Cases for Nib PrestreSSing..........cccceeeeeeeviceeeevvvvvnnniiiiseeeeeeeeenaaaid 1
Figure3-39: Effect of Nib Prestressing...........coooviiiiiiiime e 78
Figure3-40: Hanger Reinforcement Splice Length..............ooiiiiiee i, 79
Figure3-41: Effect of Hanger Steel Tail Length...............ouviiiiiiiieciiiiiiiiiieee e 80
Figure3-42: Effect of Different Concrete Strength..............coooiiiiiice 31
Figure3-43: Different Cases for Additional Shear Reinforcement in the Weh............ 83
Figure3-44: Details of Additional Shear Reinforcement used in the Weh.................. 84
Figure3-45: Effect of Additional Shear Reinforcementin Webh...............cccooeen 85
Figure3-46: Different Cases for Nib Height............cccooiiiiiiiicccciiiiii e 86
Figure3-47: Effect of Different Nib Heights..........cooooriiii e 87
Figure3-48: Different Cases for Cut Back Flange.............cc.oovvvvieeeiiiiiieeeee 88
Figure3-49: Effect of Cut Back Flange...........cooooiiiiiiiiic e 89
Figure3-50: Debonded Length of Prestressing Strands.............ccooovvvieeeiiiieeeeeeeeeee, 90
Figure3-51: Effect of Debonded Length of Strands............ccccceeiiiiimmeiiieee e a1
Figure3-52: Different Cases using Corner Angle Detalls..............oovviviiiemeeieiiieeeninnnnd 93
Figure3-53: Effect of Corner Angle DetailS............ueeiiiiiiiiiiieeeiiiiiieeeeeee e 94
Figure4-1: (a) Splice of the Hanger Reinforcement to the Prestressed Strands in Typical
Dapped End Beam, (b) Lap Splice Specimen...........ooooiiiiiiiccee e 99
Figure4-2: Details of Lap Splice SPECIMENS...........covvuviviiiiiimeeeeeeririe e eeeeaens 101
Figure4-3: Fabrication of Lap Splice Specimens (a) Prior to Casting (b) After Casting of
(0] o (o1 (=1 (=TT PPPPPPPPP 103
Figure4-4: Typical Lap Splice TeSt SEIUR.......uuiiiiiiiiiiiiii e 105
Figure4-5: Typical Instrumentation of Lap Splice Specimen.............oooeeeeiieeeeceeennn. 106
Figure4-6: Dapped End Elevation and Crd3saction of Representative Be&@pecimen with
Single Column Of SrandS...........ooi i e e 108
Figure4-7: Reinforcement Details for Vertical L scheme, Specimen.1A................. 118
Figure4-8: Strain Gages Installed on the Reinforcement, Specimen.1A.................. 118

XV



Figure4-9: Reinforcement Details for Vertical Z Scheme with Corner Angle, Specimen 2A

........................................................................................................................... 120
Figure4-10: Strain Gages Installed on the Reinforcement, Specimen 2A................ 120
Figure4-11: Reinforcerant Details for Inclined L Scheme, Specimen.3A................. 122
Figure4-12: Strain Gages Installed on the Reinforcement, Specimen.3A................ 122
Figure4-13: Reinforcement Details for C Shape Scheme, Specimen4B................. 124
Figure4-14: Strain Gages Installed on the Reinforcement, Specimen 4B................ 124
Figure4-15: Reinforcement Details for Welded Wire Mesh, Specimen.4A.............. 126
Figure4-16: Strain Gages Installed on the Reinforcement, Specimen.4A................ 126
Figure4-17: Reinforcement Details for CZ Scheme, Specimen.10A..............ccceeun.. 128
Figure4-18: Strain Gages Installed on the Reinforcement, Specimen.10A.............. 128
Figure4-19: Reinforcement Details for Specimens 2B and.5B................cccevveeeeennn. 130
Figure4-20: Reinforcement Details for Specimens 1B and.6B.................oooiiceeee. 130
Figure4-21: Details forSpecimens 4B and 7B with Different Amounts of Stem Mesi&4
Figure4-22: Specimens 1A, 8A and 8B with Different Nib Heights..............ccccceee.. 133
Figure4-23: Specimens 1A, 9B and 9A with Different Splice Lengths...................... 134
Figure4-24: Pocket Nib Detail, Specimen 10B.........ccooooiiiiiiiiiiicee 135
Figure4-25: Test Beams Prior to Casting..........cccoeviiiiiiiiceee e eeeeeeeeeeeeeveeme e 136
Figure4-26: Test Beams during CastiNg..........uueeeeiiiiiiiiieeriiieeieeeeee e 137
Figure4-27: Isometric View for the Test Setup...........ooovvvviiiiiiicccri e e 138
Figure4-28: Inclined Link Support at Tested End (a) Side View (b) Front View....... 140
Figure4-29: Pin Connection atthe Far End...............cccooiiieeee e, 141
Figure4-30: Close View for the Test Setup..........cccuuiiiiiiiiimeeiiiiee e 142
Figure4-31: Typical Strain Gage Attached to Reinforcing Bart................ccoeevieeeennn. 143
Figure4-32: Typical Pl Gage Locations for a Test SPeCimen...........cccceevvvviccceeeeeennn. 144
Figure4-33: Opto Track Infrared Targets Installed on the Surface of a Specimen...144
Figure4-34: Concrete Cylinders prior to Testing, Compression Test and Modulus of

[ P2 ] (o O PPUOUPPPTR 146
Figure4-35: Stress Strain Relation for Modulus of Elasticity Determination............. 146
Figure4-36: Steel Rebar Test SetUD...........ooviiiiiiiiiiee e 148
Figure5-1: Side View for Specimen 1 after Failure...............cccciiemnniiiiiii 151
Figure5-2: Side View for Specimen 2 after Failure...........cccoooooiiiiieeeiiiiiiiiice e 151
Figure5-3: Side View for Specimen 4 after Failure...............cccoiiemnniiiiiiii 152
Figure5-4: Longitudinal Splitting Failure in Specimen 3 (a) Top View (b) Cross Section

Showing Rebar PUIOUL............ooiiiiiiiii e 153
Figure5-5: Splitting Failures in Lap Splice Specimens (a) Specimen 5, (b) Specimen 6 and

(C) SPECIMEN 7.ttt 155
Figure5-6: Specimen 8 after Failure..............ooooiiiiiiieeee e 156
Figure5-7: Preexisting Cracks Observed Prior to Loading (a) Specimen 1A (Vertical L

L5101 11T .01 T PRSPPI 163
Figure5-8: Crack Pattern at Service LoadJel (21.9 kips) (a) Specimen 1A (Vertical L

scheme) (b) Specimen 3A (Inclined L scheme).............ccoooicciiiiii e 165

Figure5-9: Crack Pattern at Seréd.oad (a) Specimen 1B (Vertical L scheme)........ 166

XVi



Figure5-10: Diagonal Tension Cracking in the Web (a) Specimen 3A (Inclirecheéme)

........................................................................................................................... 168
Figure5-11: Flexure Shear Failure in Specimen 3B (left), Longitudinal Splitting of the Web
(o 1 RSP 170
Figure5-12: Flexure Shear Failure in Specimen 6A (left), Longitudinal Splitting of the Web
(e 1 PP 171
Figure5-13: Flexure Shear Failure in Specimen 9B (top), Longitudinal Splitting of the web
(010 0 ) S 172

Figure5-14: Diagonal Tension Cracking within the Nib, Specimen.8A.................... 173
Figure5-15: Diagonal Tension Cracking within the Nib, Specimen 10B................... 174
Figure5-16: Specimen 4B After Failur...........ueeviiiiiiiiiiieeeeee e 175
Figure5-17: Specimen 7B After Failure............ovvviueiiiiieeeere e eeee 175
Figure5-18: Concrete Crushing at the Bottom Corner, Specimen.6A....................... 176
Figure5-19: Concrete Crushing at the Bottom Corner, Specimen9A...................... 177
Figure5-20: Measured Vertical Deflections for Six Reinforcement Schemes........... 178
Figure5-21: Ultimate Capacity for Six Reinforcement Schemes.............ccccovvvieee. 179
Figure5-22: Determination of Rentrant Corner Crack Width..............ccccceivviicemninnne. 180
Figure5-23: Calculated Rentrant Corner Crack Width for Six Reinforcement Scherb@s
Figure5-24: Crack Width at Service Load Level (21.9 kips) for Six Reinforcement Scheme
........................................................................................................................... 182
Figure5-25: Cracking at Service Load Level (21.9 kips) (a) Specimen 1A, (b) Specimen 1B
........................................................................................................................... 184
Figure5-26: Measured Vertical Deflections for Specimen 1A,@#51 WA4@6 in. mesh)
and Specimen 1B @A4#4TWE6@4 in. MesSh)............oooviviiiiiiiireeeee, 185
Figure5-27: Calculated Rentrant Corner Crack Width for Specimen 1A{2#51 W4@6
in. mesh) and Specimen 1BA#4TW6@4 in. MeSh).......cccooeiviiiiiiiiiiiiieee 186
Figure5-28: Vertical vs. Inclined Hanger Reinforcement...............ooooeiiicce e 187
Figure5-29: Cracking at Service Load (21.9 kips) (a) Specimen 1A (Vertical Hanger Bars),
(b) Specimen 3A (Inclined Hanger Bars)...........cviiiiiiiiieeeeieeeeeeeeeeeeeeeee e 188
Figure5-30: Measured Vertical Deflections for Specimen 1A (Vertical Hanger Bars) and
Specimen 3A (Inclined Hanger Bars)...........cuueiiiiiiiiiieeeeiiieeeeeeeeeeeeee e 189
Figure5-31: Calculated Rentrant Corner Crack Width for Specimen 1A (Vertical Hanger
Bars) and Specimen 3A (Inclined Hanger Bars)...........cccccvvvvvimemnniiiiiiiiiinneeee 190
Figure5-32: Cracking at Service Load Level (28.0 kips) (a) Specimen 2B (No Strands in
N1 o) PSP 191
Figure5-33: Measured Vertical Deflections for Specimen 2B (No Strands in Nib) and
Specimen 5B (Two Strands in Nil)..........eeeveiiii 192
Figure5-34: Calculated Rentrant Corner Crack Width for Specimen 2B (No Strands in
Nib) and Specimen 5B (Two Strands in NiD)..........ccccoiiiicc s 193
Figure5-35: Cracking at Service Load (28.0 kips) (a) Specimen@B (f6 9 70 psi ) ,
Specimen 6B (B 1 2 7 B.7.....P.Sdec)eiiiieeeeiiiiiiie s 194
Figure5-36: Measured Vertical Deflections for Specimen 1B (f 6 970 psi ) and
o I R A C WO S o = R PP UPPP PP 195

Xvii

(b)
Sp



Figure5-37: Calculated Rentrant Corner Crack Width for Specimen 1(f 6 9 70 psi )

Specimen 6B (0 1 2 7 B.7.cc.PoSides) i 196
Figure5-38: Cracking at Dap Vertical Reaction (28.0 kips) (a) Specimen 4B (W4 @ 6 in.),

(b) Specimen 7B (W8 @ 4 IN.).ceviiiiiiiiiiiiiie e e et s s e e e e e e e e e s emeersa e e e e e e eeaa e 197
Figure5-39: Measured Vertical Deflections for Specimen 4B (W4 @ 6 in.) and Specimen 7B

(W8 @ 4 N ). eeiiiieeeiiiiiie e e e ettt e e e ettt e e e e e s m e et e e e e e s s nnsbb e e e e e e e smmneannnsseeeeas 198
Figure5-40: Calculated Rentrant Corner Crack Width for Specimen 4B (W4 @ 6.ir199
Figure5-41: Specimens 1A (top left), 9A (top right) and 9B (bottom) After Failure...200
Figure5-42: Measured Vertical Deflections for Specimens 1A [@,®A (3.75 |) and9B

(L0 ) PSP PP P PP PPPRUPPPPPPPRR 201
Figure5-43: Specimens 1A (top left), 8A (top right) and 8B (bottom) with Nib Heights 15,

12 and 24 inches, respectively after Failure.................vvicciieivieeeiiee e 202
Figure6-1: Three Regions of a Typical Dapped End Load RPath.................cccceeeennn. 208
Figure6-2: Potential Failure Modes and Dapped End Reinforcement..................... 209
Figure6-3: Diagonal tension failure in Specimen 3A. ..., 214

Figure6-4: Predicted Nominabhear Strength vs. Measured Values for Specimen.1217
Figure6-5: Predicted Nominal Shear Strength vs. Measured Values fom@&pe8A......217
Figure6-6: Predicted Nominal Shear Strength vs. Measured Values for Specimen. 383
Figure6-7: Predicted Nominal Shear Strength vs. Measured values for Specimen .@&8
Figure6-8: Free Body Diagram of a Dapped End across the Diagonal Tension Failure Plane

........................................................................................................................... 221
Figure6-9: Concrete Shear Strength from Tests vs. ACI Design Values.................. 222
Figure6-10: Proposed Equation vs. Experimental Results for Beams without Strands in the

N o T PRSP 225
Figure6-11: Proposed Equation vs. Experimental Results for Beams with Strands in the Nib

........................................................................................................................... 225
Figure6-12: UltimateShear Strength from Tests expressed in Roots of Concrete S&26gth
Figure6-13: Bar Development Length vs. Splice Length feaB Specimens.............. 230
Figure6-14: Splice Length/Development Length vs. Hanger Steel Farce................ 231
Figure6-15: Splice Length/Transfer Length vs. Hanger Steel Force............ccc......... 232
Figure11-1: Crack Patterns for Specimen 1A (a) Prior to Loading, (b) Service Load (V= 21.9

1015 PRSP 253
Figurell-2: Crack Patterns for Specimen 1A at Failure (V= 42.8 kips) (a) East Face of the

Web, (b) West Face of the Weh.............ooioiiiiiiceeecc e, 254
Figure11-3: Measured Displacement for Specimen.1A...........ccoooiiiiimmmnnnniiiiineee 255
Figurell-4: Measured Strain in Dapped End Reinforcement for Specimen.1A....... 255
Figure11-5: Measured Strains at the{estrant Comer for Specimen 1A..................... 256
Figurel1-6: Measured Strand Slip of the Bottom Strand for Specimen.1A.............. 256
Figure11-7: Crack Patterns for Specimen 1B (a) Prior to Loading, (b) Service Load (V= 28.0

] 015 P 257

Figurel11-8: Crack Patterns for Specimen 1B at Failure (V= 52.7 kips) (a) East Face of the
Web, (b) West Face of the Web, (c) Longitudinal Splitting Crack at the Bottom of the

XVili

a



Figure11-9: Measured Displacement for Specimen.1B...............ccccviimmmnniiiiininnnnne. 259
Figure11-10: Measured Strain in Dapped End Reinforcement for Specimen.1B.....259

Figure11-11: Measured Strains at the-Retrant Corner for Specimen 1B.................. 260
Figurel1-12: Measured Strand Slip of the Bottom Strand for Specimen.1B............. 260
Figurel11-13: Crack Patterns for Specimen 2A (a) Prior to Loading, (b) Service Load (V=
P2 I I (] 01 T 261
Figurel1-14: Crack Patterns for Specimen 2A at Failure (V= 51.2 kips) (a) East Face of the
Web, (b) West Face of the Weh............ccoooiioiiii e, 262
Figure11-15: Measured Displacement for SPeCiMen.2A ........coovvvviiiiiiieemiiiiiieeeeen. 263
Figurel1l-16: Measured Strain in DappeddReinforcement for Specimen 2A.......... 263
Figure11-17: Measured Strains at the-Retrant Corner for Specimen 2A.................. 264
Figure11-18: Measured Strand Slip of the Bottom Strand for Specimen.2A............. 264
Figurel11-19: Crack Patterns for Specimen 2B (a) Prior to Loading, (b) Service Load (V=
P2 S T O (] 01 O 265
Figure11-20: Crack Patterns for Specimen 2B at Failure (V= 59.3 kips) (a) East Face of the
Web, (b) West Face of the Weh............ooioiiiiiiceeec e, 266
Figure11-21: Measured Displacement for Specimen.2B..........cccccceviiiieeniiiiiieenenn. 267
Figurel1-22: Measured Strain in Dapped End Reinforcement for Specimen.2B.....267
Figure11-23: Measured Strains at the-Retrant Corner for Specimen 2B.................. 268
Figurel1-24: Measured Strand Slip of the Bottom Strand for Specimen.2B............. 268
Figurel11-25: Crack Patterns for Specimen 3A (a) Prior to Loading, (b) Service Load (V=
P2 I B (] 1S PRSP PPPPPPP 269
Figurel1-26: Crack Pattern®r Specimen 3A at Failure (V= 50.2 kips) (a) East Face of the
Web, (b) West Face of the Weh............cooioiiiiii e, 270
Figure11-27: Measured Displac@ent for SPecimen 3A.........iiiiiiiiieeneeeeee 271
Figurel11-28: Measured Strain in Dapped End Reinforcement for Specimen.3A.....271
Figure11-29: Measured Strains at the-Retrant Corner for Specimen 3A.................. 272
Figure11-30: Measured Strand Slip of the Bottom Strand for Specimen.3A............. 272
Figurel11-31: Crack Patterns for Specimen 3B (a) Prior to Loading, (b) Service Load (V=
P2 S O (] 1S OO PPPPPPR 273

Figurel11-32: Crack Patterns for Specimen 3B at Failure (V= 53.8 kips) (a) East Face of the
Web, (b) West Face of the Web, (c) Longitudinal Splitting Crack at the Bottom of the

LT PP 274
Figure11-33: Measured Displacement for Specimen.3B...........ccccceeeiiiicceevvvvvnnnnnnnnn. 275
Figure11-34: Measured Strain in Dapped End Reinforcement for Specimen.3B.....275
Figurel11-35: Measured Strains at the-Betrant Corner for Specimen 3B.................. 276
Figure 11-36: Measured Strand Slip of the Bottom Strand for Specimen.3B............. 276
Figurel11-37: Crack Patterns for Specimen 4A (a) PtioLoading, (b) Service Load (V=

2 I I (] 1) PP PPPPPRR 277
Figure11-38: Crack Patterns for Specimen 4A at Failure (V= 40.0 kips) (a)Haastof the

Web, (b) West Face Of the Web...........iieeee s 278
Figure11-39: Measured Displacement for Specimen.4A............coovieiiiiceeeiceeeeeiieenn, 279

Figure11-40: Measured Strain in Dapped End Reinforcement for Specimen 4A.....279

Xix



Figure11-41: Measured Strains at the-Retrant Corner for Specimen 4A.................. 280

Figurel1-42: Measured Strand Slip of the Bottom Strand for Specimen.4A............. 280
Figure11-43: Crack Patterns for Specimen 4B (a) Prior to Loading, (b) Service Load (V=

P2 I B (] 1S OO PPPPPPPPPR 281
Figurel1-44: Crack Patterns for Specimen 4B at Failure (V= 45.9 kips) (a) East Face of the

Web, (b) West Face of the Weh............ccooiiiiiiii e, 282
Figure11-45: Measured Displacement for Specimen.4B..........ccccccoiiiiieamiiiininnnnnn. 283
Figurel1-46: Measured Strain in Dapped End Reinforcement for Specimen 4B.....283
Figure11-47: Measuredbtrains at the Rentrant Corner for Specimen 4B.................. 284
Figure11-48: Crack Patterns for Specimen 5A (a) Prior to LoadingSényice Load (V=

P R I (] 01 IO OO PP PPPPPPPPPPPPPR 285
Figure11-49: Crack Patterns for Specimen 5A at Failure (V= 55.3 kips) (a) East Face of the

