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ABSTRACT

Proper design of reinforced concrete bridge beam-column connections is imperative for the behavior of the
bridge structure. While in the past this area was overlooked, resulting in bridge structure damage and in
some cases collapse, current methods have overcompensated for these shortcomings. The presented
research shows that current joint design requirements in the state of California produce conservative
designs (i.e., joints with excessive amounts of reinforcement). The joints in these systems are capable of
supporting the intended flexural mechanism, but at the cost of constructability. The goal of this report is to
evaluate current methods, identify shortcomings, and develop methods or techniques for joint performance

improvement.

The research was carried out in three phases. In the first, current design requirements, constructability
improvement techniques, and joint force transfer mechanisms were experimentally investigated. This was
accomplished with four large-scale experiments on cap beam to column subassemblies of typical geometry.
Following analysis of the force transfer mechanisms and determination of the shortcomings, a second
experimental phase was undertaken to evaluate joints subjected to high joint demands. This consisted of
two subassemblies with reduced beam depths and increased column strengths. Furthermore, the
effectiveness of the joint spiral reinforcement versus the use of lateral and vertical joint transverse
reinforcement was evaluated. In the third phase, the effectiveness of the reinforcement in these designs
was evaluated analytically using developed three-dimensional finite element models. The study strives to
develop a set of joint design requirements based on damage criteria; two performance criteria are
suggested. The first criterion determines a level of lateral reinforcement necessary to activate the joint
width in shear resistance. The second criterion determines a level of vertical joint reinforcement necessary

to limit crack formation in the joint.

The results of these phases show that the intended design mechanism does not completely occur,
suggesting that the placement of reinforcement under current requirements may be ineffective.
Furthermore, it is shown that the use of a joint spiral is not necessary for good joint performance and may
be removed as a means of improving constructability. Headed reinforcement was shown effective when
used as joint transverse reinforcement, thus providing additional means of construction improvement.
Three-dimensional finite element models were found to provide a reliable estimation of global and local
joint response. As a conclusion to this work, the results of parametric finite element analyses are used to

develop possible damage-based joint design requirements.

iii



ACKNOWLEDGMENTS

The research reported here served as the doctoral thesis of the first author, under the supervision of the
other authors. The Structural Engineering Group of the California Department of Transportation deserves
special thanks for their technical contributions to and their sponsorship of this project. In addition, much
thanks to the Headed Reinforcement Corporation for their generous donation of material and technical
support. Finally, this project could not have been completed without the tireless efforts of the numerous
students and staff at the University of California, Berkeley, who spent evenings and weekends working

toward the construction and testing of the specimens.

This work was supported in part by the Pacific Earthquake Engineering Research Center through the
Earthquake Engineering Research Centers Program of the National Science Foundation under Award

number EEC-9701568.



CHAPTER 1

CHAPTER 2

CHAPTER 3

CONTENTS

INTRODUCTION ..ottt ettt ettt ettt ettt et et e s et e sbe e bt ete et e saeesaeeseenseensens 1
1.1 Beam-Column Joint Design ISSUES......c..coceeriiriiiiiiriiniiniieieieeteeresee e 1
1.2 Objectives Of RESEAICH ......cccuiiiiiiiiieiiee e 2
1.2.1 Experimental PrOZram .........ccccooviieriiiiniiinieenieenie ettt sre et 3
1.2.2  Finite Element Model Development ...........ccccoeveriereeneeiienieneeeeee e 3
1.2.3  Investigation Of Parameters........ccocceeuervieriereeneenieniinieneeneesieeie e 3
1.3 Organization Of REPOTT.....cccuiiiiiiiiiiiiiieiieeie ettt ettt 3
JOINT DESIGN METHODS ...ttt sttt et eneesaeen 5
2.1 Accepted Models of Joint Force Transfer Mechanisms .........c..ccccceeeveiiniencencnncnnnne 5
2.1.1 Compression Strut and Truss MOdels ........c.cccoeerirriiriinieneeninienienreneeneene 6
2.1.2 Strut and Tie MOdeliNg .......cccueiieiuirriieiieie ettt 7
2.2 Additional Issues in JOInt DeSi@N .......cceeieiiiiiiiiiiiieieieeee e e 11
221 BON. ittt et s 11
2.2.2  JOINt CONTINEIMENL ......iiiiiieetiiesieeiieesteeeteeesteeeteeeseeesteeesebeeesaeessaeessseessseensneens 11
2.3 Code Requirements for JOINt DeSign.......cccevueruierieniinieie et 12
2.3.1 Shear Stress LIMItation .......c.eeeceeeeiieeiieeiieesieeecieeecteeereesveeeveesveesseessseessneens 13
2.3.2 Limiting Bond Demands...........cceceeeriierriiiinieinieeieeee et 14
2.3.3 Joint Reinforcement ReEqUIrEMENts .........c.eevueeieeieneieniienieeieeie e 17
2.3.4  Accounting for Geometric and Applied Confinement ............ccoeeeevueerieennnenn. 20
2.3.5 Issues Related to Code Recommendations for Bridge Joints..........cc.ccccueuen. 21
2.4 Evaluation of Bridge Joint Designs by Different Code Requirements....................... 21
2.5 INEW DEVEIOPIMENLS ...vvieuiieiiiieiieeiiteiteeite ettt ettt e esiteesebeesabeesabeesabeesaseesaseenaneens 24
2.5.1  Prestressed JOINLS ...coiiiiiiiiiiecieeeie ettt ettt te e sveesbe e sae e aeesesaesnaeeas 24
2.5.2 Utilization of Headed Reinforcement in Joint Design .........ccccoveevcveerieennnenn. 25
2.6 Bridge Joint Research ISSUES .......cccuiiiuiiiiiiiniieeiieeieete et 29
DEVELOPMENT OF EXPERIMENTAL PROGRAM .......cccoooiiiiiiiiinieeeeeeeeeieee 33
3.1 Bridge TerminolOZY .....cccueercueerieeriieiiieeiieeiteeieeeiteeiteetteesereessbeesaaeesabeesaseesabeesaneens 33
3.2 Database Evaluation ..........cccccoicuiiiiiiiiiieiiiie ettt tee e et e e aae e e enaeeeean 35
3.3 Subassembly DeVEIOPMENL .........cocueiiiiiiriiiiiiiiiiieieete ettt 35
3.3.1 Gravity Load Simulation..........ccceeveeriiieniieniiieniiesieeeiee et 35
3.3.2 Lateral Load Simulation.........cccceercuierieeniienieeniriereeesieeeseeeseeeesieeeseessaeeveeens 36
3.4 EXPerimental SETUD .......ccceerieiiieieeieeieitteste ettt ettt ettt eseeseee bt e sbeeseeeeeenes 38
3.5 Load Application and CONtrol..........cceerieieriierieiieneeie ettt 41
3.0 INSIIUMENLALION. ..ccueieitieiiieeiieeriteetee et e etee et e et e et e et e ebbeesateesbbeeseeebbeessseesseeensneens 43
3.6.1 L0ad MEASUICIMENL.......ccueeetieeitieetieeieeeteeeseeesteeesteeesseeesaseessseessseensseessseessseens 43
3.6.2 Displacement MeasUIemMENt........cc..eerveerieerueenieerieenieesreesieesseesseesseesneens 43
3.6.3  Strain MEASUIEIMENL ......ccueervieeireerrieeieeeteesiteeeteesteessseesseessseesseessseessseesseens 49
3.7 Experimental Programi..........occooiiiiiiieiieiieie ettt 50



371 GIOUD A ettt ettt ettt e sttt e sttt e st e n
372 GIoUP Bt sttt st st sbeeenree s

CHAPTER 4 DEVELOPMENT OF THREE-DIMENSIONAL NONLINEAR
FINITE ELEMENT MODELS ........cccooiiiiiiiiiicceee e

CHAPTER 5

4.1

4.2

4.3
4.4

4.5

Development Of MOAEIS ......cc.eeiuiiiieiiiiiiie ettt
4.1.1 Modeling Concrete in Three Dimensions .........cccceeeeereereeneenieesieneeneesieeeene

4.1.2 Modeling Reinforcement in Three Dimensions .........c..ccecceveevineeneencenieenen.

Constitutive MOEIS .....cceerieiriiiiiiiiniciteteeeet ettt
4.2.1 Constitutive Modeling of CONCIELe.........cceeruiiriiriiieieiierieese e
4.2.2 Modeling Concrete Compressive ReSponse.........cecveeeeeeriiieerieennieeeseesiieeieenn
4.2.3 Uniaxial Compression Hardening / Softening Behavior...........c.ccceceveenenen.
4.2.4 Concrete Tension Behavior.........cocccoviiiiiiniiiniiiiiieieciceeceeeec e
4.2.5 Modeling Cracking in CONCTELE .......ccvuvieruieiriieeiieeiieenieenteenieeesreesieeesireenaeees
4.2.6 Comparison of Concrete Compression Models ..........ccooceevienieienieneniennen.
4.2.7 Comparison of Cracking Models ..........cocceeriiiiriiiiiiiieniieniieeiee e

4.2.8 Constitutive Modeling of Reinforcement.............cccecevoevienienieiienienienceen.
SOIULION SIALEZY ..eveenetieiieeiite ettt ettt ettt ettt e sit ettt e st e e sbte e sbteesneeenbeeenaeeens

Evaluation of the Finite Element Model............cocceeviieniiinieenieiiieeieeeeeiee e
4.4.1 Mesh DevelOpPmEnt ......c.c.coovueiriiiriieniiiieieniee ettt sttt
4.4.2 Parameters of the Constitutive Models ..........cceeeiriiierieiiieenieiieeee e
4.4.3 Finite Element Model VerifiCation ..........ccccocveeviierieenieenieeniie e ecveesiee e
4.4.4 Reinforcement BENAVIOT ........cccueeviiiiriiiiiiiieniieeitesite ettt s
4.4.5 Cracking Estimation by Rotating-Crack Formulation...........c...ccccoeveveenennen.

Concluding REMATKS .....c...eeviiiiiiiiiieciie ettt e s

DESIGN OF CALIFORNIA BEAM-COLUMN JOINTS WITH AND WITHOUT
HEADED BAR REINFORCEMENT........cccccciiiiiiiiiiiiiiinie e

5.1
5.2
53

54
55

5.6

Subassembly GEOMEIIY .....ccc.eiiruieriiiiiniieiiteerie ettt ettt ettt et e st e e e e saree s
Flexural and Shear Design.........ccocuiiiiiuieiieiieiiee et

JOINE D@SIZN ..ttt ettt ettt be ettt et e e st e bt e beebeenees
5.3.1  JOINE GEOMEIIY ..couuviiiiieriiieiiienieeniieeste ettt e st estteesbeesabeesabeessbeesaseessseessseenaneens
5.3.2 Joint ReINfOrCEMENt .....ccueeviuiiiiiiiiiieieeie et

IMLALEIIALS ...ttt eeet e eee et e e e e e e e ettt e e e e e e e eeseaabareeeeeeesnarareaeeeas

Group Az DELAILS ....veieeieeiiieieeiee ettt ettt s s en

5.5.1 Specimen Al: Caltrans Standard Design Details for Circular Column
CONTFIGUIALION ...ttt ettt ettt e b saeeeeeneeene

5.5.2 Specimen A2: Headed Reinforcement Prototype with Circular Column
CONFIGUIAION ...ttt ettt ettt esbeesaeeeeeneeeae

5.5.3 Specimen A3: Caltrans Standard Design Details with Square Column
CONTIGUIALION ...eeiiieeiie ettt ettt et e st e e bee st e sabeesabeesabeesnbeesaseens

5.5.4 Specimen A4: Headed Reinforcement Prototype with Square Column
CONFIGUIALION ...ttt ettt ettt beenaeeeeeaeeeae

SUMMATY Of DESIZN .. .cueiiiiiiitieii ettt ettt s eae

vi



CHAPTER 6 BEHAVIOR OF CALIFORNIA JOINT DESIGN REQUIREMENTS..........cccccevveninennns 91

6.1 Global Experimental BEhavior ...........cceoviiiiiiiiiiiniiiiieniceee et 91
6.1.1 Hysteretic RESPONSE........ccccouiiiiiiiiiiiiii e 97
6.1.2  Strength Degradation ...........ccoceeeiieiiieeiieiiieeee e 101
6.1.3  System SUINESS....ceviiiiiiieiiii e 103
6.1.4 Energy DiSSiPation.........cccceeiieiiieiiiriiieieiie ettt 106
6.1.5 Element Contributions to Global Displacement............c.ccceevveeerverrreenneennne. 106
6.1.6  JOINt BERAVIOT ..couuiiiiiiiiiiiiiii e 108

6.2 L0Cal BERAVIOT ..coiuiiiiiiiiiiiei e e 111
6.2.1 Behavior of Column Longitudinal Reinforcement.............ccccceevvveenivenneannne. 111
6.2.2 Cap Beam Flexural Behavior.........cocceeeiiiiiiiiniiiiiiecicciccc e 117
6.2.3 Beam Transverse Reinforcement .............cooeereeniiiinienienieneeeceee e 124
6.2.4 Effectiveness of Joint Confinement Techniques..........cccoceevvverieenieenieennne. 127

6.3 Force Transfer in Joints Designed According to the 1995 Caltrans BDS ................ 129

6.4 Three-Dimensional Finite Element Evaluation of Bridge Joint Response ............... 132

CHAPTER 7 STUDIES OF ALTERNATIVE JOINT DESIGN APPROACHES ........cccooiiiiiiiinee. 139

7.1 Group B: Subassembly DevVelOPMENt..........ccccueeriiiriiieiiiieniiieeiieeiee e eiee e 139
7.1.1 Specimen Global GEOMELIY ........eeviuieriiieriiieeiieeiieeite ettt sreesreesaee e 139
7.1.2 Flexural and Shear DeSIZN ......cccceruiiriiiiiiiiiiiieiiieeecetee et 140

7.2 Conceptual Joint Design MOdEIS........c.cocuiriirienieiieeeeee e 141
7.2.1 Bond DeveloPment .........c.ccocueeriiiiiiiieeiiieiiieeiie et eite et eseeesiteesiaeesieeesane e 141
7.2.2 Bond Transfer MEChaniSms ...........ccccceveeriieiiinienienieseeeee e 142
7.2.3 Specimen B1: Horizontal Transverse Reinforcement (X and Y).......cccceenue 143
7.2.4 Specimen B2: Horizontal Transverse Reinforcement (Spiral)...........ccccuee.e. 147
7.2.5 Group B: Vertical Transverse Reinforcement (Z-orientation) ...................... 150

7.3 Group B: Subassembly Details..........cccoevieiieieiiiiieeeeee e 151
7.3.1 Group B: Specimen Details.........ccocveriiiiiiieniieiiiieiee ettt 152
7.3.2 Group B: Test Subassembly........cccceeriiiiiiiiiiiniiiieeieeec et 154
7.3.3 Material Properties Group B ...........oocioiiiiiiiiieieeeee e, 154

7.4 Global Behavior of Joint Subassemblies Subjected to High Demands .................... 155
7.4.1 Load and Displacement RESPONSE ........ccvcueeriieriiiniiieniieeiie et 156
7.4.2 Different Contributions to Total Displacement of Group B..............cccee.. 164
7.4.3 Slip of Column Longitudinal Reinforcement............ccocueevvieeriiienniiennineennenns 165
7.4.4 Global Joint Shear ReSPONSE.......ccceeuieiiiiiiiiiiesierieee et 167
7.4.5 Summary of Global Behavior ...........ccccccoviiiiiiiiiiiieeee e 168

7.5 Local Demand on Group B Subassemblies ...........c.ccccceciiiiiiiniiniiiiiiiiiicie, 169
T.5.1 COIUMI. ottt ettt st s s e b esne e 169
7.5.2 Beam Reinforcement AnChOrage ...........coceevueeiieiinienienieseeseee e 171
T.5.3 JOMNEuuiiiiiiiiiieeieeteet ettt ettt et ettt st et 173
7.5.4 Summary of Local BEhavior..........coccooiiiiiniinieieeeee e 174

7.6 Finite Element MOeIiNg .........cooiiiiiiiniiiniierieesieeeiee sttt st 174
7.6.1 Correlation with Experimental Results ...........ccccocoeeiiiiiiiiiiiiiiiicecee, 174

vii



7.6.2 Evaluation of Displacement Contributions .............cceeeuereerieneeneeneenieeneane 175

7.6.3 Predicted JOINt RESPONSE ..ccuvvveveiiiiiiiieiiieeiiesiteeee sttt 176

7.6.4 Summary of Finite Element Analysis of Joints Subject to High Demands... 180

7.7 Conclusions of Group B ......ccc.ooviiiiiiiiiiiiiieeceee e 180

7.7.1 Joint Design CONCEPL .......ccueeruieriieriieieeieeie ettt te sttt ettt et see e seeeeeens 181

CHAPTER 8 BRIDGE JOINT REINFORCEMENT REQUIREMENTS......ccccceoiniiiniriiieieeneene 183
8.1 DAMAGE-BASED DESIGN CRITERIA .......ccccoiiiinininiiieieicieeee e 183

8.1.1 Typical Bridge Joint GEOMELIY ......ccovueerriiiiriieeiiieieete et 184

8.1.2 Finite Element Model Configuration ............cocceeeeeeerienienienieeneeeeee e 184

8.2 Target DiSPlaCeIMENL.....cccutiiiiiiiiiriiieiteeite ettt ettt et et et naees 184

8.3 Horizontal Transverse Joint Reinforcement Requirements ..............ccocceveerienrennns 185

8.3.1 Current Lateral Reinforcement Requirements .............ccccoeveeiieeiennenneennenne. 185

8.3.2 Distribution of Lateral Reinforcement..........cccccocervviniiniinieneenenncnncneenae 186

8.3.3 Quantity of Lateral Reinforcement ...........cccceoeeviriiiniinienienieeeeeee e 188

8.3.4 Summary of Horizontal Transverse Joint Reinforcement Requirements...... 191

8.4 Vertical Transverse Reinforcement Requirements .............ccecceeevveenieenveeneeeneeennne. 191

8.4.1 Distribution of Vertical Reinforcement. ...........ccoceeiirieniinienienieeee e 193

8.4.2 Quantity of Vertical Reinforcement............cccceeeererereereenieneneninenceeenns 195

8.4.3 Summary of Vertical Reinforcement Requirements ..........ccccccovveerieennennnne. 197

8.5 Simplified Damage-Based Recommendations ............ccceeveervieenieeniienieenieenieennne 197

CHAPTER 9 CONCLUSIONS AND FUTURE WORK ......cccoiiiiiiiiiieieteeee e 199
9.1 Review of Experimental Research .........ccccoeciiiviiiniiiiiiiieniiiiiecce e 199

9.2 Experimental FINAINGS ......ccooiiiiiiiiiiieieiieeieesieeeeesee sttt st sieesbeeeiee e 200

9.3 Review of Analytical MOAEIS .......ccocveeriuiiriiieniieiiieeie ettt e s e saee e 201

9.4 Analytical FINAINGS ..c..coeviririeieiiiinieeeeeetene ettt 201

9.5 Parametric Investigation RESUILS .......c.cceririiriniiierieniininenceececeeeeeeeeeeaen 202

9.0 FULUIE WOTK ..ottt ettt ettt st a e bt ettt e neeeaeas 203

APPENDIX A CALIFORNIA BRIDGE PARAMETER INVESTIGATION .....c.ccccoctiiiniiieninencneeene 205
APPENDIX B MATERIAL TESTING METHODS AND RESULTS ......cooiiiiiiiinineneeieeeeeeeee 213
B.1 CONCIELe TESHNG...ccveeutieteeieeiieeiieettete ettt ette et et e bt et e e te et e satesaeesbe et e enteenteeneeeneas 213

B.1.1 Compressive Concrete RESPONSE ........coceereeriiiiieiiriinienieneenieenceneeeieenens 213

B.1.2 Tensile Concrete RESPONSE .....cc.eevivviiriiiiiiiniieniieeiee sttt 214

B.2 Reinforcement TESHING .......coovieriiiriieniieiiteeieesteeeieesteeeiee et esite et eesareesieeesanee e 216

B.3 Summary Material Properties........cccuieriiiiiieniieiiierieerieesiee st et st e st sieeeiee e 217

B.3.1 CONCIEete PrOPEITICS ... .cecvieiueetieiieieeie ettt ettt st st e e ens 217

B.3.2 Reinforcement PrOPerti€s. .......ccceeriieriiiiiiieniiieniieeieesiteeiee st eiee s eiee e 219

APPENDIX C JOINT DESIGN STUDY ..ottt ettt ettt ettt et et sb e b eaeeeeeneas 225
REFERENCES ... oottt ettt ettt ettt e a et et et e e a e e st e saeeeb e e et e bt eaeeeseesbeenteenteenseensesneas 229

viii



Figure 1-1
Figure 1-2
Figure 2-1
Figure 2-2
Figure 2-3
Figure 2-4
Figure 2-5
Figure 2-6
Figure 2-7
Figure 2-8
Figure 2-9
Figure 3-1
Figure 3-2
Figure 3-3
Figure 3-4
Figure 3-5
Figure 3-6
Figure 3-7
Figure 3-8
Figure 3-9
Figure 3-10
Figure 3-11
Figure 3-12
Figure 3-13
Figure 3-14
Figure 3-15
Figure 3-16
Figure 3-17
Figure 3-18
Figure 3-19
Figure 4-1