Web, (b) West Face of the WeD...........uuuiiiiiii e 286
Figure11-50: Measured Displacement for Specimen.bA...........ccccceeeeiiiiceeeeeivvininnn. 287
Figure11-51: Measured Strain in Dapped End Reinforcement for Specimen .5A.....287
Figure11-52: Measured Strains at the-Betrant Corner for Specimen 5A.................. 288
Figure11-53: Measured Strand Slip of the Bottom Strand for Specimen.5A............. 288
Figure11-54: Crack Patterns for Specimen 5B (a) Prior to Loading, (b) Service Load (V=

F2 S O ] 1) P PPPRERR 289
Figurel11-55: Crack Patterns for Specimen 5B at Failure (V= 67.4 kips) (a) East Face of the

Web, (b) West Face Of the Web..........oiiieeee s 290
Figure11-56: Measured Displacement for Specimen.bB............cccceeeiiiiecevevvvviinnnnnnn. 291
Figure11-57: Measured Strain in Dapped End Reinforcement for Specimen.5B.....291
Figure11-58: Measuredbtrains at the Rentrant Corner for Specimen 5B.................. 292
Figure11-59: Measured Strand Slip of the Bottom Strand for Specimen.5B............. 292
Figure11-60: Crack Patterns for Specimen 6A (a) Prior to Loading, (b) Service Load (V=

12 S O (] 1) S PPRRRR 293
Figure1l1-61: Crack Patterns for Specimen 6A at Failure (V= 59.6 kips) (a) East Face of the

Web, (b) West Face Of the Web..........oiieeee s 294
Figure11-62: Measured Displacement for Specimen.bA............ccceeeeeiiieeeevnvvnnnnnnnnnn. 295
Figure11-63: Measured Strain in Dapped End Reinforcement for Specimen.6A.....295
Figure11-64: Meaured Strains at the Ratrant Corner for Specimen GA.................. 296
Figure11-65: Measured Strand Slip of the Bottom Strand for SpecBden.................. 296
Figure11-66: Crack Patterns for Specimen 6B (a) Prior to Loading, (b) Service Load (V=

28.0 KIS )ttt ettt ettt e et e e e et et et e e e e e eeeas 297
Figure11-67: Crack Patterns for Specimen 6B at Failure (V= 59.6 kips) (a) East Face of the

Web, (b) West Face Of the Web..........oiiieeee s 298
Figure11-68: Measured Displacement for Specimen.BB.............ccccooviiiceeevvvviinnnnnnnn. 299
Figure11-69: Measured Strain in Dapped End Reinforcement for Specimen.6B.....299
Figurel1-70: Measured Strains at the-Betrant Corner for Specimen 6B.................. 300
Figure11-71: Measured Strand Slip of the Bottom Strand for Specimen.6B............. 300
Figurel1-72: Crack Patterns for Specimen 7A (a) Prior to Loading, (b) Service Load (V=

F2 S T O ] 1) RSP PPPPRPRRR 301

XX



Figurel1-73: Crack Patterns for Specimen 7A at Failure (V= 43.4 kips) (a) East Face of the

Web, (b) West Face of the Weh............cooiiioiiiii e, 302
Figure11-74: Measured Displacement for SPeCIMeN.ZA .......coovviiiiiiiiiieamiiiieeeeeeees 303
Figurel1l-75: Measured Strain in DappeddReinforcement for Specimen 7A.......... 303
Figure11-76: Measured Strains at the-Retrant Corner for Specimen 7A................. 304
Figurel1-77: Crack Patterns for Specimen 7B (a) Prior to Loading, (b) Service Load (V=

28.0 KIS )ttt teeeee ettt ettt ettt e e e s emar e et et et e e e e aaeens 305
Figurel11-78: Crack Patterns for Specimen 7B at Failure (V= 52.7 kips) (a) East Face of the

Web, (b) West Face of the Wel............i e 306
Figurel1l1-79: Measured Displacement for Specimen.ZB............cccccooiiiieeeerevvvnnnnnnnnns 307
Figure11-80: Measured Strain in Dapped End Reinforcement for Specimen.7B.....307
Figure11-81: Measuredbtrains at the Rentrant Corner for Specimen 7B.................. 308
Figurel11-82: Measured Strand Slip of the Bottom Strand for Specimen.7B............. 308
Figure11-83: Crack Patterns for Specimen 8A (a) Prior to Loading, (b) Service Load (V=

pZ R B (] 01 IO PP PPPPPPPPPPPPPR 309
Figure11-84: Crack Patterns for Specimen 8A at Failure (V= 44.3 kips) (a) East Face of the

Web, (b) West Face Of the Web..........ooiii e 310
Figure11-85: Measured Displacement for Specimen.8A...........cccceeeeiiiieeeevivvninnnnns 311
Figure11-86: Measured Strains at the-Retrant Corner for Specimen 8A.................. 312
Figure11-87: Measured Strand Slip of the Bottom Strand for Specimen.8A............. 312
Figure11-88: Crack Patterns for Specimen 8B (a) Prior to Loading, (b) Service Load (V=

pZ I B (] 1S PRSP PPPPPPPPPR 313
Figure11-89: Crack Patterns for Specimen 8B at Failure (V= 44.6 kips) (a) East Face of the

Web, (b) West Face of the Weh............cooioiiiiii e, 314
Figure11-90: Measured Displacement for Specimen.8B..........ccccccvviiiieeciiiiiieenenn. 315
Figure11-91: Measured Strain in Dapped End Reinforcement for Specimen.8B.....315
Figure11-92: Measuredbtrains at the Rentrant Corner for Specimen 8B.................. 316
Figure11-93: Crack Patterns for Specimen 9A (a) Prior to Loading, (b)&ekwad (V=

P R B (] 01 IO PP PPPPPPPPPPPPPR 317
Figure11-94: Crack Patterns for Specimen 9A at Failure (V= 51.0 kips) (a) East Face of the

Web, () West Face of the Web..........oiieeee s 318
Figure11-95: Measured Displacement for Specimen.9A............cccoeeeiiiieceevvvviiiinns 319
Figure11-96: Measured Strain in Dapped End Reinforcement for Specimen.9A.....319
Figure11-97: Measured Strains at the-Betrant Corner for Specimen 9A.................. 320
Figure11-98: Crack Patterns for Specimen 9B (a) Prior to Loading, (b) Service Load (V=

pZ I B (] 1S ORI 321
Figure11-99: Crack Patterns for Specimen 9B at Failure (V= 38.6 kips) (a) East Face of the

Web, (b) West Face of the Weh............oiiiiiiii e, 322
Figure11-100: Measured Displacement for Specimen.9B..............cevvvvieemeivvvvvnnnene. 323
Figurel11-101: Measured Strain in Dapped End Reinforcement for Specimen.9B...323
Figure11-102: Measuretrains at the Rentrant Corner for Specimen 9B................. 324
Figure11-103: Crack Patterns for Specimen 10A (a) Prior to Loadindgs€bjice Load (V=

2 I B (] 1) RSP PPPPPRRRE 325

XXi



Figurel11-104: Crack Patterns for Specimen 10A at Failure (V= 49.1 kips) (a) East Face of

the Web, (b) West Face of the Webh..........cccoooooiiiiiiiieeeii e, 326
Figure11-105: Measured Displacement for Specimen 10A............coooiiiiiiemne s 327
Figure11-106: Measured Strain in Dapped End Reinforcement for Specimen.10A.327
Figurel1-107: Measured Strains at the-Batrant Corner for Specimen 10A.............. 328

Figure11-108: Measured Strand Slip of the Bottom Strand for Specimen.10A........ 328
Figure11-109: Crack Patterns for Specimen 10B (a) Prior to Loading, (b) Service Load (V=
12 I I (] 0 1) OO PPPPPPPRR 329
Figurel11-110: Crack Patterns for Specimen 10B at Failure (V= 30.5 kips) (a) East Face of

the Web, (b) West Face of the Web.........cccoooo e, 330
Figure11-111: Measured Displacement for Specimen 10B..............ccociiiiceneiiiieene 331
Figurel1l-112: Measured Strain in Dapped End Reinforcement for Specimen.10B..331
Figurel1-113: Measred Strains at the Rentrant Corner for Specimen 10B............... 332
Figure1l1-114: Measured Strand Slip of the Bottom Strand for Speci@én................ 332
Figure12-1: Typical Finite Element Mesh for Full Scale Dapped End Beam............ 334
Figure12-2: Predicted vs. Measured Displacement for Specimen.1A...................... 336
Figure12-3: Predicted vs. Measured Displacement for Specimen.1B...................... 336
Figure1l2-4: Predicted vs. Measur@&@lsplacement for Specimen 2A............cccceevvvenen 337
Figure12-5: Predicted vs. Measured Displacement for Specimen.2B...................... 337
Figure12-6: Predicted vs. Measured Displacement for Specimen.3A...................... 338
Figure12-7: Predicted vs. Measured Displacement for Specimen.3B...................... 338
Figure12-8: Predicted vs. Measured Displacement for Specimen4A...................... 339
Figure12-9: Predicted vs. Measured Displacement for Specimen.4B...................... 339
Figure12-10: Predioctd vs. Measured Displacement for Specimen5A..............c....... 340
Figure12-11: Predicted vs. Measured Displacement for Specimen.5B..................... 340
Figure12-12: Predicted vs. Measured Displacement for Specimen.6A..................... 341
Figure12-13: Predicted vs. Measured Displacement for Specimen.6B..................... 341
Figure12-14: Predicted vs. Measured Displacement for Specimen.ZA..................... 342
Figure12-15: Predicted vs. Measured Displacement for Specimen.7B..................... 342
Figure12-16: Predicted vs. Measured Displacement for Specimen.8A..................... 343
Figure12-17: Predicted vs. Measured Displacement for Specimen.8B..................... 343
Figure12-18: Predicted vs. Measured Displacement for SpecimenA..................... 344
Figure12-19: Predicted vs. Measured Displacement for Specimen.9B..................... 344
Figure12-20: Predicted vs. Measured Displacement for Specimen.10A.................. 345
Figure12-21: Predicted vs. Measured Displacement for Specimen.10B.................. 345
Figure13-1: Predicted Nominal Shear Strength vs. Measured Values for Specimer8aA
Figure1l3-2: Predicted Nominal Shear Strength vs. Measured Values for Specimer84B
Figure13-3: Predicted Nominal Shear Strength vs. Mead Values for Specimen 2A 349

Figure13-4:
Figurel3-5:
Figure13-6:
Figurel3-7:
Figure13-8:

Predicted Nominal Shear Strength vs.
Predicted Nominal Shear Strength vs.
Predicted Nominal Shear Strength vs.
Predicted Nominal Shear Strength vs.
Predicted Nominal Shear Strength vs.

Measured Values for Specimer838
Measured Values for Specimer88A
Measured Values for Specimer88B
Measured Values for Specimer853
Measured Values for Specimer858

XXii



Figure13-9: Predicted Nominal Shear Strength vs. Measured Values for Specimer868
Figure13-10: Predicted Nominal Shear Strength vs. Measured Values for Specime3b6A
Figure13-11: Predicted Nominal Shear Strength vs. Measured Values for Specimeé35%9B

Figurel4-1: Elevation ofDapped End Full Scale Beam Specimen.............ccccccevvueee. 359
Figure14-2: Reinforcement Details for Specimen 1A ........cccovveiiiiiiiieeciiniiiieeeeeeeeeen 360
Figure14-3: Reinforcement Details for Specimen 1B............ccccooviiiiiiccciiiiiiiieee e, 361
Figure14-4: Reinforcement Details for Specimen 2A...........ouvviiiiiiiiieesiiiiiiieeeeeeeeee 362
Figure14-5: Reinforcement Details for Specimen 2B...........cccccooiiiiiiiccciiiviiciieee e 363
Figure14-6: Reinforcement Details for Specimen 3A..........uuviiiiiiiiiieesiiiieieeeeeeeeeee 364
Figure14-7: Reinforcement Details for Specimen 3B..........c.ccccoeeiiiiiiiccciviviiiiiiee e 365
Figure14-8: Reinforcement Details for Specimen 4A...........c.covveeiviiiiieeciiieiiieeeeeeeeenn 366
Figure14-9: Reinforcement Details for Specimen 4B..........cccccooiiiiiiiceciiviiiiieee e 367
Figure14-10: Reinforcement Details for Specimen 5A............oooiiiimmniic 368
Figure14-11: Reinforcement Details for Specimen 5B..............cccovvvvieeee e, 369
Figure14-12: Reinforcement Details for Specimen 6A.............coooiiiiemniicciie, 370
Figure14-13: Reinforcement Details fop8cimen 6B...............cccooviiviiiieeen e, 371
Figure14-14: Reinforcement Details for Specimen Z7A.............coooiieenniiiiee, 372
Figure14-15: Reinforcement Details for Specimen .7B..............ccccvvvveeee e, 373
Figure14-16: Reinforcement Details for Specimen 8A.............cooiiiieeniiiciiee, 374
Figure14-17: Reinforcement Details for Specimen 8B..............cccovvvvieeee e, 375
Figure14-18: Reinforcement Details for Specimen QA.............cooiiieeniiii, 376
Figure14-19: Reinforcement Details for Specimen 9B..............cccovvviieeee e, 377
Figure14-20: Reinforcement Details for Specimen LOA.........viiiiiiiiiianiiiieeeee 378
Figurel14-21: Reinforcement Details for Specimen 10B............ccccceeiiiiiieeeevvvvnnininnns 379

XXili



1.l ntroducti on

1.1 Background

Precast concrete construction provides several advantages especially when the speed of
construction is a concern. Precast concecetgstructionalso provids better quality control

than traditionakast in placeoncrete construction due to tbentrolledenvironment during

casting and curing process The advantage of precast concreteth® increasedof
construction by using large members of buildingsestressing the concrete structural
members enables longspansand carryng higher loadscompared to traditional reinforced

concrete members.

Precast double tees with thin steanewidely used irfloor systems oparking structures and
other buildingsA typical double tee beam lifted by a crane to be used in a parking structure
is shown inFigure 1-1. One detail often associated with double tee beams used in parking
garages is dapped end\ dapped ends created when the wetr the stenof the beam is
notched at the bottom cornehereforethe beanrelies on the reduced section to carry the
reaction Typically the end supports are dapped such that the bottom oftdma of the
double tes is leveled with the bottom of thesupportingledge beam The notch itself is
known dad tahned fit h e eteesettioe rerdainingoabove ttiap is referred to

as the nib, as shown Figure1-2. The dappeaonnection detail is especially important at

crossovers between spans in parking structsireethe overall depttof the double tee need



to be flush with the supporting ledge beaitypical double tee beatto-ledge connection

using a dapped end is shomrFigure1-3.

Figure 1-1: Typical Double Tee Beams in Parking Structures

Double Tee without Dapped End

Double Tee with Dapped End

Nib

epth of Ledge Beam——

Dap

E
&
&
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‘T

I

Figure 1-2: Double Tee Beam to Ledge Connection with and without Dapped Ends




Dapped End Beam

Figure 1-3: Typical Dapped End Connection in a Parking Structure

1.2 Problems Associated with Dapped End Beams

While dappedeinforcementdetails have generallgrovided adequate strengtmdesirable
cracks areoften observedeven at service loading conditions which could leadxteresive
repairs to address tbecrackswhen they gceed the limitation specified by the coda
many cases, the cracknay beattributedalsoto poor design aridr construction practices.
The design and detailing of a dapped end connecgqaire consideration ahe severe
stress concentration thatpically develops at the rentrant corneof the dap In general,
cracks are commonly seen at theergrant corner location as shown kigure 1-4 (a).
Inclined $ear cracks on the web fashown inFigure 1-4(b), are also very common due to
poor detailing or inadequate shear reinforcement in the hamgitudinal splitting cacks
may also occur along the bottom of the web due to high splitting forces generated by
inadequatadevelopment of the bars lap spliced with the prestressing strands martiosv

webas shown irFigure1-4 (c).



(@) (b)

(€)
Figure 1-4: Cracking Problems in Dapped EndBeams

Dapped ends are often subjected to high bearing reactions that nprspbdytransfered
from the reduced crossection of the nibinto the full depth section of the beam

Overstressing the niflrosssectionmay lead to correte crushing as shown kigure 1-5.



Concrete Crushing

Figure 1-5: Diagonal Concrete Crushing in the NibSection

In thin-stemmed dappegrestresseddouble tee beamgyrestressingstrand, web shear
reinforcement, andhild reinforcementmust beplaced inthe thin stem, that is about 4 inches
wide, with appropriate concrete covdre reinforementarrangemerst must be carefully
detailed and constructed to avoid interferences arehsoireplacement within acceptable
tolerance. One of the objectives of this research is to identifymhbst appropriate

reinforcement details that are both effective in cramktrol strengthand construetbility.

In addition to the reinforcement details, the forces in the mild steel reinforcement must be
also transferred to the prestressing strands using adequate splice Téregtquiredsplice
length of themild steelto prestressing strandsithin the prestresgransfer zone is alsan

important issue which could greatly affect the behavior of the dapped end



Currently the design of dapped end beams typically follows the provisicihe PCI Design
Handbook however dapped end reinforcing details are not standardiadn the industry.
This thesis presents a research program conducted at the Constructed Facilities Laboratory at
North Carolina State University in conjunction with the Prestressed Concrete INRi@ilje
to investigate the behavior of various dapped end reinforcement details in precast prestressed
doubletee beams. Multiple dapped end reinforcement details were examinstieiogth

and service level performance.

1.3 Obijective

The primary research olgves of this research can be summarized as follows:
1. Study the behavior of current ammoposed reinforcement details fdapped ends of
thin i stemmedrestressed members
2. Determine analytically and experimentally relevant design parameters
3. Study the bondnechanism of conventional steelthe prestressing strandgthin the
transfer length of the strand at the end of the beam.
4. Develop designrecommendations fodapped ends of thiiistemmed prestressed

concrete members.



1.4 Research Scope

The combination bexperimental and analytical work outlined below was undertaken to

achieve the research objectives.

1. A literature review was conducted to explore the background and previous
researches related to thin stemmed dapped end beams. The review iatdoded
current industry practice in terms of the reinforcement details used in dapped
ends and other parameters.

2. Perform nonlinear finite element analysis to investigate the performance of
various reinforcement schemes for the dapped ends in addition to examining
effects of relevant parameters on the behavior.

3. Examine experimentally the splice length of mild steel to prestressing strands
within the transfer zone of the strandsplsplice specimengere designed to
simulate the condition of typical end zone of dappmd thin stemmed
prestressed concrete members.

4. Based on the finite element analygierform an experimental program using
full-scale prestressed dapped etwd examine the performance of various
reinforcement schemes for the dapped ends in addition & @dwrameters
believed to affect the behavior.

5. Use he analytical and experimental results to develop practical design
recommendationgor dapped ends of thini stemmed prestressed concrete

members



2. Literature Review

Several studies have been reporeghrding analysjsiesign and testing of dapped end thin
stem members. The literature indicates that testing and analysippéddand thirstem
members hadeen performedand usedto developthe currentdesign guidelines and
reinforcementdetails recommended by PCI Several reportdhave also been published
presentingevaluation of specific reinforcement schemes, performance of the splice between
the prestressing strand and reinforcing steel,design concepts includingevelopment of

strut and tie mdels (STM).This chapter briefly reviewthe currentdesignprocedureand
detailingof dapped end beams asdmeof the notable publishetesearchwork related to

dapped end beams.