Figure 4-2
Figure 4-3
Figure 4-4

LIST OF FIGURES

Damage to bridge joints resulting from large-magnitude earthquakes............ccccoeceeeeneenen. 2
Reinforcement congestion of California bridge beam-column joints ..........cccceeveeeriverrueenns 2
JOINt MOMENE GTAAIENL. ... ..eeeiiiriiieiiieiiieeie ettt ettt et esate et eesbeesabeesbeesnbeesnsaesnne 5
Truss and strut MECRANISINS .......eecuiiiiriirieiiieie ettt ettt ettt sre e 6
Strut and tie model of a cantilevered beam ..........cc..coceeierieniiiiniiniinieneceeeeee 8
ATC 32 strut and tie MOEL........ccceeviiiiiiiiiiiirieieeceteeteet ettt 10
Shear stress limitations fOr INETIOT JOINES ..e.veerieerieeriierieeree et eiee ettt eieesbee e 14
BONd FEQUITEIMENES ...ttt ettt ettt e st et et e e eseesbeesbeesbeebeeneeeneeeneeens 17
Headed reinforcement as provided by Headed Reinforcing Corporation ...........ccccccueneeee. 25
TermMIiNAtOr CONMMECTIONS. ... .eettetieteeteeteeitestee st e et et eateeateettesbeebeebeenteeneesaeesseesseeseeneesneeens 26
Stress distribution of headed reinforcement............cooovevieeiirieriierieeee e 28
Components of a reinforced concrete post-tensioned bridge .........ccceoceeverieriierceneeneeeenns 33
ProtOtYPE GEOMEIY ...ueveiuiiiiiiiiitiete ettt ettt ettt e sate e bt esbeeesbteesaeee s 34
Experimental subassembly deVelOPMENTt ........ccceeeiiirriieiiiieiiie ittt 35
Cap beam gravity load bending moment diStribUtioNS.........cccceevieeriienieenieenieeeeenieeeeeen 36
Cap beam lateral load bending moment diStribUtions ...........ccceeeviervierriieenieiniieeee e 37
Cap beam lateral load shear force diStribUtioNS .........ccceervueercieeriiieniiienieenieesieenee e 38
Exploded isometric view Of the teSt SELUP.......evvieeriiirrieeiieeiie et eee sttt 39
Elevation of eXperimental SELUP........cccveeruieriierieeriierieeriteerteeiteerieesbeeeteesbeesbeesbeesnnee s 40
Plan of eXperimental SETUP .........coiieiirrieiie ettt ettt te st st e e e e eee e eae 40
Experimental subassembly setup (Photo taken at end of testing) ...........cecceeveererveeroeeneenne 41
CONIOL PIOZTAIMN . ...eeiiieiiieriteeeitte et ettt e et e et e st e st e e st e e e bt esabeeeabeesabeeeabeesabaeeabeesmseesnneens 41
Lateral diSplacement PALLEIT ..........cevueeruieriieiieieetientcesteete e eeteette st esteeteetesaeesaeesbeenaeeaeeens 42
Mounting of external “small-displacement” potentiometers............ceveereereeereereeneeneeneenns 44
External inStrumentation .........c..cooeereeriiiiiiteneeneeieete ettt et ettt s saeenre et sane e 45
MOdEIEd tIUSS SYSIEIMI..cuuvieeurieeuiieeieeeieeeieeeteeeteesabeeebeesbeesbeesabeesnseessbeessseesnbeessseesaseesnseens 46
Joint instrumentation for shear deformation ..........c..ccoceeveeviiriiinienienenieniene e 47
Typical moment-tension relationship (A1 behavior ShOWN) ........ccccceevervinienicnceneencnnnens 48
JOINE FOTCES .ttt ettt saee bt eaeenaeeane e 49
Arrangement of strain gages (Specimen Al) ....cccoocuiiviiriieniieiiieeeeseeee e 50
Trilinear brick element node and Gaussian point locations using a

2X2X2 INEGration SCREIME ......ceiuiiiiiiiiieiie ettt sttt 53
Reinforcement EIeMENLS. .........co.eiiuiiiiiiiieiie ettt ettt sttt st st 55
Reinforcement axes and diSCIEtIZALION. ..........eeuuiruiertieriieiieieeieet ettt st 56
Von Mises and Drucker-Prager yield surfaces..........cocceveereeriiiiiiiiinieniesiesieeeeee e 58



Figure 4-5
Figure 4-6
Figure 4-7
Figure 4-8
Figure 4-9

Figure 4-10
Figure 4-11
Figure 4-12
Figure 4-13
Figure 4-14
Figure 4-15
Figure 4-16
Figure 4-17
Figure 4-18
Figure 4-19
Figure 4-20
Figure 4-21
Figure 4-22
Figure 5-1
Figure 5-2
Figure 5-3
Figure 5-4
Figure 5-5
Figure 5-6
Figure 5-7
Figure 5-8
Figure 5-9
Figure 5-10
Figure 5-11
Figure 6-1
Figure 6-2
Figure 6-3
Figure 6-4

Figure 6-5
Figure 6-6
Figure 6-7

Typical uniaxial hardening / softening behavior used for concrete modeling..................... 59
Tension cCut-Off MOAELS .......ccueeiiiiiiieee ettt 60
Uniaxial tension-softening MOdelS...........ccooieriiiiiiiiiiirieieeee et 61
Envelopes of tensile failure response for unreinforced concrete..........ccoceeveervvinueneenneennens 61
Effect of tension-softening on the load-displacement relationship of a

three-dimensional finite element beam-column model ...........c.cocevieniininniiniinieneencnienne 63
Crack orientation in an elemMENt .........ccccovuiriiriinieniieiieieet ettt e e eaee e 64
Effect of concrete compression relationship on overall system reSponse .........ccocceeeveennee. 68
Analytical cracking models compared to experimental response of Subassembly A2 ....... 69
Typical hardening-softening model for reinforcement ............cccceeeeeveriiniienieneeneeeeees 70
Solution strategies (a) regular Newton, (b) modified Newton, (c) linear...........c.cccccenee. 71
Finite element discretization for Subassembly (A2) .......ccceceeiirierieiiereee e 72
MOdE] dISCIEHIZALION. .......eueeeietieieete ettt ettt ettt et et et e b et et eeatesseesbeesbeebeenteeneeeneeens 72
Comparative load-displacement behavior.............coceeiieiiiiinieieeeee e 74
Different contributions to total system drift..............ooeeiiriiriiiiieeee e 75
Strain in southern exterior column longitudinal reinforcement (3.6% drift).............ccec... 75
Joint cracking at 3.6% Arift........ceevviieiiiiiriiieiieee e e 76
Column crack patterns at 3.6% drift .........ccooveeviiiiiiirie e e 77
Contour plot of strains in the transverse direction (Y-axis) within the joint region............ 77
Group A test Specimen CONTIGUIATION .......eevcveeriueeriieeriiesiieeteeeieeeieeeieeeteeesieeeeeeesiaeenaeees 80
Cap DEAM CONSIIUCTION ....vviiuiieiiieeiie ettt et et teeiee et e eiee st e e e beesabeessbeesabeesaseesnbeessseesaseennseess 81
Stress-strain behavior of reinforcing Steel..........oeeviiiiiiiriirierieeeeeee e 84
Specimen Al elevation and SECHOMS .....cccuteruerierieriereete ettt eeee st ebeeee s eees 85
Specimen A2 elevation and SECHOMS ......ccueeruerierierienieeie e ettentee et eteetee st e sbeebeeeesaeeeees 86
Anchorage of column reinforcement, A2..........cocceeieeiiieienienienieseee ettt 87
Specimen A3 elevation and SECHOMS .....cecueeruerierieriereete ettt ettt etee st sbeebe e sneeeees 88
Anchorage of column reinforcement, Ad............coocuiieiiiiiiiiinieiiieeee et 88
Specimen A4 elevation and SECHIOMNS..........eerierriieiriieriiieerieeiteeieesieesreesbeesbeesbeesbeesaneens 89
Final reinforcement layout, subassemblies Al and A3 ........cccceevieiviiiniennieinieceeeeeeieenn 90
Final reinforcement layout, subassemblies A2 and A4 ........ccccoevveeriiinieeniieinieeee e 90
Progression of typical damage (Specimen A3) .......ccceveeeiieereeiniieenieeiieete et eiee e 92
Damage near ultimate stage for all specimens in Group A .......c.cceeevveerieerieenieeneeeneeennenn 93
Displacement RISLOTIES ......ccueeviriruirieieieiiierie sttt sttt s 95

Crack pattern in joints after the 4.0 in. displacement cycle group for

SPecimens Al and A2 ......cocooiiiiiiiiicecee e e s 97
Al load-displacement behavior...........ccccecveiiiiinininiiiecc e 98
A2 load-displacement Behavior...........ccccecveviiiiinininiiiicc e 98
A3 load-displacement DEhaVIOL..........coeiiiiiiiiiiiieeieeeee e 100



Figure 6-8

Figure 6-9

Figure 6-10
Figure 6-11
Figure 6-12
Figure 6-13
Figure 6-14
Figure 6-15
Figure 6-16
Figure 6-17
Figure 6-18
Figure 6-19
Figure 6-20
Figure 6-21
Figure 6-22
Figure 6-23
Figure 6-24
Figure 6-25
Figure 6-26
Figure 6-27
Figure 6-28
Figure 6-29
Figure 6-30
Figure 6-31
Figure 6-32
Figure 6-33
Figure 6-34
Figure 6-35
Figure 6-36
Figure 6-37
Figure 6-38
Figure 6-39
Figure 6-40
Figure 6-41
Figure 6-42
Figure 6-43
Figure 6-44