2.1 Current DesignPractice

The methodology provided in threurrentPCl DesignHandbook, 7th edition, for designing
dapped end beams is based on classical shear andratiear theory. The method is based

on maintaining equilibrium oforces acting across potential failure plangse procedure
conservatively treats the dapped eddtails as reinforced concretdy ignoring the
prestressing effecand the reinforcemesitwithin the nib regiorare determined based on the
assumption thatib behaves as an inverted corli&lacking and potential failure planes that
have been observad dapped double tee beams, including distress in the nib above the
bearing, as well as horizontal and inclined cracking in thedegith sectionare shown in

Figure2-1(a).



(9]

A
‘NU_I @ e-entrant Corner, Z

VYu
(a)
/—AV
‘ri | | e | Ah
d —1HH /_ 1 d
h UL As
L o] | o | | ’/ . D H
41.? Ash /e |d —..4 /
Vu
| A'sh
'::F :.
s Id -
(b)
Figure 2-1: (a) Potential Failure Modesfor a Dapped End and (b)Required Reinforcementfor
a Dapped End

According to the PCI Design Handbook (2010), there are five possible failodes for a
dapped end connectipas shown irFigure 2-1(a). (1) Flexure and axial tension in thmb,

crack 1;(2) drect shear at the junction of thmeb and thefull depth section of the beam,



crack 2;(3) dagonal tension emanating from theenetrant cornercrack 3;(4) dagonal

tension in thenib, crack 4;and (5)diagonal tension in thill depth sectn, crack 5

The bars labeledds, in Figure 2-1(b), ar e referred to as Ohange
anchorage provided by the horizontal extensid@gy) bent toward the full depth section of

the beamThe hanger reinfe@ementserves to transfer the vertical reaction at the nib to the

full section of the beam artd resist the diagonal tension cracking from them&gant corner

(crack 3) and in the full depth section (crack &)own inFigure2-1(a). The bars labeleds

in Figure2-1 (b) arereferredt o as o6ni b f | e x wareaehuired éoi resistmg ¢ e me r
the cantilever bending and axial tension in thie As indicated inFigure 2-1(b), the PCI

Handbook requires th&s and Ag, reinforcement to be extended past the critical diagonal

crack failure plane indicated as crack 8istance not less than the development lengtheof

bars,lq. The bars labeledy, and A, in Figure 2-1(b) arerequired for resisting the diagonal

tension cracking in theib indicated as crack.4

Current design equations fproportioning thedapped end reinforcement are provided in
section 56.3 of the ¥' edition of the PCI Design Handbook (201The PCI design method

specifies hanger reinforcementg,Ato resist the diagonal crack emanating from the re
entrant cornerThe requiredhangerreinforcement can be determined using the following

equation:

v | ’T T Eq.2-1 (PCI Design handbook, 2010)
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Where:
V., is the factored vertical dap reactic',is yield strength of the mild steel and” is the

capacityreduction factor which is 0.75due tothebrittle nature of the failure.

The nib flexural reinforcement, A is determined in a manner similar to that for column

corbels using the following equation:

Eq.2-2 (PCI Design handbook, 2010)

<>
o

Where:
a is theshear span, measured from load to centersgfdAis thedistance from top to center
of reinforcement A h is the depth of component above dapd No is the factored

horizontal dap reaction.

Thenib vertical shearreinforcementA,, is required to residghe diagonal tension cracking in

thenib. This reinforcement can be determined ushgfollowing equation

= = i I/Ilqra Eq.2-3 (PCI Design handbook, 2010)

Where:
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b is the width of component abovelap Ia{%is the specified compressive strength of

concrete, ¥ is the modification factor for density of concrete

The nb shear friction reinforcement,,As required to resiglirect shear at the junction of the
nib and thefull depth section of the beam. It also resists the diagonal tension cracking in the

nib. This reinforcement can be determined ushgfollowing euatiors:

= T —k Eq.2-4 (PCI Design handbook, 2010)
M L ’
0 ™ O —  Eq.25 (PCl Design handbook, 2010)
Where:
e am AN D TG
© AAARAT ACO oxmw&&w—i

M is the coefficient of friction used in shear friction calculations.

The thin stems of prestresséegk members are usually too tight to accommodateger
reinforcement in the shape dbsed stirrupshown inFigure2-1(b). Therefore, a bar bent as
C-shapecommonly known as ®ar is used as @@mmon alternativas shown irFigure2-2.

The Gshaped hanger reinforcement detail shown is commonlylséteindustry. The bar

is anchored at the upper end by extending its upper leg in the compression zone while the

lower end is anchored by extending it along the bottom ofvtie

12
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Figure 2-2: C-bar Alternative for Hanger Reinforcement

According to the PCI Design Handbook, axial tension force should be considered in the
design of dapped ends. The PCI Design Handbook recommends applying a horizontal force
(Ny) assumeds20 percent othe sustainederticalload, V, due tothe appliedultimate load.

The vertical loads are due to dead and live loads. The applied horizontal force can be induced
due to possible friction of the bearing pads. It also accounts for possible forces induced due
to temperature and volume changes. The ratiax@ force tothe vertical load has been

debated in design of bearing connectiand several values were propog@thths, 1984)
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The American Concrete Institute CodeC1318-14 permits using the strut and tie method
(STM) for designing structural membeas disturbed (discontinuity) regions such as changes
in member geometry or at concentrated loads locatidhe dapped end connection is
considered a discontinuity regiomhere the assumption of plane sestidgemaining faneis

not valid The STM model chosen should be consistent withréiigforcement detail®f
dapped endt model theflow of forcesdevelopedn the dapped end. The development of
cracks in concrete igsypically perpendicular to the orientation of tesrsiforcesin the
member.Therefore, ompression forces are generally in alignment with the cradies ACI
provisions do not account ftine prestressing force in the STiodel Since the prestressing
force is not fully transferred in the dapped end reggm designing without considering
prestressing is usually considered conservaiigure 2-3 showsone of the possiblI&STM
modelsfor a dapped end connection. Strsit®wn by dotted lineare typically parallel to the

diagonal tensiorracks while ties should coincide with the looatof mild reinforcement.
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Figure 2-3: STM for a Dapped End
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2.2 ResearchStudies

Wener and Dilger (1973) conducted research on posttensioned concrete stepped beams
known today as dapped end beams. WenerDQilger tested five prestressed beams with
overall length of7 feet and 8n. and rectangular cross section 6.75 x 13 in. The main
variables of the study were the type and amount of shear reinforcement. They also examined
the effect of horizontal reactiom iconjunction with the vertical reaction using an inclined
plate with a roller at one end and a pinned reaction at the other end. This inclination resulted
in an applied outward horizontal reaction equal to 50% of the vertical dap reaction. This
research lao studied the shear force required to cause first crack at-#mresmt corner and

if this shear force can be considered the concrete contribution to shear strength of the dapped
end. Some of their test specimens exhibited premature failures at tieraagec regions of

the posttensioning bars and had to be externally reinforced in those regions. One of the test
beams exhibited a flexure failudue toconcrete crushing at the midspan section of the
beam.Wener and Dilger recommended that theitontal bars at middepth (As steel in

Figure 2-1) mustextend at least a distance equal to ltkeam depth beyond the-eatrant

cornerand should be provided with downwdrdoks to ensure anchorage

Hamoudi, Phang, and Bierweiler (1975) tested eight prestressed dapped end beams with Tee
cross sections. The study investigated the effect of various parameters on the behavior and

mode of failure such as geometry of dappedoreg) types of web reinforcement, prestress

level, length of shear span and amount of prestressed reinforcement. The beams had a span of

30 feet with various cutouts at the bearing areas. The research results indicated that the shear

15



cracking load was theltimate capacity for dapped ends with ptestsioned rods only, while
dapped ends reinforced with mild steel, the web reinforcement carried loads beyond shear
cracking. The results also showed that prestressing the dapped zones prevent shear cracking

of thedapped ends aerviceloads.

Mattock and Chan (1979) conducted an experimental investigation on reinforced concrete
dapped end beams subject to vertical load only and to combinations of vertical and horizontal
loads. Based on their test results ancshguequilibrium conditions, a design procedure for
reinforced and prestressed dapped end beams was proposedvasbiater formulated and

used aghe design procedure currens8pecifiedby the PCl Handbook. Mattock and Chan
considered the nib of a dappedd as an inverted corbel and that the vertical reaction must
be resisted by a tension force in the stirrup reinforcement placed close to the full depth end
face of the beam. They recognized that the critical failure planes of a dapped end were a
diagon&crack originating from the rentrant cornercrack 3 inFigure2-1(a) and the bottom

corner of the webgrack 5 inFigure 2-1(a). Mattock and Chan investigated the design
method for dapped end beams by testing beam specimens with varying amount of dap
reinforcement. Eight dapped ends were tested, four subjected to verdidabrity and the
remaining four were subjected to combination of vertical and horizontal loads. The beam
specimens were 10 feet long and all the nibs were 8 in. long and 12 in. deep. The dapped
ends were tested individually by testing one end then turhi@goéam around to test the

other end.

16



Mattock and Chan (1979) recommended that the reduced depth part of the dapped end (nib)
may be designed as a cor b eHigureilip)hequal tostiee a r S |
distance from the vertical load to the center of gravity of the hanger reinforcementhe

researchers also recommended using a group of closed stivatpsould be provided close

to the end face othe full depth beam to resist the vertical component of the inclined
compression force in the nib. The main nib reinforcement, labeledFAgure2-1(b), should

extend into the beam beyond the point where intersected by a diagonal tension crack
originating at the bottom corner of the beam a distance not less than the development length.
The research provided design equations for proportioning the various compaingsypped

end reinforcement shown Kigure2-1(b).

Mattock and Theryo (1986) conducted research in conjunction with the Prestressed Concrete
Institute (PCI) to attain better understanding of the behavior of dapped ends in thin stemmed
members and develop reinforcing schemes that combines both simpliepplafation and
economy of fabrication. Thexperimental researdhvestigated the behavior of five dapped

end reinforcement schemes for thin stemmed prestressed concrete mdfthees2-4

shows the reinforcement details tested by Mattock and Théhgostudy tested five different
hanger reinforcement details, including vertical and inclined hanger details. The experimental
program involved subjecting full scaledams 16 feet long to a combination of shear and

outward tension at the bearing plate.

17
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Figure 2-4: Reinforcement Schemes$or Dapped End BeamgMattock and Theryo, 1986)

Based on thdehaviorof the five reinforcing schemebattock and Theyroconcluded that
the inclined hanger reinforcement detail performed better than the vertical hanger detail
schemes in regards of stggth and crack control.€Bt results also indicated that using a 180

degee loop at the top of the hanger bar provide good anchorage for the hanger reinforcement
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and this was evidenced by developing the yield strength of the hanger reinforcement before
failure. Theresearch indicated algbat orientation of the loop is critad, since it can act as
an effective anchorage if compressive stresses in the concrete act across the plane containing

the loop.

Mattock and Theyro also examined the effect of passing prestressing strands through the nib
section. This was done by testisgecimens with half of the prestressing strands drapped
through the nib and specimens with no strands in the nib. Test results indicated that draping
half of the prestressing strands through the nib resulted in redtlengtresses in the
reinforcemerg and reduce the width of crack at service loa@ssed on this result, the
researchers recommended that not less than half of the prestressing strands be draped through
the nib. However, locating strands higher in the section, such as in the nib, detreases
bending strength and flexural efficiency at rsjgn. This can be avoided by harping strands

near midspan but this requires additional hardware and can be critical operation to perform

on tensioned strands in the form work.

Mattock and Theyro also ecemmended that the horizontal extension of the hanger
reinforcement in the bottom of the web should not be less than 1.7 times the specified
development length for the reinforcing bars used in order to develop the yield strength of the

hanger reinforcement
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Mattock and Theryo also suggested that the shear strengtbf e full depth web located
adjacent to the dapped end can be taken equal wwheéreV.is equal to lesser of ;; and

V., calculated for the section distance h/2 from the end ofulhelepth web. They also
recommended that the buildup of prestress along the beam and the effect of the tension force

acting on the dapped end should be considered when calculatarglV ..

More recently, Nanni and Huang (2002pnducted an experimtl validation for an
alternative reinforcing detail for the dapped ends of prestressed doubleigees2-5 shows

the alternative reinforcement detail proposegl Manni and Huang.The experimental
program consisted of two prestressed double tee beams with 3 prestressing strands located
below the nib and four strands above the st results indicated that the alternative Z bar

reinforcement detail was suitaldte use in the dapped end region
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Figure 2-5: Alternative Z Bar Reinforcement Detail (Nanni and Huang, 2002)
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NagrodzkaGodycka & Piotrkowski (2012) conducted an experimental study to investigate
the effectinclinedloadsascompared taerticalloadsonly. The objective of the study was to

gain better understanding of tiséate of stresses, cracking, and |l@adrying capacity of
dapped endsThe experimental program consisted of testing 12 dapped ends as both ends of
six beamsThe researchers tested specimens in pairs, one with only a viédalnd the

other an additional outward horizontaadequal to 50% of vertical.

A test stand wasdesignedto induce an outwardhorizontal tensionload acting
simultaneously witlihe verticaload The angle of inclination of the stand was adjusted to 63
degrees to the horizontal to induce a horizontal component that is 50% of thel vertica

componentThe test setup used is showrFigure2-6.
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' o~ o P .
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100 100
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Figure 2-6: Test Stand for Dapped End Beam Subjected to Inclineoad
(Nagrodzka-Godycka & Piotrkowski, 2012)
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The researchers observed that crpakterns for the dapped end subjected to inclined load
was different from those loaded with vertical loawly. For the dapped ends subjected to
inclined loads, @acking initiated at lower load level as comparedthose subjected to
vertical loads only. Test results of the study indicated that imposing a horizontal load equal to
50% of the vertical load resulted in 25%-cdease in the load capacity of a dapped end.
Inspection of crack patterns indicated that the crack width exceeded 0.012 in. in dapped end

beams under service loads.

Mattock (2012) suggested a simplified Strut and Tie truss model that is more consigtent w
the actual behavior of the dapped end as compared to other mbldedgamined the model
providedby FIP Recommendation&IP Commission 3 "Practical Design”, 199@éhich is
reproduced herein &gure2-7, and concluded that this model predicted forces in the hanger
reinforcement that were inconsistent witie testresults The FIP model implies that the
total tension in Tie AD mudie resisted at Node D by the horizontal component of Strut CD
acting with Tie DF as a Truss. 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 oduddenly at Node D ahown inFigure2-7. Hence, there is no need for Tie

DF to act in conjunction with Strut CD to redise force iffie AD.
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Figure 2-7: Strut and Tie Model Truss given in the FIP Recommendations

Mattock suggested instead a simplified Strut and Tie model with an anchorage fgrce (P
resisting Tie AD and an inclined compressive force) (fsisting Strut CD shown in
Figure2-8. He assumed that the inclined compressive forcg iPpart of the overall truss
action in the full depth beam consistingtbe concrete at the top of the stem and in the
flange of the tee beam. The anchorage forgeigiprovided by the extension the reinforcing

steel of Tie AD through node D.
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Figure 2-8: Simplified STM for a Dapped End (Mattock, 2012)

Forsyth (2013)tested four 30 feet longrestressedlapped end bearnst the Constructed
Facilities Laboratory at North CaroliratateUniversity. The four beams enabled study of

eight reinforcing schemes that were devetbpe examine various selected parameters
affecting the performance and strength of dapped end b&amspecimens were configured

to study variables believed to have a significant effect on performance. Five parameters were
selected for studying includingnclination of hanger reinforcement, radius of the bend in the
hanger reinforcement, inclusion of an additional shear reinforcement basket, passing one
strand through the nib, and a held back flarkggure 2-10showsa specimen with inclined
hanger configuration tested by Forsyth (2013). The same test procedure was applied to each
specimen, and a comprehensive test design was conceived to include cyclic loading and

normal force due to bearing friction in addition to the main vertical reaction.
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Figure 2-9: Specimen L3B (Forsyth, 2013)

Results of the experimental program indicated thiure of all specimensccurred through

the full depth of the section across a critical diagonal cradie r8sults also indicated that
inclined hanger detail performed better than the vertical hanger detail in regards of strength
and crack control. The inclined hanger steetéased the capacity of the dapped end beams

by nearly 30% as compared to similar specimens with vertical hanger €esérvation of

the cracking patterns during the tests indicated that the onset of cracking was delayed in
specimens using inclined hargreinforcement. Forsyth also investigated the effect of
passing one strand into the nib on the behavior of dapped end beams. The results indicated
that passing one strand through the nib improved cracking performance, as compared to an

identical specimewithout strands in the nib.
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Forsyth investigated the performarafethe verical and inclined hanger bars anchored at the
top endusing a 180 degree loop transverse to the longitudinal axis of the beatresults
indicated that looping the hangsteel with a 180° bend provides enough effective positive
anchorage to yield #4 reinforcing bars. Yielding of the hanger bars was evidenced by the
measurements of strain gages installed on the Barsyth suggested two strut and tie
(STM) modelghat ca be usedo design dapped end beams with vertical and inclined hanger
reinforcement detailsThe STM modek matched the observed cracking and behavior of the

specimens

2.3 Splice Length of Mild Steelto Prestressed Strand

The PCI design handbook recommgadchoringthe hanger reinforcemehy extendingthe
hanger baralong the bottom of the weblhis detail creates a splice between the horizontal
extension of the hanger reinforcement & in Figure 2-1b) and the prestressing strands

in the bottom of the welMattock and Abdi€1988) conduted an experimentgrogramto

study the transfer of force between reinforcing bars apdestressingstrand when lap
spliced They recommended that the horizontal extension of the hanger reinforcement should
extend not less than 1.7 times the specified development lengtiderto develop yield

strength of the reinforcing bars.

Mattock and Abdie tested ptesssed concrete prisms with two reinforcing bars of equal

length protuding out one end of the prism showrFigure2-10. Tension was applied to the

protruding barswhile the concrete prismvas restrained byn embedded steel fixture.
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Mattock and Abdie préensioned each strand to 50% of yield priocasting and transferred
the prestressing force gradually to the concrétesir experimental prograroonsisted of
eleven specimens cast in pairs with variatiorthef size of the reinforcing steehd the lap
lengthof the reinforcing barso thestrand.They concluded that as tHappedlength of the
barsincreasedthe ultimatecapacity of the splice increas€hey povided an equatiorto
calculate the lap length requirénl developthe yield strength of small diameter reinforcing
bars Using this equation, Mattock & Abdishowedthat the required lap length tause
yielding in two #4 bargyrade 60 steel splicad one pretensioned strand 55 inches, much

longer than the development lengitecified byACI code
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Figure 2-10: Lap Splice $ecimens Mattock and Abdie (1988)
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Forsyth (2013) tested eight lap spliggesimens with a configuration similar to those tested

by Mattock and Abdie. The lap length of the splice between the reinforcing bars and the
strands was varied in the specimens to determine the required length to develop the yield
strength of the mild reforcing bars. Lap lengths equal to 1, 1.6, 2.3, 3.6 and 4 times the
standard bar development length, as specified by ACI 3184 were examinedn the

program.

Three different failure modes were observed during the tests includsgyofstrand bond,

rebar pull out and rebar rupture. Specimens with short lap lengths exhibited rebar pullout
failures while specimens with longer splices achieved higher ultimate capacity and yielding
of the reinforcing bard-orsyth concludethat a lap length of 1.7 tirsehe value specified by
ACI318-14 appears sufficient to yield a #4 bar in a-tastrand splice typical of those found

in the bottom of dapped end members.
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2.4 Challenges to Current Practice

Based on the literature review presented in this chagiterdesign and construction of

dapped double teesuld bechallengingdue tothe followingreasons

1. The dappecend connectiors a discontinuity region, where the assumptions of plane
sections remaining plane do not apply.