A4 load-displacement DEhAVIOL..........coviiieriieiieieeieeee e 100
Capacity decrease from first cycle to second cycle........ccoeoeeeeriiiniiniinieieeeececeeen 102
Capacity decrease from second cycle to third cycle.........cocevieiieniiiiiiiiiieceeeeeeen 102
Backbone development per FEMA 273 ...ttt ettt 103
Global load-displacement backbone curves for Group A ........cocceevevieeveeniieineeenieenieene 103
Tangent Zlobal SIINESS ....cccuvieriiiiiiiie ettt st e e s esbee e 104
Typical system stiffness degradation ............cceevieeriiiriieeniieirie et 105
Cumulative energy dissipated at different levels of drift .........ccocceoveieniiiiiiiiniiiiiiee 106
Contribution to total tip deflection at displacement ductility of 1.0.........cceceevvuerriiennenne 107
Contribution to total tip deflection at displacement ductility of 4.0.........cccccceeveriennennen. 108
AT JOINE SNEAT TESPONSE ...ttt ettt sttt ettt et s et ettt e s esresbesbeeaeeneen 109
A2 JOINE SNEAT TESPONSE ...ttt ettt ettt ettt ettt s bt sae et eatenaestesbesreeaneneen 109
A3 JOINE SNEAT TESPONISE ....ceveeveerenietiieritetteit ettt sttt ettt et s e sae et e e sbesbesbeeaeeneen 109
A4 JOINE SNEAT TESPOISE ...ttt ettt ettt ettt ettt s e ettt eate s estesbesbeeaneneen 109
Joint shear backbone develOPMENL. ........cccuieiieiiiieiieiieie e 110
Joint shear stress-strain backbone curves for Group A .........ccccovceeviiienieeniieenieeieeieenne 110
Joint shear tangent StNESS ....cccveeviiiriiiiriieriee et s 111
Longitudinal column reinforcement tensile strains, circular column specimens .............. 112
Longitudinal column reinforcement tensile strains, square column specimens................ 113
Longitudinal column reinforcement compression strains, circular column specimens..... 114
Longitudinal column reinforcement compression strains, square column specimens ...... 114
Typical bond stress demand, Specimen A1 north bar ShOWn..........cccccevieiiiiiniinienenen. 115
STP COMPONEILS .....e.eieeietieieeieette ettt et et ettt e st e sae e bt e bt e e esseeseeabeesbeenseenseeneesaeenseeneeens 116
Column longitudinal reinforcement pullout at different drift levels ...........c.ccoceveneenen. 117
Model loading and cap beam demand..............ccoceeiirienienieieee e 118
Typical concrete constitutive relationShip.........c.cecveevevuerereneninierieieeieneneee e 119
Typical reinforcement constitutive relationShip........coccveereeeiiiieriieiiieeie e 120
Analytical moment-curvature behavior away from column face..........cccocveeevveriieeneenne 121
Analytical moment-curvature behavior near column face ..........cccoveveevveeniiieineeniieeneenne 121
Beam strain distribution Al ....c..cocooviiiiiniiniiiiiececeeeee et 123
Beam strain distribution A2 .......ccccociiiiniiniiiiinieeeeeeeeeee ettt 123
Beam strain distribution A3 ...........ccooiiiiiiiiiiii e 123
Beam strain distribUtion Ad .........c.cooiiiieiieiiee ettt 123
Specimens Al and A2, location of transverse reinforcement strain gages ...........cccceue... 124
Specimens A3 and A4, location of transverse reinforcement strain gages ...........cc.ceu.... 124
Specimens Al — A2 interior beam transverse reinforcement strain distribution............... 125
Specimens Al — A2 exterior beam transverse reinforcement strain distribution .............. 125

X1



Figure 6-45
Figure 6-46
Figure 6-47
Figure 6-48
Figure 6-49

Figure 6-50
Figure 6-51
Figure 6-52

Figure 6-53
Figure 6-54
Figure 6-55
Figure 6-56

Figure 6-57
Figure 7-1

Figure 7-2
Figure 7-3
Figure 7-4
Figure 7-5
Figure 7-6
Figure 7-7
Figure 7-8
Figure 7-9
Figure 7-10
Figure 7-11
Figure 7-12
Figure 7-13
Figure 7-14
Figure 7-15
Figure 7-16
Figure 7-17
Figure 7-18
Figure 7-19
Figure 7-20
Figure 7-21

Specimens A3 — A4 interior beam transverse reinforcement strain distribution............... 126

Specimens A3 — A4 exterior beam transverse reinforcement strain distribution .............. 126
Specimens Al and A2 strain distribution on joint Spiral............cccceeieerernerienienieeneenienns 128
Specimens Al and A2 strain distribution on out-of-plane joint reinforcement................. 129

Two-dimensional strut and tie representation of force transfer at

Iy =4 (SPECIMEN AL)..c..oiiiiiiiiiiiiiiicie e e 131
Proposed force-transfer mechanism [Priestley 1993] ......ccccccovininininiencneninneeeeeen 132
Finite element model of joint reinforcement (wire frame View) .........cccceevveveeeeeneeneennen. 133

Measured and predicted strain distribution of beam external and internal

vertical transverse reinforcement ............ccccueviiiiiiiiiiiiiniic e 134
Strain of vertical transverse reinforcement at south end of the joint (A2) .......cccceeevuveennee. 135
Measured and predicted joint spiral reinforcement strain distribution............cecceceeeueennee. 135
FEM approximations of principal compression stress in the joint region...........c.ccceueen.ee. 136
FEM approximations of principal compression stress on diagonal cross sections

EALOUGR JOINE. ...ttt ettt ettt et et st e s bt e bt e aeeaeeeaeenneean 136
FEM approximations of crack strain and orientation at the exterior face of the joint....... 137

Typical bond stress distributions of Group A at increasing applied column tip

QISPIACEITICIIES ...ttt ettt ettt et ettt et et et e s e e st e s bt e beembeemeesatesaeesaeeneeeneeeneean 142
BONA SIESS INPUL....ceutieutieiiieiieeiie ettt ettt et ettt ea e e atesaeesbeebeeneesmtesaeesaeenseeseennean 143
Bond stress-confining stress relationShip ........covveeecieeniieeiieiiieneeeeeeiee e 143
Bond transfer reSOIULION ......c..cocutiiiiiiirieiecetceteetceeeee ettt 144
Internal forces on a horizontal SECHION .......ccceevueerieeiieriierienieneecec et 144
DeSiZN AITUSTIATION ...eeiutieeiiieiite ettt et sttt e st eebee st eeebeesabeesnbeesabeesnnaeenne 145
Joint details of SPeCIMEN Bl.......cooviiiiiiiiiiiiiiiece et 147
Joint hoop crack mechaniSm dia@ram ........ccecveeruieriieeniieniie ettt 148
Hoop bond transfer—crack mechanism ©.........cocoooiiiiiiiiniiiii e, 148
Specimen B2 joint confinement reinforcement. ..........oecueeeeeierienieneereee e 150
Strain in vertical transverse reinforcement along beam length (Specimen Al)................ 151
Group B vertical transverse joint reinforcement ............c.eeoveeeeeriierienieneeneeseeeee e 151
Specimen Bl details.......cc.oouieiiiiiiieiieieeieee et 153
Specimen B2 details........c.oocuieiiriiiieiieieee et st e 153
Construction photos of subassemblies B1 and B2 ..........cccccovviiiiiiiiiinniiiiieciccieeeeee 154
Setup used for Group B testing (Specimen B2 ShOwn)........ccccovieviiiinieniiiinienieeieeee, 154
Group B displacement hiStOTIES .......cceveervieriuieriienieesieeeieesieeeieesbeesaee st e eaeesbeesseesane 157
B1 load-displacement TESPOMNSE....c..veerureerurieriierieenieesteesieesteesreesateessseesaseesseesnseessseesane 160
B2 load-displacement TESPOMNSE....c..ueerureerrieriierieerieesteesieesteesreesateesseesaseesseesnseessseesane 161
Definition of backbone and maximum load envelope..........cccceeveerieneriieniiinienieseeeee. 161
Group B load-displacement backbone and load envelope ...........cccceveevieiieeiinienienienen, 162

xii



Figure 7-22
Figure 7-23
Figure 7-24
Figure 7-25
Figure 7-26
Figure 7-27
Figure 7-28
Figure 7-29
Figure 7-30
Figure 7-31
Figure 7-32
Figure 7-33
Figure 7-34
Figure 7-35

Figure 7-36
Figure 7-37
Figure 7-38
Figure 7-39
Figure 7-40
Figure 7-41
Figure 7-42
Figure 7-43
Figure 7-44
Figure 8-1
Figure 8-2
Figure 8-3
Figure 8-4
Figure 8-5
Figure 8-6
Figure 8-7
Figure 8-8
Figure 8-9
Figure 8-10
Figure 8-11
Figure 8-12
Figure 8-13

Stiffness degradation of Group B (and comparison with Specimen Al) .......c.ccceceevurennens 163

Loss in capacity due to multiple cycles to the same displacement.............ccccceeveerueenenee. 164
Contribution of components to total tip displacement ............ccoeceeveerieiieieeienieneeeenee. 165
Setup of column reinforcement Slip MEASUTEMENL ........cccueerruireriieriiieerieeiie e 165
Slip of tensile column reinforcement from joint, throughout displacement history.......... 166
Slip history of column reinforcement from JOINt...........covveeviieriernieeniieenieenieesiee e 167
B1 JOINt SHEAT TESPOMISE ....eeeuveeeiiieiiieiie ettt sttt sttt ettt e e beeesaaeesateesabeessbesnsaesnne 168
B2 JOINt SHEAT TESPOMISE ....eeevvieeniieeiieeite ettt ettt ettt ettt e st e e st esbeesabeesabeesabeesnsaesane 168
Joint shear response BACKDONE CUTVES........ccvviiriiieriiiiiierieerieesiee ettt st sbeesaee e 168
Tensile column reinforcement strain distribution at increasing levels of drift.................. 169
Compression column reinforcement strain distribution at increasing levels of drift......... 170
Tensile column reinforcement bond distribution at increasing levels of drift................... 171
Beam longitudinal bar strain along cap beam/joint............ccoecuevieriinienienieeieeieeeeeeeen 172

B1 horizontal joint transverse reinforcement response at increasing levels of northern

Group B load-displacement COMPATISON .........eevrueerrueeriiieeiiiesiieeiieesteeesieesbeeeieesbeesseesane 175
Component contribution in computational MOdels ..........ccceerveeriiiriiiiniieniieiie e 176
Component contribution in experimental subassemblies..........c.ccevvveerreeriiieeneernieennennne 176
Lateral joint dilation of Group B SPECIMENS .......c.eevviiriieriiiiiiieiiie ettt 177
Principal compressive stress at different sections through joint ...........cccoeeeeiviiriiiennenne 178
Principal tensile strain mapping along compression Strut...........ceceerveereeerieeieeeeseeneennens 178
Lateral load versus joint shear response of Group B specimens...........cccceevenerceeennenne. 179
Analytical joint shear Stress-Strain FESPONSE ......cc.eeveeueerreerreeruerreereereereeeeeeeesneesseesseeeens 180
Experimental subassembly joint reinforcement configuration (Model A)..........ccceeueeneee. 186
Joint shear strain response to a tip displacement of 7.8 inches ...........ccccoooveiiniinienenen. 186
Shear strain deformations.............coceeiiviiiiiiiiiiiiiici e 186
Effect of lateral reinforcement distribution on compatible joint resSponse ............c.eeeueeenee 188
Effect of quantity of lateral reinforcement on compatible joint reSponse .............c.eeeueeenee 189
Joint shear relative to total area of lateral reinforcement at target displacement .............. 190
Joint activation index as function of quantity of lateral reinforcement.............ccccveeueennee 191
Plan view of vertical joint reinforcement layout Model 1.........cccccoveveieviiiiininieinieenieene 192
Effect of joint reinforcement on interior joint shear Strain........c..c.cceceeevevereneneeeennennenne. 193
Effect of joint reinforcement on exterior joint principal tensile strain.........c..cocceceeeeueenee. 193
Effect of joint reinforcement on interior joint principal tensile strain............cocceceeeeunnee. 193
Effect of vertical joint reinforcement distribution on joint shear strain ..........c..c.cceceeueeeee. 195
Effect of vertical joint reinforcement distribution on principal tensile strain ................... 195

Xiii



Figure 8-14
Figure 8-15
Figure B-1
Figure B-2
Figure B-3
Figure B-4
Figure B-5
Figure B-6
Figure B-7
Figure B-8
Figure B-9
Figure B-10
Figure B-11
Figure B-12
Figure B-13
Figure B-14
Figure B-15
Figure B-16
Figure B-17
Figure B-18
Figure B-19
Figure B-20
Figure B-21
Figure B-22
Figure B-23
Figure B-24
Figure B-25
Figure B-26
Figure C-1
Figure C-2
Figure C-3
Figure C-4
Figure C-5