2. Cracking should be expectagiven relatively high stress levels, notch effects, and
section changes in the dap regibmparticular, inclined crackingmanating from the
re-entrant corner upwards towards the web flange junction.

3. Inclined shear cracks in the full depth section amy v®@mmon under service loads
owing to design or construction deficiency.

4. Longitudinal splitting cracks along the bottom of the web are also common due to the
high splitting forces generatddom developmentof the mild reinforcing bars and
prestressing sinds in addition to insufficierdonfinementy thevery tight space of
the stemwidth.

5. Pretensioning strandyeb shear reinforcement, and intersecting mild reinforcement
are all competing for space in stems that are only abOinehes wide.

6. Unlike bottomsupported members, compression from the bearing reaction is not
available to help resist longitudinal splitting due to bursting from development of
pretensioning strana@nd mild reinforcement bars

7. The reinforcing arrangements must be carefullyaiteed and constructed to avoid

interferences and tenssureaccurateplacement within acceptable tolerance.
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Since the double tee stems are not wide enough to accommodate closed stirrup
reinforcementthe Gshaped bars, shown KFigure2-2, can be used as an alternative
reinforcement;however,it is believal that the top legpf the C barshould extend
outward over the bearing rather than inward toward$sgpan to more effectively
engagepossible diagonal tension cracking in the nib section

Force transfer between the horizontal extension of the hanger reinforcement and the
pretensioned strands at the bottom of the web provides the horizontal forcedequir

to equilibrate the inclined strut that transfers the shear force at the end of the beam.
The lap length between the hanger reinforcement and the prestressing strand should

besufficientto develop the yield strength of the hanger reinforcement bars.
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3. Finite El ement Anal ysi s

Norntlinear finite element analysis was usedrtodelthe behavior of the dapped end of thin
web of typical doubletee members tgtudythe effects of various parametdsslieved to
affect the behavioand to identify the most promising reinforcement schemes that can be
used for further evaluation by testinthis chaptesummarizes the methodology and results

of the analysis

3.1 Finite Element Program

This section presents a brief description of the fundamentals cfefleetedhonlinear finite

element prograncommercially known asi ATENAO wused to model t he
end beams considered in this study. The ATENA program is specifically tailareubifio

linear analysis of concrete structures offering constitutive models and tools to model both
reinforced and prestressed concrete members and structures. This chapter describes the
calibration process used talibratethe finite element prograrbasedon reportedmeasured

experimental results from the literature.
3.1.1 Concrete Material

The oncrete materiavasmodeled using a predefined material model in ATENA known as
ACC3DNonLi nCe&mértiist impusd is a fractwsicae pl as
orthotropic smeared crack formulation and crack band model. It employs Rankine failure
criterion, exponential softening, and it can be used \aated or fixed crack modeThe

model isbased on smeared crack approach where cracks are assumedirdobaly

distributed within the @ncrete volume. The cracks are developed when the principal stresses
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exceed the tensile strength of concrete. The shear strength of cracked concrete is determined
using the Modified Compression Field The@soposed bywecchio & Collins (1986) A
reduction of the concrete compressive strength is also considered in the direction parallel to
the cracks. Another feature of ATENA's model is its capability to simulate the contribution

of the cracked concrete to the stiffnedsthe reinforcement, which is defined as tension
stiffening. More details of the material properties are available in the manual published by
Cervenka Consulting(2011a) The concrete model was defined by specifyirfte t
fundamental properties such as tBleast i c mo d u | u s tensil® etiergth,o n 6 s
compressive strength afccture energpf the concrete

The ATENA finite element library includesetrahedral, brick and wedghaped 3D solid
elements. A 2hode brick element, shown kFigure3-1, was selected to modle concrete

in this research

CCISoBri
CCISoBri

5
SELEEEE S
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=
3

v

Figure 3-1: 20 NodeBrick Element(Cervenka Consulting, 2011a)
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3.1.2 SteelMaterial

The steel material for theeinforcement bars and prestressed stravasmodeledusing a
bilinear stressstrain relationship s shown inFigure 3-2. The steel material model was

defined by specifying thdastic modulusyield strength andhe plastic modulus.

Sress o

Strain e

Figure 3-2: Bilinear Stress StrainLaw for Reinforcement (Cervenka Consulting, 2011a)

Thereinforcemenbars and prestressing strawadsre modeledisingdiscrete segmental truss
elements Perfect bond between theeinforcementbars and the concrete elenemwas

assumed for all models.

Development of the prestress force over the transfer length of the strands was modeled by
meshing each strand as a series of coincident reinforcement bars. For Zgiwestrand, 7
reinforcement bars were meshed, eaahbieing 1/7' of the total area of the strand, and each

bar starting 1/7 further away from ta end of the specimen than the previous die first

bar starts at the end of the beam, and the last bar starts at the end of the theoretical strand
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transfer éngth. This meshing is illustrated kigure 3-3. The effective prestress stress level
after losses was applied to all meshed Hasmg this modeling approagctheprestress force

was gradually built up in seven increments over the transfer length.

Transfer Lengtl

Strand $ = % ﬁ‘_—“

Diameter ' ' Each segment has 1/7 of
total strand area

I

Figure 3-3: Modeling of PrestressingStrand

3.1.3 Analysis Solution Technique

The NewtonrRaphson methoevas implemented in ATENA taonvergethe solution The

method schematically illustratedn Figure 3-4, is an iterative solutiormethod used to
determine thenonlinear response of the structure subjected to prescribed load
displacemenincrementsup to failure.Load control method wassed in this study, wherein

the load was increased monotonically in a series of discrete steps. At each load step, the
NewtonRaphson methodvas applied, and the program iteratively changed the model
displacements until the model equations were satisfighdin an acceptableonvergence
criteria. If the program was unable ¢onvergewithin a specified number of iterations, the

structure was deemed unstable, and the analysis was terminated.
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Figure 3-4: Full Newton Raphson method Cervenka Consulting, 2011a)

3.2 Calibration of Finite Element Models

The mesh, material, and solution parameters of Enenbdels were calibrated using reported
test data of beam specimens tested by Forsyth (2013). The folleadtignsdescribe the

reporteddataused in the calibration process
3.2.1 Measured Dataused inthe Calibration Process

The measureddata usedo calibrate the modelaiere based on tespecimens tested by
Forsyth(2013). Typical test specimen used in the calibration of the FE models is shown in
Figure 3-5. The tested beams were-8ibt long, 30 inhies deep and-thot wide single tee
beamconfiguration. The experimentalprogram includedour specimens with dapped end

and each end was tested individuahgsulting in a total of 8 test¥he beams were loaded

with two concentrated loads positionedGit 4dnd 1@ feei from the end as shown in
Figure 3-5. The tested dapped end was loaded in a manner that simulated realistic loading

conditions of a fullscale ®-foot double teenember
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Figure 3-5: Typical Test Beam used in Calibration of FE ModelgForsyth, 2013)

N—

The load was increased incrementally to service load lefedy whichthe beam was
subjected to cyclic loadinganging from load equivalent to dead load levelatdoad
equivalent toservice load levebf a typical 60 feet log singletee beam The loadwas
increased incrementally tihe factored load level anfinally to failure. To account for the

effect of the horizontal tension force transmitted through dapped ends, the beams were
supportedby a pin fromone end andn inclined link support at the other end as shown in
Figure 3-5. Thelink support was inclined by ldegrees from the verticalanein order to

induce a horizontal eetion that was approximately equal to gércentof the vertical
reaction. The pinvaslocated 5 feet away from the other dapped and, provided resistance

to thehorizontal and vertical reactions at that locati¢iourdapped ends were designassd
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iMO seri es, foumddppet krelsveretdésigmated a8 L 0 s Ehe M sesies
specimens had vertical-¢hapeddap reinforcemenas shown inFigure 3-6. The L series

specimens had inclined$haped dap reinforcement as showRigure3-7.
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Figure 3-6: Dapped End RegionReinforcement Details for M series Specimen@-orsyth, 2013)
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Figure 3-7: Dapped End Region Reinforcement Details for L Series Specime(fsorsyth, 2013)
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The hanger reinforcement in both types of specimens was terminated with a loop at the top.
The horizontal flexural steel consistedtafo #4 or #5 bars that were welded to the bearing
plate. Some of the specimens had strands in the Hil®e M series beamsere cast using
concrete with an averageeasuredompressive strength 6600 psj and the L series beams

had an averageneasuredconcrete strength of900 psi The yield strength of the steel

reinforcementsed in the beamaried between 69 ksi and K&i.

3.2.2 Calibration Methodology

Finite element model wassed to model each testgplecimen tested by Forsyth (2013) using
ATENA program as shown iRigure3-8. The dap reinforcement was modeled to match each
reinforcement detail as shown kgure 3-9. The basic material properties of concrete and
the reinforcement were inp in the model based on the average measured values. Perfect
bond was assumed between the steel elements and the concrete.

The inclined link support at the tested end of the double tee was modeled by rotating the
local axis of the supporting line at thase of the end bearing plate by 11 degrees. The other
end of the beam was restrained in the global horizontal and vertical directions. The loads
were applied at two concentrated loads acting on loading plates that were positioned and

spaced to simulate éftest setup.
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Figure 3-8: Typical Layout and Mesh of Test Specimen

Figure 3-9: SteelReinforcement in the Dap Region for M Series Beams
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In this analysis,ypically, failure of a dapped ematcurredwhen the principal compressive
strainin the concrete strut regions located between diagonal craaksequal to oexceeded

a limiting value ¢ 0.002 as shown irFigure3-10. A principal compressive strain of 0.002
was considered by sevenasearcherss the strain level at which the concrete is crushed
between theshearcracksalongthe diagonaktruts (Vecchio and Collins, 198 Bentz et al.,
2006. Suchfailure criterionwas alsausedin finite elemenimodeling of the kshaped beams

by Hassaret al (2007)

Figure 3-10 illustrates this condition. IrFigure 3-10, black lines represerthe diagonal
cracks, and the regioshaded in red is the portion of the beam with compressive strains equal

to or exceedd0.002 strain.

<0.000E+00;2.757E-01> [in], SN<-1.256E+00;-1.256E+00> [psi], ST<5.599E-04;5.599E-04> [psi] -2.000E-03
-1.750E-03
-1,500E-03
-1.250E-03

Red-zones-have-principal- s

compressive-strains-greater-than- 7.5006-04
0.002-valueq -5.000E-04
-2.500E-04
0.000E+00

Figure 3-10: Distribution of the Principle Compressive Strains at Failurefor L3B
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Test esults of tle beam specimens tested by Forsyth (2013) were used to calibrate key
parameters required for the finite element models. Those parameters were adjusted based on
comparing the response predicted by the FE model to the measured behavior of the beam

specimensThe parameters and their final calibrated valuegiaenin Table3-1.

Table 3-1: Calibrated FE Model Parameters

Parameter Calibrated Value Note

20-node quadratic

. Performed better than linear brick eleme
brick element

Element Type

Material property defining postracking
behavior of concrete
Mesh Size 4 inches Dimension of finiteelements
Load Increment 1.5 kips Value of each load step

Fracture Energy, 10.4e4 kip/inch

3.3 Validation of Finite Element Models

This section compares the results of the analysis, using the calibrated finite element models,
to the measured values of theam specimens tested by Fors{@013) The comparisons
between the analytical and test results are presented in terms afelbection behavior,

ultimate loads and width of cracks at service limit state.
3.3.1 Behavior of Test Specimens

Behavior of most of the dapped end specimens testémdisyth (2013¥ollowed almost the
same patternTypically the first crackappeared in the dappead region at the rentrant
corner. This initialcrack propagated gradually bgicreasng the applied load. In most
specimens excefpor those with strands the nib region, this crack startemlbecomerisible

at load equivalento the service load level. Ténmeasuredrack width ranged from 0.005 to
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0.01 inclesfor the L-series beams and from 0.01 to 0.02 inches for treeiks beamd he
ultimate failureoccurred as a result of a major diagonal cragtending from the bottom
corner of thestemto the sterflange junctionas shown inFigure 3-11. All failures were
relatively sudden and without warninBhis abrupt diagonal tension crack was accompanied
by flexural cracksiear the bottom of the stesuggesting possible bond failuretbe bottom
strands. Strand slip was observed concurrentfeithation of the failure crack implying that
the failure of theL and M-series specimenwas triggered by slipping of the prestressing
strands. The L series specimendich have inclined hangeeinforcing steel performed
better than the M series with the vertical hanger reinforcemeatrimsof strength and crack

control.

It has been premised that ultimate failure occurred due to bond slip between the prestressing
strands and the bottom néorcing steel, as evidenced by the vertical cracking in the bond
region as shown irFigure 3-11. Bond between the prestressing strand and the bottom
reinforcing stekis necessary to provide the tie mechanism required to equilibrate the

horizontal component of the diagonal compression strut.
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Figure 3-11: Beam L3B after Failure (Forsyth, 2013)

3.3.2 Prediction of the FE Analysis

In general the FE model was able to predict the behavior, minor cracks indtatteel re

entrant corner of the dap at very low load lewelgch graduallypropagated witlincreasing

of the applieddad as shown ifrigure 3-12(a). The predicted crack widths at servicad

levels variedbetween 0.005 and 8 inchesAs the load increasebleyond service load

cracks developed in the full depth section starting from the bottom corner of the web and
eventually propagated upwards to the ¥labge junction as shown ifigure 3-12 (b).

Those cracks had an inclined angle ranged between 30 to 45 degrees from the horizontal.
Some vertical cracks were also observed at the bottom of the stem in the end region prior to

failure.
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Figure 3-12 Crack Pattern Prediction at Different Loading Levels for L3B

3.3.3 Comparison of Analytical Predictions to Measured Values

The following sections show the comparison between the behavior and failure mode
predicted by the FE analysis to that measured for specimens L3B, L3D, and M4D tested by

Forsyth (2013).

3.3.3.1 Specimen L3B

Specimen L3B was designed to have the inclined L reiafoent scheme with additiondl
shaped welded wire reinforcement placed close to teatrant corneof the dapped end\
comparison of the loadeflection behavior of specimen L3B, as predicted by FE analysis
and the measured values is showrFigure 3-13. Figure 3-14 shows the contours of the

principle compressive strains filure where the red zones indicate the regions that were
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equal to or exceeded 0.002. The predicted failure load was 65 kips, which is 3 percent less

than the measured value.
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Figure 3-13: Predicted vs.Measured Displacements for L3B
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Figure 3-14: Principle Compressive Strains at Failure for Specimen L3B

45



3.3.3.2 Specimen L3D

Specimen L3D was identical to specimen L3B except that the flange was held back from the
end the beam. The top flange of the tee was not extended to the end of the nib but was
terminated eight inches away from the eAdccomparison of the loadeflection kehavior of
specimen L3D, as predicted by FE analysis and the measured vabewisn Figure3-15.
Failureof the beam was predicted at 67 kips, which is 1 petessatthan the measured value.
Figure 3-16 below shows the contours of the principle compressive strains at failure, where

the red zones indicate the regions thatengqual to or exceeded the 0.002 limiting value.
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—e—FE
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= 2 v qla
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g ; [
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iSO' o Displacerment .

0 02 04 06 08 1 12 14 16 18 2
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Figure 3-15: Predicted vs. Measured Displacement for L3D
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Figure 3-16: Principle Compressive Strains afFailure for Specimen L3D

3.3.3.3 Specimen M4D

Specimen M4D was designed to have the vertical L reinforcement scheme with additional u
shaped welded wire reinforcement placed close to teatrant corner of the dapped eAd.
comparison of the loadeflection beavior of specimen M4D as predicted by FE analysis
and the measured values is showrFigure 3-17. Failure in the beam was predicted at 53
kips, which is 1 percengess than the measured valk&ure 3-18 below shows the principle

compressive strain contours at failure.
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Figure 3-17: Predicted vs. Measured Displacement for M4D
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Figure 3-18: Principle Compressive Strains at Failure for specimen M4D
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3.3.4 Results of the Calibration

Table3-2 provides a comparison of the failure load predicted by analysis, based on the 0.002
strain failure criterion, to the measured values fortedkedspecimens tested by Forsyth
2013. Ingeneral, the failure loads predicted by the FE models were slightly less than the

measured failure loads. However, the difference between the predicted and measured values

for thedap capacitwasless than 9 percent for all tested specimens.

The last twocolumns ofTable 3-2 show a comparison between the measured and predicted

values for the re&ntrant corner crack width at service load level. The values predictibe by

analysis are close to those measured from the experimental program.

Table 3-2: Analytical Predictions vs. Experimental Results

. : Reentrant Corner Crack
DapVertical Reaction Width at
. . Analysis / Service Load Level
Specimen Failure .
(Kips) Test 26 Kips
g (in)
Measured| Analysis Measured Analysis
L3A 63 59 0.93 0.010 0.012
L3B 67 65 0.97 0.005 0.009
L3C 73 70 0.96 0.005 0.004
L3D 68 67 0.99 0.005 0.008
M4A 49 48 0.98 0.015 0.017
M4B 50 48 0.96 0.020 0.018
M4C 59 54 0.91 0.010 0.008
M4D 53.3 53 0.99 0.010 0.011
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The comparisondetween the predicted and measured vapresided confidence in the
ability of the FE model to predict the behavior of the dapped end beams up to failure, both in
terms of the load deflection behavior, ultimate loads and width of cracks at service load level.

The results validated also the usdha 0.002 straims thefailure criterion.

3.4 Current Design Procedure ofDapped Ends

The research was initiated by reviewing the current practice of the geometry and
reinforcement schemex the dapped ently the PCI Design Handbook2010) The study
investigated the height limitatioof the dap that necessitates the use of supgleahdapped

end reinforcement. It also examined the current design approatttefearious components

of dapped end reinforcememtquired by the PCI Design Handbo@ummaies of theséwo

studies are presented in the following sections.
3.4.1 Height of the Dap

A series of models were performed to study the effect of the height of the dap cutout as
percentage of the total height of single Tee beam. All the beams consideredtindy were

prestressed by five strands place in one vertical column spaced two inches apart starting from
the bottom of the tee and a weTadeS8below r e me
summarizes the geometry of the models and their behavior when loaded to failure. The dap

height was varied in the analysis starting from 0 to 9 inches as shdwable3-3.
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Table 3-3: Dap Height AnalysisResults

Ultimate
Dap Dap Failure
Model | Height | Height/Tee Load Failure Mode
in Height .
Flexure
end
Flexure
end
Nib
away from
end
Dap-4 7 23% 43 Nib shear _
Dap5 9 30% 34 Nib shear _

Results of the analysis indicdteleaty atransition from flexural failure of the fulection to

a shear failure of the dappedd at a dap heighanging from17 to 23% of the total height.

The study indicated also thtte relative strength of the full section versus the dapped end
depends otthe geometry of the stem, prestresssngemeand the main beam reinforcement,

It wasclear that there is a significargductionof the strengttof the dapped enas the height

of the dap cut out is increased beyond 23% of the total height. This cotiigf€Il Design
Handbookrequirement that dapped end reinforcement should be used where the dap cutout

height is greater thar0%o of the total height.
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3.4.1 Reinforcementof the Dapped End

The purpose of this study was to determine the effectiveness ofrthas/types of dapped

end reinforcementurrently recommendelly the PCI Design HandbookAll beams in this
study ha a 15inch nib height (50% of total height), five prestressing stsagpaced two
inches apart starting from the bottom of thedad located in a single columand nominal
mesh reinforcement in the stem. The dapged reinforcement utilized a-€hape layout
similar tothe detailshown inFigure2-2. Table 3-4 shows the six beantkat wereanalyzed

in this study. The analyzed modeixluded alsa beam without daged endeinforcement,

Bl in Table 34, along with beams with various combinations of the main components of the
dapped end reinforcement, B2 to B6 in Tablé, 3and finally a beam after inclusion of all
PCI dapped end reinforcing steel, B6 in Tablé. 3The dapped end reimtement used for
eachbeamand the results of the study in terms of capacity and failure mode for each case are

also given inrTable3-4.