Effect of quantity of vertical joint reinforcement............oeceveeeeverieneninieneeeeeeeeeeneenes 196
Influence of vertical reinforcement on joint degradation ..........c..cecceceeeveveevcninerceeennenne. 196
Compressive strength testing Machine ...........cc.eeoueeriirienienieie e 213
Compression hardening teSt SEIUP.....cccveerveeriueerieerieerteeeiteesteesiteeebeesteesbeesbeesabeesneesnne 213
Compression SOftening reSPONSE LESTINZ ...eevurerrrrrerierrieerieenieesiteesreessieesbeesaeesbeessseesnne 214
Compression SOFtENING LESt SELUP ....veerriertieriieritieeieestteerteebeeeieeesbreesieeesbeeesireesreeenaneene 214
Modulus Of TUPLUTE tESE SELUP.....veerurierireriierieentterieesteeeteesteesreesabeesbeesabeesseesabeesnseesane 215
SPIItting teNSIle LESE SELUP 1ouvvreereriiieriieeiie et ettt e ettt erite et e et e ebeeesbaeebeeebeesnbeessaeennees 215
Fracture energy specimen and teSt SELUP.....cccvterveerrierieenieerieerteenreesteesireesreesieeenaneenes 216
Tension test setup for #2 reinforcement..........coevevierieiieieie e 216
Tension test setup for #3 reinforcement and greater (#6 shown) ........c.ccoecveiieiiiienienen. 216
Concrete SIreNZth GAIN ......eeiviiiiiiiiieeeee ettt et 218
Typical concrete compression hardening response (Subassembly B1 shown) ................. 218
Typical concrete compression SOftening rESPONSE .......ceueeueeurerrerrerrereererenrensenresseeneeeennes 219
Concrete compressive stress-strain relationship Subassembly Al.........ccccccevivinieienenne. 219
Concrete compressive stress-strain relationship Subassembly A2.........cccocevevveviieeneenne 219
Concrete compressive stress-strain relationship Subassembly B1..........ccocceevviiniiinnnnn. 219
Concrete compressive stress-strain relationship Subassembly B2..........ccocoevvviiviiinnien. 219
Group A #3 beam ties, skin, and SPIral ..........ccccueerierriienieeiie et 221
Group A #4 headed trANSVEISE ....cuuieruieriiiriiieeiieerite et eriteeiteeriteetteesiresbaeesaaeebeeesaseensees 221
Group A #6 headed 1ongitudinal ..........ccccceviiiiiiiiiiiieiie e 221
Group A #6 conventional longitudinal............ccoocuiriiiiiiiiiiii e 221
Group B #3 skin and JOint hOOPS........ccoeuiruieriiriiiiee et 222
Group B #3 column SPIral.........cceeiiiiiieiiiiieiieiereee et 222
Group B #3 DEam tranSVETSe ........cevuieiieiiieieeiieitiesteete ettt ettt eeeeseesbeesbeeseeeeesaeeeas 222
Group B #6 primary longitudinal............cccociriiiiiiniiiiiieeee e 222
Group B #3 horizontal JOINE trANSVETSE ......ccecveerveeriueertieeiieesieeeiieesteeesieessneeenaeessseeessnesnn 223
Group B #4 vertical JOINt trANSVETSE .....eevvveeeriireiieeriieeiieerteeneeesiteesiteesteesireesareesbeesaneenee 223
Prototype joint geometry and longitudinal reinforcement...........ccceveveeeveeviieeeneeineeenneenne 225
Joint details (A) and (B)....ooooouvveiiiiiieiieeeeee e 226
Joint details (C) and (D) .....cceieeeuirieiiee et e e e e e eeeaas 227
Joint detailS (E) and (F).....oooi oottt eeeaaa e e e e 228
JOINE AELATL (G) et e et e e e e e e e e e et e e e eaaeeeenes 228

Xiv



Table 2-1
Table 2-2
Table 2-3
Table 2-4
Table 2-5
Table 2-6
Table 2-7
Table 2-8
Table 2-9
Table 2-10
Table 3-1
Table 3-2
Table 4-1
Table 5-1
Table 5-2
Table 5-3
Table 5-4
Table 5-5
Table 6-1
Table 6-2
Table 6-3
Table 7-1
Table 7-2
Table 7-3
Table 7-4
Table 7-5
Table 7-6
Table 7-7
Table 7-8
Table 7-9
Table 7-10
Table 7-11
Table 8-1
Table §-2
Table 8-3

LIST OF TABLES

AlIOWADIE SIUL ANEIES..c...eieuiiiiiiiiieeite ettt ettt sttt st st e sate e s e snee e 8
Strut and tie — NOMINAL SIIESSES ......cueiuiiiiiiiiiiiiciieicetee s 9
Shear stress HMItAtionS. .......couiiiiiiiiiiiiiii i s 14
Bond HMItAtIONS ...c..couiiiiiiiiiiiiii e s 15
Joint reinforcemMent TEQUITEIMENLS.......cccuieriierieerieerieerieerteesiteesaeesieeebaeebeesbeesbeesabeesaneas 19
Confining action of adjacent MEMDETS. ...........ceveerriierrieriiieeieeeieeeieesbeeeeeesbeesreesbeesaneens 20
Effect of axial 10ad.........ccoooiiiiiiiiiiiiii e 20
Joint reinforcemMent TEQUITEIMENLS . .......eeutertiereieieeiestierte et eteeitesteeteeteeseesseesbeebeeeesneesaeens 22
Terminator capacities for a #8 reinforcement bar .............cccceeeirieiiinieie e 27
Required termiNator SIZE ........ceoueeuieierieiiesieerte ettt et e sttt et eeteseeesbeesbeenbeeteeneeeneeens 28
Prototype (full-scale) bridge SEOMELIY .....ccceiiuiiriiiiiiierieetieeee et 34
Prototype (full-scale) bridge reinforcement and materials............cccceveereerierieenceneeneeenns 35
Specimen A2 material PATAMELETS ........eeuereertiereeiteeieeeeeieesteeeeeteesteeseesseenbeebeensesneesneenees 73
Group A subassembly diMENSIONS .......cecueiiriiierieeriieeriieenieerteerte et e sreesareesbeesereesreesaseens 79
Group A 1einforcement QUANTILIES . .......ueeruieeriierriieiiieeiiesiteeieesbeeeieesbeesbeesbeessbeesabeesaneens 82
Group A JOINE TEINTOTCEMENL ... ..eeiiieriieiiieeiieeieeetee ettt e ste et e sbeesebeesebeessbeesareesseeenaseens 83
Group A 1eiNfOrCeMENt PrOPETLIES ...c.veerrierurierieeriieriteesteeeiteesteesreesbeesseesareessseesseesseens 84
GrOUDP A CONCIELE PIOPETTIES .eeuvvrerurierurieeiiertieeieesteeesteessbeeesteesbaeesseessseeesseeessseenseessssesnseens 85
Group A tESt ODSETVALIONS .. .veeiiieriieriiieeiieetteeieeeteeeieesbeeeteesbeeebeessbeeesseeebeeenseeessennseens 94
Group A experimental TESUILS ..........eoireriiriiriinireneeeee ettt 96
Load levels used for beam strain inVestiZation ............cevveerueerierrieriereenieenieeieeeeeee e seees 118
Group B subassembly dimenSions ...........cccueeieruieriinieiie ettt 140
Beam and column design SUMIMATY ........c.ceouerieruieriienieeieeieeiteseeseeeseeeeeeeeeneesneeseeesneeaeas 141
Joint design example for Specimen Bl ..........cccooiiiiiiiiiiiiii e 146
Joint spiral design example for Specimen B2 .........cccoocviiriiiiiiiiniiiiiiieiecccee e 150
Group B specimen details .......ccc.eierieiiiiiiniiieiieerieerie ettt sttt 152
Group B joint reinfOrCEMENt ........ccuiiriiiiiieriieriteriee sttt sttt iee st eeaeesbeeeiee e 152
Group B reinfOrcement PrOPEITIES ........cevvviereerrieerieeniieerieesiieeseeesreesteesibeesseesabeesseesane 155
Group B CONCTELE PIOPETLIES ..evvveruriieiieiiiieiiienitesieesiteeeteesbeesteesbeeesaeesbeeesseesbeeensneenne 155
Test observations of Group B ..........cooiiiiiiiiiiiiiiiieieeee ettt 156
Progression of damage (B1 left, B2 right) .......ccccoeiieiiiiiiiieee e 158
Group B experimental TESULLS ........ccceeiiiiiiiiiieeieeieceeee ettt 163
Lateral reinforcement details ............ccoccerieriiiiiiiiieieeeee e 187
Parameters used in the investigation of quantity of lateral reinforcement ........................ 188
Vertical joint reinforcement details (plan VIEWS) .........ceceeceecienieneninerienienienineeeeeenenne 194

XV



Table A-1
Table B-1
Table B-2
Table B-3
Table B-4
Table B-5
Table C-1

Brides STUAIEA. ......coouiiiieiieieee ettt sttt et ettt aean 205

Typical concrete batch weights for one cubic yard..........cccoeeeriiioiniiinienieceeeeeeeen 217
Column concrete material PrOPETLIES .........eeueerueerueerieeieriieneerteerteeeeeeeeeeesteeteeeeeeesneenaeas 217
Beam concrete material PrOPEITIES....cccueivuieeriierrieeiieeiieerteeiteeieeetteesieeebeeesaeeesbeeenaae e 218
Group A reinforcement material PrOPEITIES .........eevcueeriieriiieriiieeiieeeiieereeeniee e eseeesneenes 220
Group B reinforcement material Properties ..........oocueerveerrieriiieriieeiiieeneeeseeeseeeseeenneenes 221
JOINE AELALLS vttt ettt et es 225

XVi



1 Introduction

Reinforced concrete bridges are used throughout the world as a means of transporting a large number of
people and materials. These arteries make up one of the foundations of infrastructure, providing an
economic link for urban communities and large metropolitan cities. Poorly designed bridges combined
with large seismic events can effectively cripple a city, influencing both the short-term response and long-

term recovery following an earthquake. As such, the proper performance of these systems is imperative.

Although much progress has been made in the design of reinforced concrete bridges, some questions
remain. Shortcomings in many aspects of design have been identified as a result of damage sustained
during large-magnitude seismic events. These issues, for the most part, have been identified and addressed
by adopting changes in code requirements and executing retrofitting programs. Numerous research
programs have been undertaken to examine many aspects of bridge response. One area in which ambiguity

remains is the design and construction of reinforced concrete bridge beam-column connections.

Currently, there is no clear preferred procedure for bridge beam-column joint design. Several joint design
recommendations exist throughout the world. Each has their own set of assumptions and goals. Some
produce lightly reinforced joint systems, while others produce heavily reinforced joint systems. The
question arises, how does performance relate to design? To answer this, the state of the art of beam-
column joint design is investigated. This experimental and analytical study examines a variety of

recommendations with a focus on California design techniques.