The study indicate that é¢hhanger reinforcemenq, flexural reinforcementAg, and shear
friction reinforcementAy, are necessary to realize the full capaaotyhe dapped endnd
adequately restraite cracks to the limited value. The hanger and flexural steel are the most
important reinforcement components. The vertical reinforcement in theApildoes not
contribute to the ultimate strength or crack control. However, this steel may be necessary to
restrain vertical or inclined cracks emanating from the bearing plate due to uneven bearing.
These results generally confirm the PCI requirements for all components of dapped end

reinforcement.
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Table 3-4: Dapped End Reinforcement Analysis Results

DappedEnd Reinforcement Crack
Width .
at Failure .
Beam A A A, A | As | service I(_lzzgj Failure Mode
Loads
(in)
Nib shear
B-1 NA 2L 145 degrees -
Nib shear '
B-2 | 1-#6 1-#6 | 0.90 24 | more -
vertical ,
Nib shear :
B-3 2-#4 0.35 28 more -
horizontal :
B-4 | 1-#6 2-#4 1-#6 | 0.13 30 Nib shear -
B-5 | 1-#6 | 2-#4 1-#6 | 0.025 36 Nib shear -
Full
B-6 1-#6 | 2-#4 | 2-#4 1-#6 | 0.021 45 .
section
Full
B-7 | 1-#6 | 2-#4 | 2-#4 | 2-#4 | 1-#6 | 0.021 45 .
section

These results alsimdicate that there are generally two types of failure modes: cracking
through the nib from the rentrant corner and cracking from the bottom corner of the web
through the full sectiorof the beam The type of failure mode that occurred varestd
dependon the reinforcement ofhe dappeénd It was also concluded that theriger
reinforcement and shear friction reinforcement resttamhorizontal or inclined cracks
emanating from the rentrant corner. Flexural reinforcement and shear friction

reinforcement restrained vertical cracks emanating from thentent corner. Hanger



reinforcement and the bottom reinforcing steel restrained cracks emanating from the bottom

corner of the web and propagating through the full section.

3.5 Studied Reinforcement Schems

This section presents a study conducted to investigate the performance of six different
reinforcement schemes for dapped ends using finite element modeling. These reinforcement
schemes included the vertical L shape, C shaped, inclined L shape, vediage, inclined

Z shape and finally the custom welded wire reinforcement scheme. The following sections
describe the reinforcement details for each schehime reinforcement schemes were
designed to have same amount of hanger reinforcement, nib fleguredrcement, shear
friction and same strand pattern to allow fair comparison of the perfornudndiéferent

details A comparison showing the performance of the six reinforcement schemes in terms of

ultimate strength and crack control is presemtidtie end of thissection.

3.5.1 Vertical L Shape Reinforcement Scheme

The vertical L shape reinforcement scheme provides reinforcement details that can be easily
constructed and enable the use of symmetrical arrangement of the hanger reinforcement. The
scheme consists of vertical L shape bars used as hanger steel. ¢thehie she upper end of

the hanger reinforcement is anchored by 180 degrees loop, with a bend diameter eight times
the bar diameter. The lower end of the hanger steel is bent and extended horizontally in the
bottom of the web. The nib flexural reinforcemdyairs are welded to the end plate. Shear

reinforcement of the nib is provided by two horizorabars and two vertical bars that are
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wel ded to the end pl ate. A wel ded wire mes
reinforcement for the beam. Details ottlertical L shape schenwensidered in the study

are shown irFigure3-19.

Shear steel, Av
2 #4

41/2'OUTTO OUT
REBAR

Shear Friction steel, Ah

2x1 #3
Flexural steel, As

15"

26"

/2 #4
T weli— — — 4 Hanger Steel
EndPlate || — A /
: _ ll|s=——Hangersteel, Ash |
g — a#  _ _ __ 7Strands |
1.5"r
__\t —_—_
g ‘_&u 29"

A
S
5
e

Figure 3-19: Reinforcement Details forVertical L -shapeScheme (Control Beam

Note: Welded wire mesh not shown for clarity

3.5.1 C Shape Reinforcement Scheme

This scheme uses a C shaped bar as the hanger reinforcement for the dappedlErdsThe
anchored at the upper end by extending its upper leg in the compression zone while the lower
end is anchored by extending it along the bottom of the web. The nib flexural reinforcement
is welded to the end plate. The nib shear reinforcement isdag\vn the form of two

horizontal U shaped bars and vertical bars welded to the end platelded wire mesh of
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weXxwb6 @60 was wused as web s hEigure320athowm the r c e me

reinforcement details for the C shape scheme considethis study.

Shear steel, Av
2 #4

: .
- ;Jr \
I____.K,_}_ ____________________________ —
/ = ] Shear Friction steel, A
[ ' 2x1 #3
\ Flexural steel, As

,  J 2 #4 V4
End Plate T

15"

-

=—— Hanger steel,Eh
4# . 7 Strands

15

_ 33"

)

1.5
E
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o
FaLF

=
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Sy
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Figure 3-20: Reinforcement Detailsfor C-shape Schem¢Control Beam)

Note: Welded wire mesh not shown for clarity

3.5.2 Inclined L ShapeReinforcement Scheme

The inclined L shape scheme is distinctive as it provides positive location for the hanger
reinforcement in the dap region. This scleeemploys inclined L shape bars as hanger
reinforcementThe angle of inclination of the hanger reinforcement was 60 degrees to the
horizontal. The hanger bar is anchored at its upper end by 180 degrees loop and the tails are

extended horizontally alon¢pe¢ bottom of the web. The nib flexural reinforcement is welded
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to the end plate. The nib shear steel is provided adJtalmaped horizontal bars and vertical
bars welded to the platd wel ded wire mesh of w6 X wb @6 0
reinforcement forhie beam.Figure 3-21 shows the reinforcement details for the inclined L

shape scheme considered in this investigation.

Shear steel, Av )
2 #4 41/2'QUTTO OUT

REBAR

Shear Friction steel, Ah

2x1 #3
Flexural steel, As

L2 7

7 Strands

15"

15"

“x
*x
-

Figure 3-21: Reinforcement Detailsfor Inclined L -shapeScheme(Control Beam)

Note: Welded wire mesh not shown for clarity

3.5.3 Vertical and Inclined Z Shape Schemes

The Z shape reinforcement schemg®vide a good alternative for the dapped end
reinforcement due to its ease of construction. These schemes provide an important advantage
in reducing the reinforcement congestion in the nib therefore provide better placing and
compaction of concrete in theb easier. Both vertical and inclined Z shape schemes were

considered in this study. The vertical Z scheme utilizes a Z shape bar as hanger
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reinforcement. The hanger bar is hooked at its upper end and welded to the end plate while

its lower end is anched by extending the tail within the bottom of the web. The nib flexural
reinforcement is welded to the end plate. wel ded wire mesh of w6xw
web shear reinforcemefdr the beamReinforcement details for the vertical Z scheme are

shown inFigure3-22.

T
|
I
L
7N Shear Friction steel, Ah

MX1#4
Flexural steel, As 247

| /2 -

End Pla

15"

=———Hanger steel,ﬁ -
2 #6 . 7 Strands

8 —
%ﬁ 33"

29"

| T 1 I 1

15"

L]

e
S
A =
=

Figure 3-22: Reinforcement Detailsfor Vertical Z-shape(Control Beam)
Note: Welded wire mesh not shown for clarity

The main distinction between the inclined and vertical Z schemes is that the inclined Z

scheme utilizes inclined hanger reinforcement instead of vertical hangeiTbarangle of

inclination of thehanger reinforcement is highly dictated by the geometry of the la@am
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was selected to be 55 degrees to the horizontal in this dRailyforcement details for the

inclined Z scheme are shownkigure3-23.

Shear Friction steel, Ah

X 1#4
Flexural steel, As

| N\ W\ {2 #4 7

7 Strands

=

15"

e

Figure 3-23. Reinforcement Details forinclined Z Shape(Control Beam)
Note: Welded wire mesh not shown for clarity

3.5.4 Custom Welded Wire Reinforcement Scheme

This section investigate the effect of one welded wire mesh that can be placed as one unit in
the beam thus facilitating and speeding the fabrication process of dapped end beams.

Figure3-24 shows the reinforcement details for the welded wire fabric scheme.
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. //

15
‘\%

Longitudinal Steel 7
End Plate - —f——}——— Shear Steel i
'zf Hanger Steel IFFITH|3£ :: :: ::
/]
[
— A 22 ”

Figure 3-24: Reinforcement Details for Welded WireReinforcementScheme

3.5.5 Comparison of Reinforcement Schemes

Table 3-5 presents a comparison of the performance of the six reinforcement schemes
described in the previs sectionsThe reinforcement details for each of theshemesare
similar except for the configuration of the hanger reinforcing stéwl.second column of the
table gives thepredictedvertical reactionat the dapped end at failufer each reinforcig

scheme The fourth column of the table gives the predicted crack width at teatrant

corner for each scheme.
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Table 3-5: Comparison of Reinforcement Schemes Studied

Dap Re-entrant
Reaction Corner Hanger
Reinforcement Scheme : % Reinforcement
(Kips) Crack Yielding
width (in)

C-shaped 47 100 0.04 No
Vertical L-shape 48 103 0.012 No
Inclined L-shape 58 125 0.0 Yes
Vertical Z-shape 49 105 0.012 No
Inclined Zshape 54 115 0.01 Yes

Welded wire reinforcement 50 106 0.023 No

In general, schemes with verticaltyiented hanger reinforcing steel;sBape, Vertical L,
Vertical Z, custom welded mesh, performed similarly and the schemes with inclined hanger
reinforcing steeljnclined L-shape and inclined-ghape, performed similarly both with
respect to ultimate strength and crack control. Test results givieable3-5 indicate that the
schemes with the inclined hanger steel exhibited 15 to 25% increase in ultimate strength and
up to 35% decrease in crack widths compared to their counterparts with vertically oriented
hanger reinforcing steel. The Imed L shaped reinforcement performed best. This is
attributed to the fact that the inclined hanger steel was able to better control the diagonal
cracks that originate from the-emtrant corner and bottom corner of the web. Of the vertical
reinforcementschemes, the Ghape showed theorst performance. The WWF scheme

showed theworst performance of all schemes in terms of crack control at service load.
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Figure3-25 shows the predicted loateflectionsbehavior forthe six reinforcement schemes
Figure 3-26 shows the predicted 4entrant corner crack width at service lo@d the six

reinforcement schemes
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Figure 3-25: Predicted Load Deflection for Six Reinforcement Schemes

Crack width

Service load
0.025 5 () 0.023
0.02 A
0.015 - 0.014 0.012

0.012
Minimum 0.011

0.01 1 0.008
0.005 I
O A

C Shape VL Shape IL Shape V Z Shape |Z Shape  WWF

Figure 3-26. Crack Width at Service Load (26 kips) for Six Reinforcement Schemes
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3.6 Parametric Study

This section presents a parametric study conducted using the calibrated finite element
modeling approach to investigate the effect of ¢ant different parameters that are believed

to affect the behavior of dapped end beams. Those parameters include the amount of
different types of reinforcement for dapped end, nib prestressing, concrete strength, nib
height web shear reinforcement and atheonstruction details. Those parameters were
examined using sigifferentreinforcement schemes. These reinforcement schemes included
the vertical L shape, C shaped, inclined L shape, vertical Z shape, inclined Z shape and
finally the custom welded wireeinforcement scheme. In this section the parameters are
described and discussed in detail for the vertical L shape reinforcement smignvehich

is described in section 3.5.the results of thgparametric studyor the othemreinforcement
schemes arerpsentedin Appendix A of the thesis The parametric study isutlined in

Table 3-6. The cells marked by X iffable 3-6 indicate that the selected parameter was

studied for the particular reinforcement scheme.
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Table 3-6: Parametric Study Outline

Reinforcement Scheme

Parameter Vertical Inclined C Vertical | Inclined WWE

L L Shape Z Z

1. Prestressing Level X X X

2. Amount of Hanger Reinforcemerf, X X X X

3. Amount of Shear FrictioReinforcementA, X X X

4. Amount of Vertical Reinforcemen#\, X X X

5. Amount of Flexural Reinforcements X X X X

6. Nib Prestressing X X X X X

7. Length of Hanger ReinforcemenSteel X X X

Extension, A s

8. Concrete Strengttf .6 X X X X X

9. SheamReinforcement in Web X X X X X X

10. Nib Height X X X

11. Flange Hold Back X X X

12. Debonded Length of Strands X X X

13. Corner Angle Construction Details X X X X X

65



The parametric study was carried using beams with span 24 fe@0aindhesdeep. The

flange was 6 feet wide and 4 inch thick for all models. Half of the beam was modeled to take
advantage of symmetry. The beams were simply supported at its end by bearing plates and
restrained from horizontal translation at its plansyshmetry. Each beam was loaded with a
concentrated load that was positioned 10 foot away from the dapped end and a horizontal
load equivalent to 20% of the dap reaction applied at the end bearing plate to simulate the
pad friction. The mesh size was sebecto be 4 inches and the load was increased by 1.5
kips increments. Schematic of the typical beam, used in the parametric study, is shown in

Figure 3-27. The effectof the selected thirteen parameters is discussed in the following

sectiors.
Plane of _
symmetr 7 P=15ki
y y _ | 5 kips/step
7
e 10 foot

Mesh Size 4 in

Horizontal load
To simulate pad
Vertical support friction

Figure 3-27: Typical Finite Element Mesh for Dapped End Beam used in Parametric Study
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3.6.1 Prestressing Level

To evaluate the influence of prestressing level on the behavior of dapped end beams, three
beams were modeled using different numbgeistrands. The analysis was performed for
beams with 3, 5 and 7 strands as showrfFigure 3-28. The predicted load deflection
relations for the three cases are showhigure 3-29. Table 3-7 presents a summary of the
results in terms of the ultimate capacity and the crack widths obtained by the FE analysis for
the three cases. The behavior indicates smiddirdnces between the two beams with 5 and 7
strands; however, decreasing the number of strands to 3 had a significant effect on the
response and reduced the ultimate capacity. The results indicate that increasing the
prestressing level increases the cétgaaf the dapped end, delays the initiation of cracks,

and reduces their width. The orientation of the failure cracks was flattéreftower levels

of prestressing. All failures occurred in the full section.

—>

Figure 3-28: Different Cases for Prestressing Level
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Figure 3-29: Effect of Prestressing Level
Table 3-7: FE Results for Different Prestressing Levels
Re-entrant
Dap
; Corner
Reaction % Increase . Hanger
Crack Width .
Model Parameter at Or . Reinforcement
) at Service C
Failure Decreasé Yielding
(Kips) Load
(in)
Control 7 Strands 48 = 0.0120 No
VL-1 5 Strands 46 -4% @ 0.0116 No
VL-2 3 Strands 43 -11% Q@ 0.0126 No

*Percentagesicrease or decreaseecalculatedwvith respect to the control beam
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3.6.2 Hanger Reinforcement, Ash

The amount of hanger reinforcement in the dap region is considered to be one of the most

important parameters that affect the behavior of dapped end beams. Such reinforcement is
required to resist the diagonal tension cracking that initiates at #weramt corner of the

dap. To evaluate this parameter, three models were analyzed using different areas of hanger
reinforcements. The amount of hanger steel was varied by changing the number of bars and
the bar diameter as shown kigure 3-30. The beam with 4 #4 hanger bars was considered

the control beam for the other three beams. The predicted load deflection relations for the

four beams are shown Figure3-31.

4 #4(control)
2#4
4 #6

Figure 3-30: Hanger Reinforcement L Bars

Results of the analysis indicate that decreasing the hanger reinforcement in the dapped end to
2 #4 reduced the ultimate capacity by 11% and increased width of¢éméramt corner crack
significantly. The results indicate also that increasing the steeliat to 4 #6 bars, which is

220% higher than 4 #4 bars, increased the ultimate capacity by 7% only however, reduced

the crack width significantly. The results of the analysis are preseniebia3-8. It should
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be noted that the hanger steel reinforcement developed yielding before failure for the case of
the beam with 2 #4 bars only. Results of the analysis indicate that increasing the hanger steel
Asn, Increase theapacity of the dapped end and reduce the width of Hemtrant corner

crack, however the increase is not proportional to the percentage increage of A

100
90 - —o—Ash 4 #4 (Control)
80 - —a—Ash 2 #4

70 A —x—Ash 4 #6

P1

Vertical Dap Reaction (kips)

| Measured Displacement

0O 02 04 06 08 1 12 14 16 18 2
Displacement under Load (in)

Figure 3-31: Effect of Hanger Steel Amount

Table 3-8: FE Results for Different Hanger Steel Amounts

Re[;?:gon % Re-entrant Corner Hanaer
Model Hanger | Area at Increase Crack Width Reinforc?ement
Rft., Asy | (in?) . Or at Service Load o
Failure . Yielding
) Decrease (in)
(kips)
Control 4 #4 0.8 48 - 0.012 No
VL-3 2 #4 0.4 43 -11% @ 0.019 Yes
VL-4 4 #6 1.76 51 7% 0.006 No
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3.6.3 Shear Friction Reinforcement, Ah

Shear friction reinforcement has two functions in a dapped end beam; it resists the flexure

and shear acting on the nib section as well as resisting diagonal tension in the nib section.
The shear friction reinforcement was modeled in the form of two hotiza | Afuo shapec
The effect of this parameter was evaluated using two beams with different amounts of shear
friction reinforcement varying from 2 #3 to 2 #5 as showRigure3-32. The predicted load

deflection relations are shown kigure 3-33. Slight increase in the capacity is obtained for
increasing the shear reinfornent amountTable 3-9 presents the FE results for the two

cases. In general, the effect of the nib shear friction steel on the capacity was not significant

since thdailure took place in the full depth section.

2 x 1#3 (control)

2X1#5

Figure 3-32 Different Cases for Shear Friction Steel
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Figure 3-33: Effect of Shear Friction Steel Amount

4 06 0.8

1 12 14 16 18 2

Displacement under Load (in)

Table 3-9: FE Results for Different Shear Friction Reinforcemen Amounts

Re
Da entrant
P % Corner
Shear Reaction Hanger
- Area Increase Crack .
Model Friction . at | Reinforcement
(in? . Or Width o
Rft., A, Failure . Yielding
. Decrease| at Service
(kips) Load
(in)
Control | 2 x 1#3 0.2 48 -- 0.012 No
VL-5 2xX 1#5 0.6 49 2% 0.012 No
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3.6.4 Vertical Shear Reinforcement, Av

The vertical Shear reinforcement in dapped end beams is essential to resist the diagonal
tension in the nib section. This reinforcement is provided in the section in the form of vertical
bars that are welded to the end plate. Three models were carrirecestigate the effect of

such reinforcing bars on the behavior. The amount of vertical shear reinforcement was varied
in the models by changing the number of the bars as showigune 3-34. The predicted

load deflection relations for the three models are showigare 3-35. Slight increse in the
capacity is obtained for increasing the amount of vertical reinforcement. The results of the
analysis are illustrated iffable 3-10. Results showed that areasing the vertical shear
reinforcement Aslightly increased the capacity and had no effect on the crack width. It is
premised that the effect of the nib vertical shear steel on the capacity was not significant

since the failure took place in the fuktgth section.