1.1 Beam-Column Joint Design Issues

Methods for beam-column joint design have undergone many changes in the past few decades and are still
evolving. Interest in the behavior of bridge joints heightened as a result of the Loma Prieta earthquake
when a number of reinforced concrete bridges in the San Francisco Bay Area sustained significant damage
at their beam-column connections (Figure 1-1). Following the earthquake, new bridge connections were
designed using theories developed in part from research into the behavior of building joints. Due to the
difference between the desired response of bridge and building systems to earthquake loading, as well as a
lack of consensus within the design community, these new designs tended to be overly conservative,
making construction difficult (Figure 1-2). In the ensuing years, additional research has led to an improved
understanding of joint behavior. However, this research has still not led to a consensus within the design
and research communities as to a general mechanism to describe bridge joint behavior, nor has it led to a
general procedure for bridge joint design. Furthermore, general design philosophy is evolving, with a trend
toward performance-based criteria is being pursued in all aspects of structural engineering. Reinforced
concrete bridge joint design concepts, however, are still firmly rooted in the idea of force transfer, with

little concern for displacement or damage-based criteria.



Three areas of investigation remain important. First, the validity of the existing design concepts requires
conceptual review to determine their usefulness in application to California bridge joint design. Second,
California design methods should be studied using both experimental and analytical means to evaluate and
improve the effectiveness and efficiency of the requirements. Third, a method to account for displacement

and the expected level of damage in the joint is needed.

1.2 Objectives of Research

The objective of this research is to show that California joint design requirements are conservative and can
be made more efficient through the use of headed reinforcement and the adoption of a displacement-based
design approach. Three areas are investigated in the development of this thesis: the evaluation of current
bridge design requirements, the investigation of methods for improving constructability, and the
development of a recommendation for joints based on limiting damage. These objectives were achieved
through both large-scale experimental investigations of bridge components and three-dimensional finite

element analysis. This section outlines the work conducted in each phase.



1.2.1  Experimental Program
A total of six 3/8-scale, beam-column subassemblies were built and tested under quasi-static lateral

displacements. Boundary conditions and loading protocol were modeled from typical bridge conditions. In
this presentation, the experimental program was divided into two phases: the first is based on current
designs in California and the second aims toward higher joint shear demand to exaggerate damage within
the joint region. The results were used to evaluate joint response, develop a force-transfer mechanism, and

calibrate analytical models.

1.2.2  Finite Element Model Development
Three-dimensional finite element models were developed using trilinear concrete brick elements and

embedded reinforcement. Appropriate constitutive relationships were selected based on material testing to
correctly model the experimental response. Confidence in the analytical results allowed for the use of the

finite element model in a parametric study.

1.2.3 Investigation of Parameters
The research culminates with a displacement-based recommendation developed from a parametric study of

a typical joint configuration. The path for the parametric study was influenced by the information gained
from both the experimental observations and results from the finite element studies. Appropriate quantities

and arrangements of vertical and lateral joint reinforcement were determined.

1.3 Organization of Report

The work is organized as follows. A background of bridge joint design is presented in Chapter 2, including
accepted joint force transfer concepts and codified recommendations. This is followed by the development
of the experimental program, the determination of the subassembly boundary conditions and loading, and
methods of experimental evaluation in Chapter 3. In Chapter 4, the development of the analytical program
is presented. This includes the background and foundation for the finite element models used as well as
justification of the selected constitutive models. With this basis, the results of the first and second phase of
the experimental program are presented in chapters 5, 6, and 7. Finally, results from the parametric
investigation are given in Chapter 8, followed by conclusions on the state of joint design and

recommendations for future research in Chapter 9.



2 Joint Design Methods

The development of reliable reinforced concrete beam-column joint design procedures is an essential task
for safer bridge systems. In the past, the importance of proper joint design had been overlooked, leading to
serious consequences. From the 1971 San Fernando, California, earthquake to the 1994 Northridge
earthquake, poor joint design has resulted in catastrophic structural failures. As a result, diverse and often
complex joint design requirements have been adopted, but without a unified methodology. The following
sections examine the widely accepted joint mechanisms and codified approaches used in the U.S. and
abroad. In some cases, the approaches result in weak designs, while in other cases adequate strength is
achieved at the expense of constructability. To address these issues, new joint design techniques are
examined. In addition, possible directions for the development of effective joint design strategies are

discussed.

2.1 Accepted Models of Joint Force Transfer Mechanisms

Dedicated experimental investigation of beam-column connections has been under way since the late 1960s
when Hanson and Connor [1967] carried out a series of tests for the Portland Cement Association. Based
on the experimental data generated since that time, several joint load transfer mechanisms have been
suggested. The most common mechanism relies upon the compressive capacity of the joint concrete. This
can be conceptualized in the following manner. Plastic hinging of beams or columns, or both, imparts a
significant shear in the joint (i.e., V = dM/dx = 2Mp/b;,,,), which may lead to the formation of diagonal
shear cracks in the joint concrete (Figure 2-1). This, in turn, forces the joint to rely on concrete
compression struts, running parallel to the cracks, for load transfer. Once the load in the strut exceeds the

compressive strength of the cracked concrete, the joint resistance quickly degrades.
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Figure 2-1: Joint moment gradient



2.1.1  Compression Strut and Truss Models

Two general methods of joint shear transfer were established using the compression strut concept: the
principal compression strut model and the truss model. The compression strut model assumes that the
tension forces in the longitudinal reinforcement of beam and column, ATb and ATcol, are anchored in the
compression zone on the opposing faces of the joint. These tensile forces, combined with the compression
forces acting on each face, result in two compression zones on opposing corners of the joint. The resultants
of these forces are assumed to act toward each other, forming a principal compression strut, Dc, across the

joint (Figure 2-2). This mechanism was first discussed by Paulay, et al. in the late 1970s [Paulay 1978].

In order for the longitudinal tension forces to be anchored only on the opposing faces of the joint, the bond
loss must be significant. If this is the case, forces are transferred to the joint as compression forces acting
in the joint corner. As a result, the model, used on its own, may be limited to systems that have undergone
significant damage. To address this point, the model is often used in conjunction with a second joint

model, the truss or shear panel model.
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Figure 2-2: Truss and strut mechanisms

The truss analogy assumes that the forces developed in the beam and column reinforcement at the face of
the joint are resolved within the joint through a panel of struts and ties. Assuming the existence of uniform
bond, the development of the forces from the beams and columns imparts a uniform shearing force around
the exterior of the joint, Vsh and Vsv. Resolution of these forces through the joint is accomplished using
multiple tension and compression elements, (7sh;, Tsv; and Dc;), made up of reinforcing steel ties and
concrete struts, respectively (Figure 2-2). This behavior has been extensively investigated for application
on shear walls. Vecchio and Collins [1986] found that the response of shear panels could be predicted from
the applied principal stresses, and compatibility, equilibrium and constitutive relationships. Direct
extension of these models to beam-column joints subjected to in-plane stresses is conceptually
straightforward. The downside, as mentioned previously, is that uniform bond must exist between the

reinforcement and concrete for the mechanism to hold true. Joints subjected to cyclic inelastic loading



often undergo significant bond degradation because of yield penetration and excessive shear cracking.

Therefore, complete reliance on this mechanism may be unrealistic.

To create a joint mechanism that is applicable at all levels of loading, the truss model is often used in
conjunction with the principal strut model. At lower levels of demand, the reinforcement is below yield
and the system is in a virtually uncracked state. In this state, the joint can be evaluated as a shear panel,
transferring forces through a series of compression struts and tensile ties. As the loads and cycling
increase, the reinforcement making up the periphery of the shear panel yields. As yield progresses, bond is
lost, resulting in a greater reliance upon a main strut running from the diagonally opposing compression
zones of the joint. The strength of the strut mechanism in the end determines the strength of the joint.
Transferring this concept to a design method, one could determine the size of the joint by the geometry
needed to sustain the principal compression strut. The shear panel mechanism can then be used to
determine the amount of transverse reinforcement required to develop bond through the joint. Varied
combinations of these mechanisms have been recommended and are discussed in Section 2.2. In general,
these methods seldom are applied directly to design. Instead, the methodology is often used implicitly

within the code to determine both the levels of reinforcement and geometry required.

2.1.2  Strut and Tie Modeling

Extending the concept used in the strut and truss methods, one can envision various joint models composed
of nonuniform arrangements and combinations of concrete struts and tension ties. This methodology,
known as strut and tie modeling, has been used extensively for design of deep beams, corbels, and other
discontinuity regions where standard design concepts fail [Schlaich 1987]. By means of this technique, the
reinforced concrete system is replaced with an equivalent truss made of concrete compression struts and
reinforcement tension ties. The layout of the equivalent truss then determines the layout of the
reinforcement in the system. This provides the designer with more flexibility, allowing the formation of a

variety of new load paths.

A shortcoming of the strut and tie method is that the design can be conducted without consideration for
compatibility. As a result, a variety of strut and tie layouts can be developed for the same loading
conditions, some of which may not be feasible considering compatibility. If the chosen strut and tie model
varies significantly from the elastic stress distribution, the system must undergo a load redistribution to
allow forces to be transferred along the intended paths. In reinforced concrete, load redistribution is
accomplished by cracking and damage to the concrete. To limit this behavior, the chosen system should
not only transfer the required loads, but do so in a manner approximately compatible with the elastic strain

distribution. To meet serviceability conditions, deformation compatibility must be checked.

Due to the limited discussion of strut and tie models in the U.S. design codes, a brief presentation follows
of the recommendations used for general development. It is generally accepted that compression is

transferred through one of two mechanisms: the compression fan or the compression strut. The fan
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mechanism is used in regions where stress changes quickly (high stress gradient) creating a disturbed stress
field, while the strut mechanism forms in regions where the stress field is essentially uniform. This
mechanism is illustrated in an example of a cantilevered beam (Figure 2-3). As shown, the concentrated
load is initially transferred through the system using a compression fan. These forces are quickly

transferred through the system in a uniform pattern through individual struts.
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Figure 2-3: Strut and tie model of a cantilevered beam

The allowable angle along which these struts form is based upon matching the direction of the principal

compressive stresses and by limiting crack widths. Some of the recommendations are presented in

Table 2-1.

Table 2-1: Allowable strut angles

Swiss Code, [MacGregor 1988] 26°<0<64°

European Code [CEB-FIP 1990] 31°<09<59°

American Design, [MacGregor 1988] 25°<6<65°

The capacity of the struts should be checked to ensure that their compressive stress does not exceed the
effective stress capacity, f... In addition, the state of stress in the nodes where the struts and ties meet
should also be checked. To ensure that the prescribed strut stress is less than the allowable compressive
stress, the area of the strut must first be prescribed, with definition of both a width and depth for the strut.