=

Figure 3-34: Cases for Vertical Shear el
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Figure 3-35: Effect of Vertical Shear Steel Amount

Table 3-10: FE Results for Different Vertical Shear Steel Amouns

Da Re-entrant
Vertical Reacgon % Corner
Shear | Area Increase | Crack Width | Hanger Reinf.
Model : ) at ; o
Reinf., | (in? . Or at Service Yielding
Failure
A, (kips) Decrease Load
(in)

Control 2 #4 0.4 48 -- 0.0120 No
VL-6 4 #4 0.8 49 2% 0.0120 No
VL-7 6 #4 1.2 49 2%y 0.0120 No
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3.6.5 Nib Flexural Reinforcement, As

The horizontal flexural reinforcement in a dapped end beam is used to resist the flexural and
axial tension acting on the nib section. This reinforcement is provided in the form of two bars
that are welded to the end plate. The effect of the amount afrflereinforcement on the
behavior was investigated by analyzing three beam models with different flexural

reinforcement amounts as showrFigure3-36.

2 #4 (Control)

|

2 #6

Figure 3-36; Horizontal Flexural Steel

The predicted load deflection relations for the three models are shokigure 3-37. The
results indicate that increasing the amount of flexural reinforcemerndriigglight effecton
the dapped end beams capachpwever it reduced the crack width. The results for the

aralyzed models are given Trable3-11.
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Figure 3-37: Effect of Horizontal Flexural Steel Amount

Table 3-11: FE Results for Different Horizontal Flexural Steel Amounts

Dap Re-entrant
- % Corner
Area Reaction Increase | Crack Width Han_ger
Model Parameter . at . Reinf.
(in9) . Or at Service S
Failure Yielding
(Kips) Decrease L(_)ad
(in)
Control 2 #4 0.4 48 -- 0.0120 No
VL-8 2 #5 0.6 48 0% 0.0103 No
VL-9 2 #6 0.88 49 2% 1y 0.0094 No




3.6.6 Nib Prestressing

To examine the effect of adding prestressing in the nib, three models were studied with
different numbers of strand in the nib as showfigure 3-38 and were compad with the
control beam having no strands in the nib. The total number of strands in each model was

held constant at seven. The predicted load deflection relations are shiéiguaragB-39.

=

Figure 3-38: Different Cases for Nib Prestressing

The results indicated that nib prestressing increased the ultimate capacity by 13% for the case
of 1 strand in the nib, 21% for 2 strands in the nib and finally 25% for 3 strands in the nib.
This significant increase in the capacity is due to the factpitmtiding strands in the nib
increase the shear strength of the-fldpth section by providing prestressing across the
critical crack extending from the web flange junction to the bottom corner of the full section.
Table 3-12 presents the FE results for the analyzed models. It should be noted that

prestressing the nib almost eliminated them&ant corner crack at service load level.
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Figure 3-39: Effect of Nib Prestressing
Table 3-12 FE Results for Models with Strands in the Nib
Dap o Re-entrant
Reaction Increoase Corner Hanger
Model Nib Prestressing at or Crack Width Reinforcement
Failure D at Service Load Yielding
: ecrease :
(kips) (in)
Control | No Strands in Nib 48 = 0.012 No
VL-10 |1 Strand in Nib 54 13% 0.003 No
VL-11 | 2 Strands in Nib 58 21% 0.001 No
VL-12 | 3 Strands in Nib 60 25% 0.001 No
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3.6.7 Length of Horizontal ExtensionoftheHa nger Rei nf orcement , /

The main objective of examining this parameter is to determine the lap splice length required
to develop the yield strength of the horizontal extension of the hanger reinforcement. Three
different lap splice lengthe f 2 1 0, 330 and 4%526and 8.®timesetltep ond i
bar development lengthlg), respectively,were investigated in this study as shown in
Figure 3-40. The predicted load deflection relatiofsr the three cases are shown in
Figure3-41. The analysis showetiat the length of the horizontal tail of the hanger steel has

no effect of the capacity or the ckawidth. However, it should be mentioned that the FE
program assume perfect bond model between the steel and concrete. It should be noted that
further experimental investigation on this parameter are presented in Chapier fesults

of auxiliary lap spke tests conducted to determitie required development length, of

mild steel bars when lagpliced to prestressing strara® reported in Chaptdr Table3-13

gives the FE results of three cases.

As2.51g (Control)
AS o 1.6 Id

As 3.5 14

Figure 3-40: Hanger Reinforcement Splice Length
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Figure 3-41: Effect of Hanger Steel Tail Length
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Table 3-13: FE Results for Different Hanger Steel Tail Lengths

Dap o Re-entrant
leaenngetrlggt Reaction Incr/gase Corner Hanger
Model ger =it at Crack Width Reinforcement
Extension, . Or . L
Agd Fal_lure Decrease at Ser\(lce Load Yielding
) (kips) (in)
Control 2514 48 -- 0.012 No
VL-13 1.6 14 46 -4% Q@ 0.014 No
VL-14 3514 49 2% 0.012 No
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3.6.8 Concrete Strength,f 0 c

To examine the effect of the concrete strength on dapped end beam strength, three different
concrete strengths varying from 6000 to 10000 psi were used. The load deflection diagram
indicating the variations beten the behaviors for the three cases is shoviaigure 3-42.

The FE results for the three cases are summariz€édhle314. As expected, increasing the
concrete strength resulted in increasing the ultimate capacity as well as reducing the crack
width at service load level. It should be noted that the increase in ultimate capacity was in
proportion to the square root of the change in concrete strength. This suggests that ultimate

failure occurred due to inclined tension cracking in the concrete.

100 - ——38000 psi (Control)
90 -
—o— 6000 psi
- 80 - ;
o —a—10000 psi
= 70 -
c
§e)
5]
@®©
Q
o P
% | 10'0"
A v
t_U ’[J
L
’g) X
hu- Displacement

OI T T T T T T
0O 02 04 06 08 1 12 14 16 18 2

Displacement under Load (in)

Figure 3-42: Effect of Different Concrete Strength
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Table 3-14: FE Results for Different Concrete Strengths

Dap o Re-entrant
Reaction Incrgase Corner Hanger Reinf
Model Parameter at Crack Width ger ’
) Or . Yielding
Failure at Service Load
. Decrease .
(kips) (in)
Control 8000 psi 48 -- 0.0120 No
VL-15 6000 psi 42 -13% @ 0.0180 No
VL-16 10000 psi 54 12% m 0.0096 No

3.6.1 Shear Reinforcement ofWeb

Based on thebserved behavior imost of the analyzed cases, failure occutygpically as a

result of a diagonal tension crack that extended from the bottom corner of the web up to the
web flange junctionTherefore, usef additional shear reinforcement in the fdipth section
shouldresult in significant increase of the ultimate capacity and controlling teatrant

corner crack width as well. The effect of using additional shear reinforcement in the web was
investigated in this study through analyzing threéediint cases with various reinforcement
configurations as described Figure 3-43. For the first case, increasing the web shear
reinforcement was achieved throughplezing the stem mestw 6 x w6 @% a more
condense mestv 6 x w6 @8 @educing the vertical and horizontal spacing between the
welded wire bars. For the second case, the web reinforcement composed of additional shear
reinforcement in the form of thrdé shped wi re bars spaced at 20
mesh w6xw6 @6 0. Finally for the third case,
2 feet long with stem mesbeing eliminatedin this zone. Details of the additional

reinforcement adopted in thecond and third cases are showkigure3-44.
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(@ CondenseWe | ded Wi re Mesh W6x W6 @30

(b) Additional Shear Reinforcement and W

(c) Extended Additional Shear Reinforcemen

Figure 3-43: Different Cases for Additional Shear Reinforcement in the Web
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W 10 U bars @2”

e

W 10 U bars @2”
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Shear
Reinforcement

Extended
Additional Shear
Reinforcement

Figure 3-44: Details of Additional Shear Reinforcement used in the Web

All the three cases were compared to the control beam with conventional stem mesh of
W6 X W6 @6 O . T h en réladiangifor dllecdséseare shovaFigure 3-45. The results
indicated that increasing the web shear reinforcement for the full depth section had a
significant efect in terms of increasing the ultimate capacity and controlling the service
cracks widths. The additional reinforcement effectively restrained the main diagonal tension
crack that resulted in failur@able3-15 summarizes the FE results for all the cases described

above.
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Vertical Dap Reaction (kips)

100 -
90 A
80 -
70 A

—o—Mesh W6xW6 @ 6 (Control)

—a—Mesh W6xW6 @3

—e—Mesh W6xW6 @6 &Add. Shear Rft

——Mesh W6xW6@6 & Extended Add

Shear Rft
P
| 'Iololl
4
\— Displacement
OI T T T T T T T T T 1
0 0.2 04 06 0.8 1 12 14 16 18 2

Displacement under Load (in)

Figure 3-45; Effect of Additional Shear Reinforcement in Web

Table 3-15: FE Results for Models with Additional Shear Reinforcement in Web

Dap o Re-entrant
. 0
Shear Rft. in Reaction Increase Corne_r _Hanger
Model ' at Crack Width Reinforcement
Web ) Or . o
Failure at Service Load Yielding
. Decrease i
(kips) (in)
Control W6 x W6 @ 48 -- 0.012 No
VL-17 W6 x W6 @ 52 9% H 0.010 No
W6 x W6 @f
VL-18 | Additional Shear 54 13% 0.008 No
Rft.
Additional Sheatr
VL-19 | Rft. Extended 2 61 27% 0.008 No
feet
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3.6.2 Nib Height

The main objective of studying this parameter was to examine whether decreasing the height

of the nib has an effect on changing the failure mode from a full depth section failure to a
failure within the nib. Thé®Cl Design Handbookecommends that the haigof the dap cut

out should not be greater than 50% of the full height of the Tee. Three different heights for
the nib section were examined 120, 150 and °:
full depth section, respectively. To evaluate thisapster, three models with different nib
depths,shown inFigure 3-46, were analyzed. The load deflection relations are shown in
Figure3-47. The analysishowed that all failures occurred in the full depth section and slight

di fference in the behavior was observed whe
however the 120 nib r educeldble8-I6@resantstthe At e cC &

results for the three studied cases.

h=12in H=30in
15in

18in

Figure 3-46: Different Cases for Nib Height
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Figure 3-47. Effect of Different Nib Heights
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Table 3-16: FE Results for Models withDifferent Nib Heights

Da Re-entrant
P % Corner
Reaction Increase | Crack Width Hanger
Model | Nib Height at . Reinforcement
) Or at Service L
Failure Yielding
(Kips) Decrease L(_)ad
(in)
Control 150 48 -- 0.012 No
VL-20 120 42 -13% @ 0.015 No
VL-21 180 49 2% 0.011 No




3.6.3 FlangeCut Back

Two models were carried to investigate the effeatuifing backthe flange on the behavior
of dapped end beams as shownFigure 3-48. Figure 3-49 shows the load deflection
predictions for both case£utting back the flange had minih effect on the ultimate
strength of the section and cracking at service loads. The mode of failure did not involve the

portion of the flange that wasit back.The FE results are given frable3-17.

—>

(a) Flange extended to end of beam (b) Flangecut back

Figure 3-48: Different Cases forCut Back Flange
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Vertical Dap Reaction (kips)

100 -
90 A
80 A
70 A
60 -
50 A
40 -
30 A
20 H
10

0 -

—o—No Held Back Flange (Control)

—e—Held Back Flange

10'0"

\— Displacement

0O 02 04 06 0.8

Figure 3-49: Effect of Cut Back Flange

1 1.2 14 16 1.8 2
Displacement under Load (in)

Table 3-17: FE Results for ModelsCut Back Flanges

Re-entrant
Dap % Corner
Flange Cut Reaction Increase Crack Hanger
Model 9 at Width Reinforcement
Back . Or . Y
Failure at Service Yielding
. Decrease
(kips) Load
(in)
No Cut Back
Control Flange 48 -- 0.012 No
VL2 |CU - Backi g 4% @ | 0013 No
Flange
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3.6.4 Debonded Length of Strands

The main objective of studying this parameter is to investigate the effectonindéng of the
prestressing strands in the dap region on the ultimate capacity of the beams. This parameter
accounts for the possibility of debonding of strands. Fiveal®ein g | engt hs 40, 80
and 20 0, Figard3ebdy werei selected and compared to ¢batrol beam with no de
bonding Figure 3-51 shows the load deflection predictions for all the cases. The results
indicate a significant decrease in the capacity as tHeodding length increase. The results
showed also a significant ir@ase in the rentrant corner crack width at service Load level.
These results confirm the influence of prestressing on the capacity as well as controlling
crack width.Table 3-18 summarizes the FE results for all the studied cases. In addition, as
the length of debonding increases, the region of shear failure moves and expands out toward
the middle of the beanThe analysis clearly indicated thdtet shear strengthf ahe full

section ishighly dependent othe effective prestress force in the concrete.

L=0in
4in
8in
12in
16in

201in

Figure 3-50: De-bonded Length ofPrestressing &ands
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Vertical Dap Reaction (kips)

100 -

—o—Debonded Length 0 in (Control)

90 - —a—Debonded Length 4 in
80 - —s—Debonded Length 8 in
70 - —o—Debonded Length 12 in
60 4 ——Debonded Length 16 in
50 - —o—Debonded Length 20 in
40 A 11) 100"
30 - 7
:
10 \— Displacement
0 A . T T T T T T T .
0 02 04 06 038 1 1.2 14 16 1.8 2

Displacement under Load (in)

Figure 3-51: Effect of De-bonded Length of Strands

Table 3-18: FE Results for Different Debonded Lengths for Strands

Dap Re-entrant
Reaction | % Increase Corner Hanger
Model Parameter at Or Crack Width Reinforcement
Failure Decrease | at Service Load Yielding
(kips) (in)
Control | _ 00 48 - 0.0120 No
VL-23 g 40 46 -4% Q@ 0.0172 No
VL-24 | o 80 41 -15% @ 0.0187 No
(]
VL-25 = 120 36 -25% @ 0.0281 No
vL-26 | 3 160 31 -36% @ 0.0692 No
[
vL-27 200 31 -36% @ 0.0734 No
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3.6.5 Corner Angle Construction Details

In an attempt to introduce new construction details for the dapped end region to improve the
strength and the cracking behavior of the beams, the end plate at the beaas eagdlaced

with a steel angle and the vertical hanger reinforcemattedto the vertical leg of the

angle as shown ifigure 3-52 (a). The horizontal flexural steel and vertical shear steel are
welded to the horizontal leg of the angle similar to the end plate detail. Three different cases
were analyzed using the correngle details as describedkigure3-52. Figure3-52 (b) and

(c) showcombining the corner angle details with the additional web shear reinforcement and
the extended additional reinforcement respectively. The results for the three cases are

compared with the control beam with end plate details.
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(a) Corner Angle Weleldto Hanger Reinforcement

(b) Corner Angle Detailand Additional Shear Reinforcement

(c) Corner Angle Detailand Extended Additional Shear Reinforcement

Figure 3-52: Different Casesusing Corner Angle Details
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The load deflectionmelations ofthe analyzedbeamsare shown inFigure 3-53. The results
showed an increase in the ultimate capacity rangmg fi4% to 34% for the various cases
with corner angle details when compared to the control beam with end plate ttethisild
be noted that using the control angle reduced thentmant corner crack widtsignificantly

for all the casesTable3-19 summarizes the FE results for the studied cases with the corner

angle detail.
100 ~ .
—o—End Plate Details (Control)
90 -~
—a— Corner Angle Details
80 ~

—a— Corner Angle & Add. Shear Rft.

—#—Corner Angle & Extended Add. Shear
Rft.

; -Iol 0"

Vertical Dap Reaction (kips)

\ Displacement

0 02 04 06 08 1 1.2 14 16 1.8 2
Displacement under Load (in)

Figure 3-53: Effect of Corner Angle Details
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Table 3-19: FE Results for Models with Corner Angle Details

Da Re-entrant
p. % Corner
Reaction : Hanger
Increase | Crack Width .
Model Parameter at . Reinforcement
) Or at Service L
Failure Yielding
. Decrease Load
(kips) (in)
Control End Plate Details 48 -- 0.0120 No
Corner Angle
VL-28 Details 55 14% 0.0011 No
Corner Angle
VL-29 & Add. Shear Rft 58 21% m 0.0011 No
Corner Angle
VL-30 & Extended Add. 64 34% H 0.0011 No
Shear Rft
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3.7 Summary

Based orthe results of thiparametricstudy, the mosteffective parametershat significantly
influence thebehaviorof dapped end beams termsof strength and crack control werdn
prestressing concretestrength shear reinforcement in web and corner anglestruction

details. Other parameters investigated showed minimal effect on ultimate strength and crack
control. Increasing the various types of steel reinforcement in the dap region did not result in
a proportionate increase in the dap strength. The @ity length of flangeut back, and

length of the hanger reinforcement extension also had little effect on the strength of the
dapped end. The mode of failure of the dapped ends in the most of the analyzed cases was
shear failure in the full section, edinced by diagonal cracking and high priatip
compressive strains in the compression strut emanating from the bottom corner of the web.
The parameters found to have significant influence om#psstrength all directly affect the

shear strength in the Ilfusection. Nib prestressing directly influence the effective
compression stress acting on the full section which directly relates to the concrete diagonal
cracking strength and shear strength. Concrete strength and shear reinforcement in the web

contribue directly to the full section shear strength.

Results of the parametric study for theskape scheme, presented Tiable 10-1and
Table 10-2 in Appendix A, indicated that the capacity of the dapped end for thlea@e
scheme is in general less than the verticahbpe scheme, and the width of the cracks are
higher. The effectsof the studied parameters have the same influence reported for the

Vertical L Shaped Scheme.
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Results of the parametric study for the inclined L scheme, presentédbla 10-3and

Table 104 in Appendix A, indicated that the inclined hanger reinforcement provides a
significantincrease in the ultimate capacity and better control of cracking when compared to
C-shape and vertical-shape schemes. The increase is attributed to better utilization of the
hanger bars, which now cross the main diagonal cracks more normal to theéAsradlesult,

the hanger reinforcement yielded in most of the analysis cases, unlike the C and vertical L
shape schemes. The effects of the investigated parameters also showed same trends presented

for the other reinforcement schemes.

Results of the anadys for the Z shape scheme, presentedahle 10-5and Table 10-6 in
Appendx A, indicated that the use of the Z scheme provided higher capacity than both the C
and vertical L shaped schemes. Use of inclined Z scheme enhanced the capacity and reduced

the cracks in comparison to the vertical Z scheme.

Finally, results of the ctism welded wire reinforcement scheme, presentéhlrie 10-7 in
Appendix A, indicated that increasing the vertical shear reinforcement by reducing the
spacing betwen the bars increase the overall capacity. This reinforcement scheme showed

the least performance of all schemes in terms of crack control at service load.
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4. Experi ment al Program
The experimental program consisted wfo phases. The first phasgas designedto
determine the lapplicelength required to develop the yield strength of mild reinforcing bars
spliced to prestressing strands within the transfer Zime second phase consisted of testing
a total of ten full scale dapped end beam specimensxamine the performance of six
different reinforcement schemes for the dapped ends and study the influence of six
parameters that have shown to have significant effect on the behavior, based on the analytical

study The following sectiordescrbesthetwo phases of thexperimental program.