In beam-column connections, the width of the strut is assumed to equal the width of the joint. The depth of

the strut can then be determined using tributary area assumptions. Knowing the strut force and the

corresponding geometry, the strut stress can be found. Table 2-2 lists acceptable levels of allowable strut
stress. Two suggestions are presented, one by MacGregor [1988] in which checks of the struts and nodes

are required, and the other by the New Zealand Standards Association [NZS 1995] in which only a nodal

check is necessary. Note that the NZS recommends a capacity reduction factor, ¢ = 0.80.



Table 2-2: Strut and tie — nominal stresses

Codes: NZS MacGregor Comments
Nodes: | f.. = 0.65 ¢fc Jee = 0.85fc Bounded by compression struts and bearing areas
Jee=0.55 ¢f c fee = 0.65fc Anchoring one tension tie
fee =045 ¢f c fee = 0.50fc Anchoring tension ties in more than one direction
Struts: | Not Applicable foe = 0.50f ¢ In discontinuity regions
fee = 0.45f7c When severe cracking is expected at angles ~ 45°
fee = 0.25f¢ When severe cracking is expected at angles ~ 30°

Where f'c is equal to the uniaxial concrete compressive strength.

Tension resistance in a strut and tie model is provided by properly anchored reinforcement. The magnitude
of this force contribution is equal to the yield stress multiplied by the area of the reinforcement. As seen in
the beam example (Figure 2-3), these tension ties can consist of both transverse and longitudinal
reinforcement. Putting all of these components together, one can develop a variety of strut and tie models
representing force transfer in a joint. To assist in developing the load paths two rules should be followed:
first, the load path should follow the most direct route, and second, the compressive paths should not cross

one another.

Joint Strut and Tie Design Application

A codified application of the strut and tie method for joint application can be found in the 1996 bridge
design recommendation, ATC 32: Improved Seismic Design Criteria for California Bridges. Based upon a
series of tests conducted at the University of California at San Diego, Priestley developed a model for joint
transfer using strut and tie techniques (Figure 2-4) [Priestley 1993]. The resulting recommendation uses
the model implicitly to prescribe quantities of joint reinforcement. The strut and tie model resolves the
forces generated by plastic hinging of the column, across the joint and to an area outside the joint region.
By way of a series of diagonal struts, the force is transmitted to areas on each side of the joint. These

forces are then resolved into tension ties, and corresponding levels of joint reinforcement are selected.

The ATC 32 model begins by the assumption that half of the column reinforcement is in tension. To
further simplify the problem, the tension force is split into two discrete tension ties. The interior tie is
anchored at the rear of the joint along the principal compression strut; the exterior tie is anchored closer to
the beam-column interface. This exterior tie is anchored with two diagonal struts and one horizontal tie.
The exterior column tension tie generates three regions of tensile forces. This, in turn, requires three levels
of reinforcement: additional longitudinal reinforcement in the bottom of the beam, vertical transverse
reinforcement adjacent to the column, and horizontal transverse reinforcement in the joint. The
corresponding tension forces are 0.1257¢, 0.25Tc, and 0.257c¢ respectively, where Tc is the column tension

force.



Tc=13 (0~50Ascolumrzf:v) = 0.65AS cotums y (2-1

Where AScoumn 15 the total area of column reinforcement and f, is the yield strength of the column
reinforcement. In the above expression, 30% overstrength is assumed. Assuming the joint and column
longitudinal reinforcement has the same yield strength, the longitudinal, vertical, and horizontal

reinforcement requirements become 0.08AS ozmn> 0.16ASo1mn> aNd 0.16AS .y, rESpPECtively.
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Figure 2-4: ATC 32 strut and tie model

In summary the following requirements are developed:

e To support the diagonal strut labeled A, additional longitudinal reinforcement is required in the bottom
portion of the cap beam equal to 0.08As..u,- In addition, vertical stirrups with a total area Ajv >
0.16As5omn are to be placed on each side of the joint region within a distance 0.5D,,; from the face of

the column, where D,,, is the column depth.

e To balance the 0.257c¢ horizontal strut, a minimum volumetric ratio of spiral’/hoop reinforcing, ps

should be provided over the entire column bar embedment length, ..

As close as possible to opposite face of beam.
| = S 0.028d, fy (2-2)
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The ATC 32 model presents a load path and develops reinforcement requirements based upon the forces

generated. It should be noted that this load path is not unique. Other load paths are equally possible.

2.2 Additional Issues in Joint Design

Although the previously discussed models do provide a rational means of joint load transfer, they are
concerned only with transfer of forces in the joint system. To safely resist the demands, deformations
should also be limited. Parameters such as joint size, bond strength, yield penetration, axial load, and the
effect of confinement by members framing into the joint can be used to limit the amount of damage. The

following sections provide background on some of these requirements.

2.2.1 Bond

Experimental and analytical investigations of joint response have shown that bond has a significant impact
on joint response [Scott 1996 and Sritharan 1997]. To obtain the flexural capacity of a member at the face
of a joint, the tensile reinforcement must be properly anchored in or through the joint region. This can be
achieved by developing the reinforcement straight into the joint or by providing hooks in the joint core. In
modern seismic design approaches, it is common to design for development of flexural plastic hinges at the
joint face. As a result, tensile reinforcement anchored in the joint is expected to perform well into the
inelastic range. As the reinforcing steel is loaded beyond the elastic range, the bond tends to degrade. This
action begins at the face of the joint as the reinforcement undergoes localized yield. As the yield
progresses from the face into the joint, an associated bond loss follows. If this action propagates, it is

possible for bond to be completely lost in the joint. Consequently, large system deformations may occur.

Large structural deformations, resulting from loss of bond in the joint region, can be alleviated through
improved design. Previous research [Ichinose 1991] into bond behavior indicates that bond strength and
ductility can be improved by confining the concrete in the region where the bar is anchored and by
increasing cover on anchored bars. To further reduce joint degradation, the bond demands can be limited.
One method of accomplishing this is to limit the ratio of bar size relative to the joint depth through which it
is passing [Kaku 1991, Leon 1991]. This allows the bond stresses, generated from the flexural deformation
of the adjacent member, to be more widely distributed. As a result, localized bond stresses are reduced,

minimizing the potential degradation of joint.

2.2.2 Joint Confinement

As a means of providing a more efficient joint design, the confining effects provided by adjacent members
and axial loads are sometimes accounted for in design [NZS 3101]. The belief is that if a beam framing

into a column covers a majority of the column face, then that face is considered effectively confined. For
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example, for shear cracking to extensively occur on a joint face, the beam covering that face must form
compatible diagonal cracks across its section. For such behavior to occur, these adjacent beams must be
heavily damaged. As such, the contributions of confining beams are only considered when they are not
expected to form hinges. These effects are taken into account by either increasing the allowable shear
stress in the joint or by reducing the required quantity of transverse joint reinforcement. In some codes
[ACI 352], these reductions are allowed if only one face is confined, while in other provisions reductions

are allowed only when all faces are adequately confined [NZS 3101 1995].

Column axial load affects the behavior of the joint shear capacity and bond capacity of bars passing
through the joint. Studies performed on reinforced concrete connections have produced conflicting results.
A study reported by Agbabian [1994] has shown that compressive axial loading can result in a joint
capacity increase on the order of 30% and an improvement in deformation capability on the order of 50%.
The test program, which evaluated three different levels of axial load (0, 5, and 10% of the column axial
capacity), indicated that axial load has the beneficial effect of reducing shear deformation and cracking, and
increasing strength and ductility of the joint zone. A study by Kitayama [1991], however, concluded that
axial load does not seem to influence joint shear strength. Axial stresses greater than 0.3fc were found to
improve bond capacity; however, high levels of axial load were found to decrease joint shear capacity by
accelerating compressive failure of the principal strut. This variation in experimental results has led to a
variation in code recommendations. Some codes [NZS 3101] allow for an increase in joint shear capacity
based on the level of applied load. As a result, the quantity of transverse reinforcement can be reduced,
thus easing construction. The newer strategies [ATC 32] determine the level of joint reinforcement based
upon the level of principal stresses acting on the joint. As such, compressive beam or column loads are
automatically taken into account in the design. Some codes, however, do not consider the effect of axial
compression and assume it to be unconservative. Unfortunately, such codes also commonly exhibit an
inattention to the opposite case: tension. When a reinforced concrete joint is placed in tension its capacity
to transfer inelastic loads is reduced [NZS 3101]. This can become a considerable issue when examining
exterior joints located in the lower levels of tall, slender buildings. Such regions are often subjected to
excessive tension due to the overturning effect generated by earthquake loading. In these cases, improper

detailing or an inappropriate assumption of capacity can prove detrimental to the system strength.

2.3 Code Requirements for Joint Design

To evaluate the state-of-the-practice for beam-column joint design, six codes representing the United

States, New Zealand, and Japan were investigated. They are
e  United States (U.S.): ACI 352 (1983) — ASCE-ACI Joint Committee
e New Zealand Standard 3101 (NZS 1982) — Code Practice for the Design of Concrete Structures

e New Zealand Standard 3101 (NZS 1995) — Code Practice for the Design of Concrete Structures
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o U.S.: California Department of Transportation (Caltrans 1994) — Bridge Design Specification

e Japan: Architectural Institute of Japan — Structural Design Guidelines for Reinforced Concrete

Buildings (ALJ 1994)
e U.S.: Applied Technology Council (ATC) Recommendation ATC 32 (1996)

Instead of detailing the step-by-step requirements, the following discussion is limited to the methods used
by each code to satisfy certain aspects of joint design. The recommendations used for limiting shear
stresses and bond demands, the effect of confinement due to loading and geometry, and the levels and
arrangements of reinforcement are presented and discussed. Note that two European codes were also
evaluated, the British Standard 8101 [1985] — Structural Use of Concrete, and the CEB-FIP Model Code
[1990]. Both the British Standard and the European code (CEB) do not directly address joint design but
instead provide strut and tie models and other tools that can be utilized for the determination of joint design
requirements. As a result, the following discussion of code requirements addresses only the U.S., Japanese,

and New Zealand recommendations.