4.1 Phase 1. Lap Splicéstudy

A series of prestressed concrete lap splice specimens were produced and tbststhioe
the lap splice lengthof mild steel reinforcing bars whethey arespliced to prestressing
strand vithin the transfer zone. A total of eight tests were performed to characterize the

transfermechanisnof a tensiorforce appliedfrom a mild steel bar to a pretensioned strand.
4.1.1 Background

The force fromthe hanger reinforcemetypically used for dappednd reinforcement detail
must be transferret theprestressingtranddocated within theveb of the beam within the
transfer zonesashown irFigure4-1(b). A specially designethp splice specimereplicating
such adetailis shown inFigure4-1(b). Mattock and Abdie (1988) showed that the required
splice length to devep the yield strength of thaild reinforcing steel is considerably greater

than the standard development length required by AC{131f@r mild steel reinforcement
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bars. The purpose of this testiisgo determine the required lap lengths to develop takly

strengths of thenild reinforcing steel.

=—— Hanger steel
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4.1.2 TestSpecimens

Eight specimens were fabricated and tested to undergtantibrce transfer mechanisaof
reinforcing bas lap spliced toprestressing stragdwithin the transfer zoneThe concrete
section dimensions, reinforcing bar sizes and lap lengthe s&lected to mimic typical

conditions of a splicevithin the end region dfypical dapped end beam.

Details of the eight lap splice specimens are showkigare4-2. Specimens, 1, 2, 3 and 4,
consisted of 2 #4nild steelreinforcementbarslap-spliced to two fully-tensioned @& inch

diameter strandwithin a concretélock. Specimens, 5 and 6, consisted of twarild steel
reinforcementbarslap-spliced to two 0.5 inch diameter strands1 a similar configuration.

Finally, specimens 7 and 8, consisted of one #8 bar lap spliced to two 0.5 inch diameter
strands. The first six specimens were designed to replicate the case where the hanger bars are
located on eitheside of the strand while the last two specimens, 7 and 8, replicate the
condition of a single hanger bar used with a staggered configuration of strands. The
specimens wertabricated with the mild steel bapsotrudingfrom oneend of the blockAn

HSSsteel embedmensection whichwascastoutside the testonewas used tapply tension

to thespecimen as shown in the top and bottom viewsgiire4-2.
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Figure 4-2: Details of Lap Splice Specimens

The testmatrix of the testing program is givan Table4-1. The progam includeddifferent

bondedlengthsof the mild steeko determine thdap-length required to develogne yield
force of #4, #6 and #8 mild stelearssplicedto two — inch seven wire strands within the

transfer zoneThebondedengtls used forthe mild steel barwvaried from 0.8 to3.8mes the

standard bar development length), specified by ACI 3184, as given inTable4-1. The
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reinforcement bars weredeo nd e d f or t Hran the facesf each2specimentol 0 0
ensure thathe lapspliceis representative o typical dapped end detaDe-bonding was
achieved byusinga plastic tube to prevent bondingithe bar tahe concretat the end of the
specimenThe mild steel used for all specimens was Grade 60 deformed reinforcement bar.
Specimens were designdédr a nominalcompressive strength of 6000 sid 3500 psi
specified strengtlat releaseMild steel bars diameter, debonded length at the end of the
specimen, ratio of theondedength to the transfer length as well as the development length,

lg, are given inTable4-1.

Table 4-1: Testing Matrix for Lap Splice Specimens

Bonded | Development
. De- Bonded Length Length**, |4 Bonded Length
Specimen . bonded /
# Bar Size L Length / per ACI318-
ength . ; Development
(in) (in) Transfer _14 Length, I
Length* (in) '
1 12 0.5 1.0
2 2 20 0.8 1.6
3 2 #4 40 1.6 12 3.3
4 10 12 0.5 1.0
5 24 1 0.8
6 2 #6 5 54 2.2 30 1.8
7 28 1.1 1.2
8 1#8 56 2.2 24 2.3

*Transfer lengtlassumed to be 25.ior 50 times the strand diameter
** Development lengthgWas calclated using Eg25.4.2.3 an ACI 31814 using the measured
materialpropertiedor steel and concref@esented in section 4.1.5

4.1.3 Fabrication of Specimens

The test specimens for the lap splice program were fabricated in a precasthanboden

forms for thelap splicespecimens were built and arrangedoneline betweentwo fixed
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abutments, as shown igure4-3 (a). Two - inch diameter strands wepellled betweenhe

two fixed abutmentand tensionedb a force of28.9kips, which corresponds to 70% of the
ultimate strength of the prestressing strafdee reinforcing bars were inserted between the
prestressing strands at the front faces of the specimens. The bars were kept in place by tying
them firmly to the prestressing strands using steel wires. All eight speciverescast
simultaneouslyfrom the samebatch of concreteFigure 4-3 (b) shows the lap splice
specimens after casting the concretbe Btrands were cut usingt@rch toallow sudden

shock of thdive endwhich is a typical process after casting the prestressed concrete dapped

end thin web prestressed concrete members.

(a) (b)

Figure 4-3: Fabrication of Lap Splice Specimens (a) Prior to Casting (b) After Casting of
Concrete
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4.1.4 TestSetup andInstrumentation

The typical test setup is illustrated kiigure 4-4. It was configured such that load could be
applied to the protruding rebar without interfering with the lapped region of the specimen.
This wasachieved by using thembedded square steel tube. Load was appliedilipgthe
projecting mild steel bars and reacting against the steel tube. This arrangement placed the
portion of the specimen between the tips of the steel bars and the steel tube in tension. The
remainder of the specimen beyond the square steel tubenwasmpression, serving to
anchor the opposite ends of the prestressing strands. Pulling on the relaahigasdby
welding a steel plate to the ends of theo mild steel barandthe load was applied to the
plateusingtwo high-strength threaded rods. Ttwo threaded rods were loaded by a single
large diameterthreaded bar through a small spreader beam. The test specimens were
supported on plastic rollers aloitg entirelength to allow elongation of the specimen and to
minimize friction. A spherical bearingurfacewas used at the connection between the large
threaded and the small spreader beam to ensure dgtrdbution of the appliedension

forces to the twahreaded rods.
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Figure 4-4: Typical Lap Splice Test Setup

Each specimen was instrumented with a {oalll and electronic linear potentiometers to
measuredisplacement of thestrand and barelative to the specimenconcrete face.
Figure4-5 shows the locations of the linear potentiomeggithie front face of the specimen.
As shown inFigure 4-5, two linear potentiometers were installed on each reinforcing bar to

measure theension forcen each bar
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Figure 4-5: Typical Instrumentation of Lap Splice Specimen
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4.1.5 Material Properties at Time of Release and Testing

Concrete properties were measured at the time of rel@aksgys after castingnd at the time
of testing (28 days) wusing 40 x 80 concrete
were alsameasured usingample ofthe bars usedConcrete and steelaterialproperties are

presented iTable4-2 andTable4-3, respectively.

Table 4-2: Measured Concrete Properties

Average _ Tensile Strength
Days after Compressive Density
Casting pressivé | 3 | Strength [ f/
Strength (ksi) (psi) 6 &'()
3 4.8 N/A N/A N/A
28 7.0 139 626 1.24

Table 4-3. Measured Steel Reinforcement Bar Material Properties

Bar size Elastic Mc_)dulus Yield Stress Ultimate S_tress
E (ksi) F, (ksi) F. (ksi)
4 24094 65.5 94.8
6 24401 63 93.7
8 23696 61.4 92.4
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4.2 Phase 2: Full Scale Dapped End Beams

The following sections desbe the experimental program undertaken to examine the
behavior offull scale dapped end beam speciméiie specimens weesignedo examine
the behavior of different reinforcement schemes and the effegl@fted parameteos the

performance and strength of dapped end prestressesténmmed beams.

Thetesing programconsisted ofen singletee forty feet longrestressed beam with different
reinforcement scheme for the dapped efdsbeams had a cross section representing one
half of a 30 in. deep, 12 ft. wide double tee. The beams testedsuch that after testing one
end of a beanthe test setup wa®tatedto testthe other endThe tests at each end of the
same beamvereindependensincethe damage frorthe tested endias confinedwithin the

end regions.Crosssection and dap dimensiord typical test specimen ishown in

Figure4-6.

60"

2-6
L
™
2-6
2

:| 6x 9716 " strands

Single Column Configuration

Figure 4-6: Dapped End Elevation and CrossSection of Representativd8eam Specimenwith
Single Column of Strands
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Thedetaileddimensions used for all tested specimaresummarizedn Table4-4.

Table 4-4: Geometry and Design Parameters for Bam Specimens

Characteristic Dimension or Criteria
Overall widthof section | 6 feet
Overall depthof section | 30 inches
Flange thickness 4 inches
Top 6.25 inches

Stem width Bottom 4.5 inches
Nib Height 15 inches typical
Dap length 8 inches
Concrete f .& 6000 psi
: 6-9/ 160060 (14.3 mm) si
Prestressingtrand 6-0 . 50 (12.7 mm) s
Mild Reinforcement A615 Grade 60
Bar bend radii Minimum per ACI 31814

4.2.1 TestMatrix

Details of the tested dapped ends were selectedaminethe performance of six different
reinforcement schemeandto examire the influence ofsix parameterghat have shown to
havesignificant effect on théehavior The reinforcement schemes were sételdased on
the results of the analytical study presented in chapfEne& sixschemesarethe vertical L-
shape inclined L-shape vertical Zshape Custom Welded Wire Reinforcement(WWR),

vertical GshapeandCZ shape

The test specimens were designsahg two different target strengthke firsttarget strength
was selected to duplicate the strength typically useddésigning dapped end beams in
parking structurg andthe secondtrengthwas selected to representwgper bound strength

which could be used in case excessive live loaddhatmay occur in parking structures.
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A test matrixof the experimental program summarized iTable4-5. The table iustrates
the reinforcement schemes used and the special characteristics Studdadh specimen.
The programcomprisedof ten 40 foot long single tegapped endeams Each dapped end
was tested to failure in a separate test. Thus, the total numbest®fas twenty. Twelve
dapped ends were designed to cangderate loadssed in the design & typical 60 feet
double tee in a parking structurehile the remaining eight ends were designed to regkt h

loadlevel.

The beam specimens were produbgdwo different manufacturerg=or better performance

and practical construction, a single column of strand was selected for the vertical and
inclined L-shape reinforcement schemes such that the hanger reinforcement is logated on
side of the strandFor the other reinforcement schemes; verticalhZpe, Wlded Wire
Reinforcement CZ-Shape and vertical -€hape, the staggered arrangement of strands was
adopted such that the hanger bars or Welded Wire Reinforcementan be inserted
between the strand¥he experimental programas designed texamine also the effect of
prestressing thenib, concrete strengthweb shear reinforcemennib height length of
horizontalextensionof hanger reinforcememtnd cket nib detailThe studied parameter is

highlighted for each specimen as givermable4-5.
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Table 4-5: Test Matrix for Experimental Program

Hanger
. Dap Strands | Concrete . Nib Steel
No. Parameter Design Reinforcing Strand in Strength Stem Mes_h n Height Corner Extension
Loads Pattern . . Full Section ; Angle
Scheme Nib (psi) (in.) Length
(in.)
1A Control Moderate | Vertical L Single Column 0 6000 W |4 | @ 6 15 No 36
1B High Vertical L Single Column 0 6000 W |6 |@| 4 15 No 36
2A Moderate [ \/Elqiler1 V4 Staggered 0 6000 (W |4 | @| 6 15 Yes 36
2B Staggered 0 6000 |W|6|@| 4] 15 | No 36
3A Reinforcement Moderate [ plellpEelE Single Column 0 6000 (W |4 | @| 6 15 No 36
3B Scheme Inclined L Single Column 0 6000 |W |6 @] 4 15 No 36
4A Moderate WWR Staggered 0 6000 | W |4 |@]| 6 15 No 45
4B Moderate [/ pilezINO; Staggered 0 6000 (W |4 | @| 6 15 36
5A ) Moderate Vertical Z Staggered 2 6000 | W |4 | @]| 6 15 36
Nib Prestress - -

5B High Vertical Z Staggered 2 6000 W |6 | @| 4 15 36
6A High Vertical Z Single Column 0 Wi 6| @| 4 15 36

Concrete Strength - - -
6B High Vertical L Single Column 0 W 6 @| 4 15 36
7A Web Shear High WWR Single Column 0 W 8 @ 4 15 No 45
7B Reinforcement High Vertical C | Single Column 0 W 8 @ 4 No 36
8A Nib Height Moderate | Vertical L Single Column 0 Wl 4 | @| 6 No 36

i i

8B g Moderate None Single Column 4 Wl 4 | @| 6 36
9A ASh Splice Moderate Vertical L Single Column 0 Wi 4| @] 6
9B Length Moderate Vertical L Single Column 0 Wi 4| @] 6
10A Re'gf;:‘é;”;e”t Moderate [ &40 Staggered 0 6000 |W |4 |@| 6 | 15 No 36

Sole Glapllofe5iel Moderate | Vertical Z Staggered 0 6000 (W |4 | @| 6 15 No 36
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Specimens, 5A and 5B) Table4-5 were designed to haweo prestressing strands passing
through the nib to examine the influence of prestressing the nib on strength and crack control
at service loads. Specimens, 6A and 6Benmgesigned with a higher concrete strengfth
10000 psi compared to the remaining specimens to investigate the effibet obncrete
strength on the behavioBpecimens, 7A and 7B, were designed to have heavier stem mesh
compared to other specimens tadst the effect of overeinforcing thefull depth section
ende&oring to force a nib failureSpecimens, 8A and 8B, wedesignedo have different

nib heightsto investigate the effect of the nib height on the general behavior and mode of
failure. Specimens, 9A and 9B, were designed to have different lengths of the horizontal
extension of the hanger steel in the web compared to control specimen, 1A. Thevangths
varied between 1 and 4 times the development length required for the hanger ste€hbar
purpose oftestingthese two specimens wasitvestigatethe effect of the splice length on

the performance of the dapped end be&pgcimen, 10B was seted to have a reduced nib
section, in a configuration r ef svereeahditibnro as

that may occur in some parking structures.

Detailed descriptionf the six reinforcement schemes along withsbkctecparametershat

could affect the behavior apgesented in # following sections
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4.2.2 DesignLoadsfor Test Specimens

The beam specimens were designed using typical loads acting on a 60 feet double tee beam
in a parking structureTwo different levels of applied los were used in the design
Moderate loads which represent load intenstiypgcally used foiparking structures and high

loads which simulate unexpectedly heavy loads that may occur in a parking deck. The design
loads used for thepecimenaresummarized in Table4-6. The vertical dap reactions shown

in Table4-6 were used as the basis for evaluating performance at service and factored loads.
A horizontal load equal to 20% of the vertical reactioas considered in the design of the

dapped endm acordance with PCI Design Handbook recommendations.

Table 4-6: Design Loads for Test Specimens

DesignLoads Load Service Factored**
Dead Load (D) 78 psf 94 psf
Live Load (L) 40 psf 64 psf
Snow Load (S) 20 psf 10 psf
Moderate Combination 123 psf 168 psf
Vertical Dap Reaction 21.9 kips 295 kips
TargetNominal Strength 40 Kips
Dead Load (D) 78 psf 94 psf
Live Load (L) 80 psf 128 psf
High Combination 158 psf 222 psf
Vertical Dap Reaction 28 kips 40 kips
Target Nominal Srength 53 kips

* ServiceLoad Combination (D +75%L+75%S) or (D+L)
**Factored Load Combination (1.2D +1.6L+0.5S) or (1.2D+1.6L)
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4.2.3 Reinforcementof the Dapped End

Typical dapped end reinforcement inckichanger stee{Asp), nib flexural stee(As), shear
friction steel(An) and nib vetical steel(A,). Each reinforcement type wasoportioned in
accordanceo the designrequirementsyiven in Section 5.6.3f the 7" edition of the PCI
Design Handbook (2010)The dapped endeinforcementwas designedbased ontarget
strengtls of 40 kips forthe moderate loadase and 53 kips for thégh loadcase Details of

thedapped ends reinforcemédnt each test beamresummarzedin Table4-7.
4.2.4 Proportioning of Stem Mesh

The bears weredesigned foa factored shear foroequal to the reaction of ttaoplied loads
givenin Table4-6. Flexural shear capacity/.) and web shear capacify..) of concrete
section were calculated based on ACI-388and the shear capacity of the bealong the
spanwasdeterminedoy thelesserof these two values. Shear reinforcement was designed to
meet ACI 31814 requirements and checked with the minimum reinforcement reqibhed.

selectedstem meshefor thetestspecimens areummarizedn Table4-7.
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4.2.5 Proportioning of Deck Mesh

Flangereinforcement was designed to meet ACI -388requirementsn order to control
possible cracking on the top surface of the flange. Since the tensile stresses at the top fiber of
the beams exceeded the allowable strésstation required by ACI 31814, the
reinforcement was designedainly to control the possibleracking expected girestress
release. The commentary to the ACI 31B! suggests that reinforcement should be
proportioned to resist this tensile force at a stress ofiél@ strength but notto exceed0

ksi. Details of deck mesbf thetestspecimes are summarizeid Table4-7
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Table 4-7: Reinforcement Details of Beam Specimens

Dapped End Reinforcement

No. Parameter Ee3|gn Ash As An Ay Stem Mesh Deck Mesh
oads > S D y
(in ) (in) (in) (in)

1A Control Moderate 2#5 1#7 2 #4 20. 50 W | 4|  @| 6| W6 X W6 @
1B High 4 #4 1#7 2#4 |20.50 |W |6 |@]| 4| W6x W6 @
2A Moderate| 1 #7 2 #5 2 #4 1#7 W | 4| @| 6| W8x W8 @
2B High 1#8 2 #5 2 #4 1#8 W |6 |@| 4] W8x W8 @
3A Reinforcement | Moderate 2 #5 1 #7 2 #4 2-0. 50 W | 4| @| 6| W6Xx W6 @
3B Scheme High 4 #4 1#7 2#4 | 20.50 |W |6|@| 4| W6 x W6 @
4A Moderate| 2-D31 2-D31 2.D15 2-D20 W | 4|@| 6| W8 x W8 @
4B Moderate| 1 #7 2 #5 2#4 |20.50 |W |4|@| 6| W8x W8 @
5A Nib Prestress | Moderate|  1#7 2 #5 2 #4 1#7 W | 4|@| 6| W6x W6 @
5B High 1#8 2 #5 2 #4 1#8 W |6 |@| 4] Wex W6 @
6A High 2 #6 1#7 2 #4 2 #6 W |6 |@| 4] Wex W6 @
g | Concrete Strength— oo 4 #4 1#7 2#4 |20.50 | W |6|@| 4| W6x W6 @
7A Web Shear High 2-D26 2-D31 2.D15 2-D20 W |8 |@| 4| Wex W6 @
7B Reinforcement | High 2 #5 1#7 2#4 |20.50 |W |8 |@| 4| W6x W6 @
8A ib Height Moderate| 2 #5 1#7 2#4 |20.50 | W |4 |@| 6| W6x W6 @
8B Moderate| - 2 #4 — 20.50 | W |4 |@| 6| W6x W6 @
9A A, Tail Splice | Moderate|  2#5 1#7 2#4 | 20.50 |W |4|@| 6| W6x W6 @
9B Length Moderate| 2 #5 1#7 2#4 |20.50 | W |4 |@| 6| Wex W6 @
10A Re'ggg;’gem Moderate| 2 #5 2 #5 2#4 |2:0.506 |W |4|@| 6| WexWe@
10B | Pocket nib detail | Moderate| 1 #7 2 #5 2 #A4 1#7 W | 4|@| 6| Wex W6 @
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4.2.6 Reinforcement Schemes

This section presents a brief description of shereinforcement schemeselected for the
experimental programAll reinforcement schemesonsisted ofsame amounts for hanger
steel; nib flexure steel and nib shear reinforcementrovidefair comparisonn terms of

strength and crack control.

4.2.6.1 Vertical L Scheme

Details of the vertical tshape schemesed in specimen 1Are shown inFigure 4-7. The
vertical L shaped reinforcement scheme consistednef#5 L-shapé reinforcing baserved

as the hangereinforcement It was anchored at the tdyy a 180degree loopwith a bend
diameter 6 times the bar diametmnd anchored at the bottom by a bend and horizontal
extension that lapped with the bottom strand in . The nib flexural reinforcement
consisted obne#7 bar welded to the end platghearfriction reinforcementin the nib was
provided by one #4 horizontél shaped reinforcingar. Vertical shear reinforcement in the
nib consisted of two #derticalbarswelded to the bearing plat8tem mesh consisted of W4
wires spaced at 6 inches-oanter.A photographof the reinforcement with strain gages
installed is shown ifrigure4-8. It should be noted that specimen 1B was designed to have
the same reinforcing schemath a pair of nested #4-khaped reinforcing bars as the hanger

steeland W&@ 40 wel d e d wasiusegés shearseinforcemefur the web.
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Figure 4-8: Strain Gages Installed on the Reinforcement, Specimen 1A
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4.2.6.2 Vertical Z Scheme with Corner Angle

In an attempt to introduce new construction details for the dagpedegion to improve the
strength and the cracking behavior of the beam, the end plate at the beam end was replaced
with a steel angl e, towhichetherhandemd flexural steefiictber n e r
dappedend region wre welded. Details of the vertical Zhape scheme with corner angle
used in specimen 2Are shown irFigure 4-9. The verical Z-shaped reinforcement scheme
consised of one#7 Z-shapd hanger reinforcement bar, anchored at its upper entiBby
degree bendnd welded to théorizontal leg of theorner angle. The lower eraf the Z

shaped bar was anchored by extendireggbaralong the bottom of the sterfihe nib flexural
reinforcementonsisted of two #5 reinforcing banglded to the horizontal leg of tleerner
angle.The nib vertical shear reinforcements provided bythe vertical leg of the hanger

steel in the nib thatvas welded to the corner angihear friction reinforament of the nib

was provided byone #4 horizontal U shapedbar. Two 1/2inch diameter deformed bar
anchors were assumed to anchor the vertical leg of the angle to the cdrteeteinforcing
schemeprovides an important advantage in redudimg reinforcement congestion in the nib

thus providing better placing and compaction of concrete in the nib in addition to ease of
constructionA W4 @6 0 wasasedas shear reinforcement in deb. A photogaph of

the reinforcement with strain gagestalledis shown inFigure4-10. It should be noted that
specimen 2B was designed to have the samdoreing scheme buwith one #8 bar as

hanger rei nf or ovasusedashear neohfordéent@etheweb.
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Figure 4-9: Reinforcement Details for Vertical Z Scheme with Corner Angle, SpecimeRA

Figure 4-10: Strain Gages Installed on the Reinforcement, Specimen 2A
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4.2.6.3 Inclined L Scheme

Details of the inclined ishape schemesed in specimen 3Are shown irFigure4-11. The
inclined L-shaped reinforcement scheme comsisf one#5inclined L shape bar used as the
hanger steel. The hanger ste@eds anchored at the top by 180 degree loop with a bend
diameter6 times the bar diameter. Th®ver end of the hanger steel waent and exteret]
horizontally along the bottom of the web lap with the pretentioned strandBhe nib
flexural reinforcementonsisted ofone #7 reinforcing bar welded to the end platehear
friction reinforcement of the nib wawovided byone#4 horizontal Ushaped reinforcingar.

The nib vertical shear reinforcement was provided by two #4 verticalvilded to the
bearing plate A W4  @®eésh wasused as the shear reinforcement in theb A
photograph of the reinforcement with strain gaigstalledis shown inFigure4-12. It should

be noted that specimem3vas designed to have the same reinforcing scheme bua \pdir

of nested #4nclinedL-s haped reinforcing bars as the

reinforcement in the web.
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Figure 4-11: Reinforcement Details for Inclined L Scheme, Specimen 3A

Figure 4-12 Strain Gages Installed on the Reinforcement, Specimen 3A
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4.2.6.4 C Shape Scheme

The Gshapeeinforcemenscheme isvidely usedn the preastindustry Figure4-13 shows
the dapped end reinforcement details ttoe C shape schemesed in specimen 4Blrhe
hanger steetomprised of one #7 -Shaped barThe upper end of the barasanchored by
extendingthe bar tothe full depthof the section along the webaihge junction while the
lower endwas extended along the bottom of thneb to lap with theprestressingtrand
Shearfriction reinforcement of thaib wasprovided byone #4u shaped reinforcing bar. The
vertical shear reinforcement of the nib was provided by tweettical barswelded to the
bearing plate A W4 @6 0wasneesl as the shear reinforcement in theb. A
photograph of the reinforcaeamt with strain gagesstalledis shown inFigure4-14. It should
be noted that specimen 7B was designed to have the same reinforcing schemeastenith

mesh W8 @40
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4.2.6.5 Custom Welded Wire Reinforcement

This reinforcement scheme consigif a singlecustomwelded wire reinforcemenmesh

Such a mesh can be prefabricated and placezhasinit in the beam, thus speeding the
reinforcement placing process and minimizing errors ¢batd occur during the fabrication
process.Figure 4-15 shows the reinforcement details for the welded wire reinforcement
schemeused in specimenAl The hanger steel comprised of two vertical deformed D31
wires anchoreé at the top and bottom bwelding to crossbars. The nib flexural
reinforcement and shear friction reinforcingne provided by two D31 wires, and the nib
vertical shear reinforcement was provided by two D20 wheé4.wires spaced at 6 inches
served as the shear reinforcement ttoe full depth section. All the wires were welded
together forming one piece of meshA photograph of the reinforcement with strain gages is
shown inFigure 4-16. It should be noted that specimen 7A was designed to have the same
reinforcing scheme but wittV8 wires spaced at 4 inches as the shear reinforcement for the

wehb
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Figure 4-15; Reinforcement Details forWelded Wire Mesh, Specimen 4A

Figure 4-16: Strain Gages Installed on the Reinforcement, Specimen 4A
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4.2.6.6 CZ Scheme

The CZ reinforcing scheme introduces a combination of the Z and C reinforcing schemes.
Detals of the CZreinforcing scheme are shownkigure4-17. The hanger reinforcement for

this scheme composed afie#5 C shape bar andone#5 Z shape bar. Tre upper end of the

C shape bar wasirned towards the full depth section while the upper end of the Z shape ba
wasturned out towards the nihhe lower ends for both bangereextended along the bottom

of the stermand lapped with the pretensioned strafae nib flexural reinforcement consisted

of two #5 bars welded to the end plate. SHeation reinforcement of the nib wasovided

by one #4U shaped reinforcingar andhe nib vertical shear reinforcement consistetivaf

#4 vertical bars thaverewelded to the bearing platd. W4 @6 dneshservedasthe shear
reinforcement in thaveb. A photograph of the reinforcement with strain gagpessalledis

shown inFigure4-18.
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Figure 4-17: Reinforcement Details for CZ Scheme, Specimen 10A

Figure 4-18: Strain Gages Installed on the Reinforcement, Specimen 10A
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4.2.7 Studied Parameters

The six parametershat were selectedor this study arenib prestressing, concrete strength,
amount ofshear reinforcement in the wehib height length of horizontal tail of hanger
reinforcement and finally the pocket nib detail. ckgarameter is discussed in detail in the

following sectiors:

4.2.7.1 Nib Prestressing

The analytical study and past research has indicated d¢nfiiripance of dapped end tee
beams can be significantly enhanced by passing sttAnoligh the nib section. Strasméh

this location not only enhance shear and flexural performance of the nib, they increase the
shear strength of the fullepth section by providing prestressing across the critical crack
extending to the bottom corner of the full section. In additioayipus research bylattock

& Chan (1979)indicated the beneficial effect of passing strands through the nib as an
effective way to reduce cracking ateatrant corner and cracks in the full depth section. To
study this parameter, specimens, 2B and 5Bevdesigned to be identical in all aspects
except that specimen 5B had two strands passing through the nib. It should be noted that the
effect of the nib prestressing can be also investigated by comparing specimens 2A and 5A
shown in the test matriEigure 4-19 shows reinforcement details for specimens 2B and 5B

used to evaluate this parameter.
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2 strands in Nib

Nib Section

Specimen 2B without strands in nib e@men 5B with 2 strands in nib

Figure 4-19: Reinforcement Detailsfor Specimens 2B and 5B

4.2.7.2 Concrete Strength

Test results of the analytical phase of this research indicated that the concrete strength was
one of the significant parameters that influence the behavior of dapped end beams. This

parameter was studied by comparing specimens, 1B and 6B, shéwguia4-20.
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Figure 4-20: Reinforcement Details for Specimens 1B and 6B
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4.2.7.3 ShearReinforcementof the Web

Results from the analytical study showed that increasing the web shear reinforcement
resulted in an increase in batie strength and ductility of the member. To investigate this
experimentally, the amount afhear reinforcement in the wekas varied between the
moderate and high load specimens, allowing general comparison of betaaoidition,
specimens 7A and 7Byere designed to have a heavier stem mesh W8@4 in. compared to
other specimens to examine the effect of increasing the amount of shear reinforcement in the
web on the performance in terms of strength and crack control. Another reason for over
reinforcingthe full section was to force failure to occur in the nib section in an attempt to
gain better understanding of other possible failure modes for dapped Eigise 4-21

shows the details for specimens 4B and 7B with different amounts of stem mesh.

A
H

Specimen 4B Specimen 7B
Stem Mesh W4@6 in. Stem Mesh W8@4 in.

Figure 4-21: Details for Specimens 4B and 7B with Different Amounts of Stem Meshes
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4.2.7.4 Nib Height

The main objective of studying this parameter was to examine whether increasing the height
of the nib section has an effect on changing the failure mode from a full depth section failure
to a failure within the nib. Furthermore, it is recommended by the®Sign Handbook
(2010)that the height of the dap catut should not be more than 50% of the overall beam
depth. To evaluate this parameter, specimens with different nib heights were tested.
Figure 422 s hows speci mens, 1A, 8A and 8B with
corresponding to 50, 40 and 80 % of the full height of the beam, respectively. As shown in
Figure 4-22, the hanger reinforcement and nib shear friction reinforcement were omitted in
Specimen 8B with the largest nib height 24Tihereasorfor omitting the dapeinforcement

in specimen 8B was to examine the hypothesis that dapped end reinforcement is not
necessary if the height of the dap (recess) is less than or equal to 20% of the full member
height. This wasalso indicated bythe results from FE modelmplying a clear transition

from flexural failure of the fulsection to a shear failure of the dapedl at a dap height

ranging from 17 to 23% of the total height of the beam.
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Figure 4-22 Specimens 1A, 8A and 8B with Different Nib Heights

4.2.7.5 Length of Horizontal Extension of Hanger Renforcement

The PCI design handbook recommends extending the hanger reinforcement intebthe

creating a splice between the hanger reinforcement bars and the prestressing strands. This

splice length is considered critical in two aspects; first to trafsfees from the hanger bars

to the strands considered to be the tension chord of the beam in a truss action behavior and

second the splice length should be sufficient to develop the yield strength of the horizontal
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extensionof the hanger reinforcement.eftarch done by Mattock and Abdie (1988)
developed expressions for the required lap length between a pair of #5 bars and a single 1/2
inch strand, which gives much greater lap lengths then required by AC43T® examine

the effect of the splice lengttn the behavior, specimens 1A, 9A and 9B were designed to
have different splice lengths of 36, 60 andidéheswhich correspondapproximatelyto 2,
3.5and0.85times the development length of #5 hanger steelchlulated in accordance

with ACI 31814, respectivelyFigure4-23 shows specimens, 1A, 9B and 9A with different

splice lengths.
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Figure 4-23: Specimens 1A, 9B and 9A with Different Splice Lengths
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4.2.7.6 Pocket Nib Detall
In some cases, the depth of the nib section may be reduced to enable the nib to easily slide
into a pocketspandrel Reducing the ib section, as in such case, results in high shear
stresses within the nib which may cause failure in the nib. This severe condition was
specifically selected for study in this research prograigure 4-24 shows specimen 10B

with the pocket nib configuration.

Pocket nib /1‘#4 x 5'—4"

N —

/——2—#5x z.>‘—11”
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| e
[ 8 i 10
1

Figure 4-24: Pocket Nib Detail, Specimen 10B

4.2.8 Specimens Fabrication

The test specimens werabficated in two precast planis accordance with industry
standards. The prestressing stgnded in the experimental progranenealso prequalified

for bond prior to casting.
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For all test specimens, internal weldable strain gages were installed on the dapped end
reinforcement at various locations. The strains in the dapped end reinforcement were
monitored after casting of the concrete and before testing the beams. In mossicases

gages were attached prior to placing the reinforcement into the formwork.

To form the singldee beams, the casting bed of a dodbéeform was separated down the
middle of the top flange using 4 in. wide foahine beam specimens were separateéixed

steel bulkheads. The distance between the bulkheads was kept as 40 feet. The strands in the
formwork were tensioned to 70% of their ultimate strengthd thenthe dapped end
reinforcing steel was placeddong withthe stem mestFinaly, the flange mesh was placed

The test beams with stem mesh, and flange reinforcement prior to casting are shown in

Figure4-25.

Figure 4-25: Test Beams Prior to Casting
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Production and casting of the test specimens was performed by a professional precast
fabrication crewStrain gage wires were held out of the concrete surface at each end of each
beam, and great care was taken to avoid damaging the strain gages during casting and
vibration. After casting and finishing, the specimens were covered with a tarp. Casting of the

beam specimens in the plant is showFRigure4-26.

Figure 4-26. Test Beams during Casting

Concrete cylinders are tested teensure the concrete reached the required strength for
release. The strands were flame cut in a way to ensure the face of each specimen would be
shocked equally. Cutting of the strands was done at the steel bulkheads separating the beam
specinens using torches. The top strand was cut first, followed by the second and so on. Both
ends of the same strand were cut simultaneously for each line of strand. Through this
meticulous process, the face of each specimen was shocked upon release. The beam

specimen with prestressing strands in the nib was casted first before the other specimens to
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allow enough time for the concrete to cure. After the concrete hardened, the two strands
passing through the nib were cut and removed from the casting bed bestrg d¢he

remaining beam specimens.
4.2.9 Test Setup

The single tee test specimens were supported using-knkisupport system and each
dapped end was loaded separately to faillgiag hydraulic ramsThe beam specimens in
this program were full scale beanesch forty feet long. The beams were designed such that
after testing one end of a beam, the supporting test setuptatedand the other end tested.
The tests at each end of the same beam were indepesuiegihe damage from each test
was confined @ the end regionsAn isometric view ofthe test setupised to test all

specimens in this program is showrFigure4-27.

Pi n

Connec Speci Loading

Il ncl i ne
support

Labor a

str-folngc

Figure 4-27: Isometric View for the Test Setup
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An inclined link support wasitilized at the tested end to resist vertical loads and allow
rotation, while inducing a known horizontal reaction. This horizontal reaction was resisted at
the opposite end where the specimes supported by a pin connectidihe inclined link
support used at the tested end and gime connectionused at the far endre shownin
Figure4-28 andFigure4-29, respectivelyTheinclined link supporivasinclined with anl1
degreesangle with respect to the vertical plasiechto produce horizontal reactiorequal to

20% of the vertical reaction.

The steebpin 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 specirthenmiddle of the

steel pin was milled flat so that the bearing plate would sit lewehe pin and provide a
large area to weldl'he 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 piAfter the conclusion of each test, the pin was cut away from

thebearingplate and the inclined lingetupwas reused for all twenty tests.
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(@) (b)

Figure 4-28: Inclined Link Support at Tested End (a) Side View (b) Front View

The other end of thdéeam opposite the inclined link, was held in place by a pinned
connectionwhich restrainedvertical and horizontal movement but allowed rotation of the
specimen. To facilitate thigin connectioneach end of a test specimen was cast with a steel
sleeve located in the stemlméam. For testing, large steel rod was insertedo the sleeve

ard held in place by a support at the pinned asshown inFigure4-29. This configuration
allowed the conneitn to act as a rotational pin arslate the nostestel end during the test.

The design of the pin support enabled the pin to be adjusted to accommodate misalignment

of the sleeve in any direction.
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Figure 4-29: Pin Connection at the Far End

Load was applied to the specimen by varying the hydraulic pressurgfour hydraulic
jacks, forcing the jacks to retraahd thusapply load to the specimeiihe hydraulic jacks
used for loading the beam are showirigure4-30. All four hydraulic jacks shared the same
pressure source which ensured a uniform applied load by each jack. The jacks were operated
manually with an electric pumi apply load incremeritg to failure. The four hydraulic
jacks were connected to twloading beamswhich werelocated across the top of the
specimen as shown igure4-30. Thetwo loading beamsplaced 7#t. and 10ft. from the

end of the beamyereused to apply concentrated loads on the begmpressng against the
flangeof the test specimefhe location®f theseconcentrated loads were selected such that
the induced moment and shear distributions at the dappewaud closely matctithose
acting on a 60 feet beasubjected to uniformly distributed loadsa parking structureThe

performance of the temi end was monitored at selected load levels, given in TaBle 4
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based on the design loads of the beam specime®rds of crack pattermgere taken and

crack widths were measured at each load level.

0 I _
Steel box sections

Figure 4-30: Close View for the Test Setup

4.2.10 Instrumentation
Deflections, strains, and loads were monitored throughout ted®ihgtographs, videos,
observations, and records of crack pattemese takenfor each testAll instruments were
connected to an electronic data acquisition system which recorded data aD2télled
measurements of crack widiveretaken after each step of loading. The applied loads were
measured using load cells placed at twpposite loading points. Alinometer vasattached
to the inclined link to monitothe initial link angle fronthe vertical planeandto monitorany

rotationduring loading
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String potentiometers were used to measure the deflectidmuatelectedpointsalong the
specimenSlip of thebottomprestressing strand was monitored usirdisplacement sensor
installed on the strand on the end face of the specimen.

Weldable strain gges wereinstalled at various locations on thmild steel reinforcement

prior to castingof each specimen. The strain gages were placed on the underside of the
reinforcing steel taninimize any possible damage during casti®mall sections of the steel
reinforcement were ground smooth to remove-sulile and to provide a suitablefsce for
attaching gages. The steel straimsre monitored during casting, shipping, and throughout

testing.A typical strain gage attached to a reinforcing bar is shovangare4-31.

Figure 4-31: Typical Strain Gage Attached to Reinforcing Bar

Concrete strain measurements wareasuredising Pl gags with gage lengths of 100 mm
and200 mm Threeorthogonalpairsof Pl gages were applied tmeface of the dapped end

The first pair of Pl gages was positioned close to tkentent corner to capture strains
resulting from the re@ntrant corner crack expected to extepa@ards towards the web flange
junction at approximately 45 degrees. The second pair and third pairs were positioned in the

full depth sectiorto capture strains selting fromdiagonal crackg expected to extend from
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the bottom corner of the web upwards to the web flange junction. Typicalgelagations

are shown irFigure4-32.

N Re-entrant
AN corner

Figure 4-32 Typical Pl Gage Locations for a Test Specimen

In addition to conventional instrumentation, an optical camera system was emfoyed
someselectedests to measure the thréenensional position of infrared targets glued to a

surface Figure4-33 shows a photo for thiefrared targets glued to the face of a specimen

Figure 4-33: Opto Track Infrared Targets Installed on the Surfaceof a Specimen
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