2.3.1 Shear Stress Limitation

To ensure that a joint is capable of supporting an adjacent plastic mechanism, limitations are placed on the
allowable level of joint stress. With the exception of the ATC 32 recommendation, this stress limitation

takes the form of a maximum allowable joint shear stress. The accepted level of shear stress ranges from
an upper bound of 18/ f’c to a lower bound of 12,/f’c (Table 2-3). Limits on the shear stress, in turn,

prescribe the allowable joint geometry. As shown in Figure 2-5, interior joints constructed of normal
strength concrete would be larger under the requirements of AlJ than that of Caltrans. Variations between
the current codes is minimal below 4000 psi; however, for systems constructed of high-strength concrete
the requirements in the U.S., New Zealand, and Japan deviate considerably. For example, at a concrete
strength of 8000 psi the allowable shear strength according to AlJ is approximately 50% higher than that of
Caltrans. This deviation is directly related to the design philosophies used by each code committee.
Research in Japan has shown that joint shear strength depends strongly on the concrete compressive
strength and very little on the level of transverse joint reinforcement [Kitayama 1991]. As such, the
strength compression strut is assumed to be the dominant component of joint shear strength. Consequently,
AlJ assigns joint shear capacity proportional to concrete compressive strength. The U.S. codes, however,

assume the opposite, i.e., the truss model is the dominant component of shear strength. Consequently, U.S.
joint shear capacity is proportional to ,/f’c . As a result, joints designed to U.S. code requirements benefit

less from the use of high-strength concrete.
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Table 2-3: Shear stress limitations

Design Code

(f’c [psi])

Requirements

NZS 3101 1985

18.fs°c

ACI 352 20 fc, 15 fc, 12 fc For interior, exterior and corner joints, respectively.
Caltrans BDS 12 fc
All 0.30 f"c for interior cross-shaped joints and 0.18 fc for all others.
NZS 3101 1995 0.20 fc
ATC 32 Limits principal stresses.
Compressive Concrete Strength (MPa)
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Figure 2-5: Shear stress limitations for interior joints
2.3.2 Limiting Bond Demands

In general, the effect of bond demand is directly considered in joint design requirements by limiting the

diameter of the longitudinal reinforcement relative to the joint depth (Table 2-4). As discussed in Section

2.2.1, this is performed to limit excessive bond failure, which could lead to unexpected inelastic

deformation in the joint and additional global displacements. A variety of different requirements are used

(note stresses are assumed to be in psi). New Zealand assumes that the column axial load, P,;,, improves

the bond capacity of the beam longitudinal reinforcement. Increasing levels of compressive axial load are
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assumed to produce additional confinement thus larger bar diameters are allowed. The 1995 revision of
NZS 3101 adopted a similar design concept with the addition of a reliance on the concrete compressive
strength, 7., and steel yield strength, f,. This allows for a more direct relation to parameters of bond
capacity. ACI 352 does not account for axial load, concrete compressive strength, or reinforcement yield
strength in the determination of allowable bar diameter. Instead, a constant joint size to bar diameter ratio
is used. This recommendation is based on work conducted in the U.S. and New Zealand up to 1982 [Kaku
1991, Zhu 1983]. The AlJ requirements curb bond demands relative to the bond strength. No limitations

on bar size are recommended in either Caltrans Bridge Design Specification (BDS) or ATC 32.

Table 2-4: Bond limitations

Design Code Requirements (f'; and f, [psi])

Beam longitudinal,

h/dy, 2 35 for Puu/f Ay < 0.4
NZS 3101 1985 h/dy 2 25 for Pu/f Ay > 0.6

linearly varying for 0.4 < P,/f A, < 0.6
Column longitudinal, h,/d), > 25

Longitudinal bar diameter shall not exceed 1/20" of the depth through which

ACL352 they pass. See Eq. (2 -5).
Caltrans BDS Not addressed.
Al Recommend curbing bond demands by limiting the ratio of the bar size to the

joint depth. See Eq. (2 —6).

Beam longitudinal,
h/dy, 2404 f ¢ f, for Poyalf A < 0.1
NZS 3101 1995 h/dy 2504 f’c 1 f, for Pualf Ay > 0.6
linearly varying for 0.1 < P,/f A, < 0.6
Column longitudinal, ,/d, =2 38.54/ f’c ! f,

ATC 32 Not addressed.

Where,

h. = column depth h;, = beam depth

P iy = column axial load d), = diameter of longitudinal reinforcement

A, = column gross cross-sectional area

Figure 2-6 compares the minimum allowable joint depth, D;,, required for the development of longitudinal
bars of a particular diameter, d;,. The recommendations of ACI 352 are compared with those of AlJ, NZS
3101, as well as the standard development length requirements of ACI 318-95. Note that the development
length of Eq. (2-7) does not apply to development within the joint but instead applies to the development of

bars past the critical cross section.

ACI 352 Dy 2 dp 20 (2-4)
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NZS 3101 1985 Dy 2dy-25 (2-5)

ALl p. % 1B (2-6)
M7 45 e
d
ACI 318 Dy 21y =22 Jy afyi 2-7)
40 fre [c+Ky
d
NZS 3101 1995 D > _ofy 2-8)
38.5,f ¢

In Figure 2-6, a concrete compressive strength, £, of 4000 psi and a reinforcement yield strength, f;, of 60
ksi is assumed for all cases. In Eq. (2-7), ¢, B, % and A are bond parameters dependent upon the location,
coating, size of reinforcement, and the type of concrete used. The parameters ¢ and K, are dependent upon
the cover and confinement, respectively. For a typical joint configuration, the parameters ¢, 3, and A are

Ktr
b

+
equal to unity, [c ] is equal to 2.5, and ¥ is equal to 0.8 for bars smaller than #7 and 1.0 otherwise.

If one applies the expression to the development within the joint, although that is not the intent of ACI 318,

the resulting joint depth requirements can be found.
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Figure 2-6: Bond requirements

ACI 352 has the lowest bond requirements, followed by NZS in the middle, and AIJ with the highest. A
comparison with ACI 318 straight development length requirements illustrates that under these bond
requirements, the longitudinal reinforcement may not be fully developed within the joint core. Thus, the
state of practice assumes that bond degradation is allowed on the longitudinal bars passing through the

joint.

2.3.3  Joint Reinforcement Requirements

Joint reinforcement is often, though not always, prescribed in terms of the level of demand placed on the
connection. The codes that use this method quantify the demand in one of two ways: (1) in terms of the
level of shear force applied to the joint and (2) in terms of the amount of tensile force applied to the joint by
the yielding member. In the first method, the shear force demand is equated to the joint shear capacity.
The demand is evaluated from the level of shear force acting on the joint in one or both directions
(horizontal and vertical). The capacity of the joint is dependent on the joint reinforcement strength. From
these relationships, the required shear strength and the quantity of shear reinforcement can be computed.
The second method, used in Caltrans BDS and ATC 32, determines the level of joint transverse
reinforcement from the tensile forces generated by the formation of a column plastic hinge. The
requirements are based on an assumed strut and tie model of force transfer and are prescribed implicitly, as

shown in Section 2.1.2. The resulting requirement defines the level of horizontal and vertical
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reinforcement as a function of the area of longitudinal reinforcement in the yielding member. A
combination of these two methods is used in NZS 3101 [1995]. In some cases, additional reinforcement is
added to provide confinement of the joint. To be conservative, these levels are often specified to be in

excess of the required joint shear reinforcement.

Note that the ATC 32 and Caltrans codes assume that plastic hinges form in the column, while the other
codes assume that beam hinges form. To compare the two, the horizontal and vertical terms can be
switched. The following table provides a summary of the techniques used in each code to determine the

level and arrangement of reinforcement in the joint.
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Table 2-5: Joint reinforcement requirements

Design Code Requirements

Horizontal and vertical joint reinforcement is required. Area of horizontal
reinforcement, Ajh, is determined from the level of horizontal design shear force,
Vsh. Reinforcement consists of ties or spiral placed between the outermost layers
NZS 3101 1985 of beam longitudinal reinforcement. Area of vertical reinforcement, Ajv, is
determined from the vertical design shear force, Vsv. Vertical reinforcement can
consist of the column bars or additional vertical stirrups hooked into the section.
Ajh = Vsh/f, Ajy = Vsv/f,
Horizontal transverse reinforcement consists of column ties or spiral and is
required for joint confinement regardless of the level of joint shear. Vertical
ACI 352 transverse reinforcement consists of an even arrangement of the existing column
bars around the periphery of the joint. No actual requirements are placed on the
amount of vertical reinforcement needed.

Quantities of horizontal and vertical transverse reinforcement are required in the
joint. The amount is based on the level of longitudinal reinforcement, A,
developed from the column (the inelastic element). The minimum vertical and
horizontal reinforcement shall be 0.2A; and 0.1A,, respectively. Vertical
transverse reinforcement shall consist of cap stirrups and added bars hooked
around the longitudinal reinforcement. Horizontal reinforcement consists of
hairpins stitched into the beam in two or more layers with a greater density outside
the column core. These requirements are in addition to the continuation of the
beam stirrups and column spiral through the joint.

Ajh = 0.1 A, Ajv = 0.2 A,
Horizontal transverse reinforcement is required if a beam plastic hinge forms.
Vertical transverse reinforcement required if a column plastic hinge forms. In
both cases, the quantity required is dependent on the shear applied. Transverse
reinforcement is required in only one direction. The assumption is made that
resistance in the orthogonal direction is supported by the longitudinal bars.

Caltrans BDS

All

Reductions are made in the quantity of horizontal transverse reinforcement based
upon new information related to the effect of concrete and steel strength to bond
capacity in the joint core. Consequently, greater reliance is placed on the concrete
principal strut capacity. Requirements for the joint reinforcement parallel to the
yielding member are a function of both the joint shear stress, v;, and the tensile
area of reinforcement in the yielding member, Agy. Joint reinforcement in the
secondary direction is a function of the first direction. Assuming that the
transverse and longitudinal reinforcement has the same yield strength, a plastic
hinge forms in the column and no axial load in the beam exists, the requirements
become:

NZS 3101 1995

Ajv = 8.4vy As/ f. Ajh = 0.7h Ajv/h,

Vertical transverse reinforcement is required based on the quantity of column
longitudinal reinforcement developed into the joint. A minimum volumetric ratio

ATC 32 of horizontal transverse reinforcement, p;, is required based on the development
length of the column bars, lac.
Worst case: p, >0.4 A,/ lac’ Ajv =0.16 A

As noted in Table 2-5, varieties of techniques are used for determining an appropriate level of joint
reinforcement. To illustrate the outcome of these techniques, each will be applied to a joint design, and the

results will be compared in Section 2.4.
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2.3.4  Accounting for Geometric and Applied Confinement

To reduce the required amount of reinforcement, the confining effects of adjacent members and axial load
are often considered. As discussed in Section 2.2.2, the presence of adjacent members, i.e., lateral beams,
increases the joint strength. To account for this effect, code requirements allow for an increase in the shear
capacity of the joint or a reduction in the required transverse reinforcement (Table 2-6). The ATC 32 and
Caltrans BDS do not allow for any reductions. This is due in part to the fact that both codes are used

exclusively for the design of bridge joint systems, which do not commonly have large confining members.

Table 2-6: Confining action of adjacent members

Design Code Requirements

NZS 3101 1985 Reduction in required shear reinforcement if beams are elastic.

ACI 352 Conditional reduction in horizontal confinement reinforcement allowed.
Caltrans BDS Not accounted for.

AlJ Conditional increase in shear capacity allowed.

NZS 3101 1995 Reduction in required shear reinforcement if beams are elastic.

ATC 32 Not accounted for.

In general, both axial tension and compression forces are taken into account when designing the joint.
Depending on the level and action (tensile or compression) of the force, the joint reinforcement is

decreased or increased appropriately (Table 2-7).

Table 2-7: Effect of axial load

Design Code Requirements
Tensile and compressive axial loads increase and reduce the required level of
NZS 3101 1985 shear reinforcement, respectively. Axial loads generated by prestressing also
allow for the reduction of shear reinforcement.
ACI 352 Not accounted for.
Compression and tension taken into account in determination of the quantity of
Caltrans BDS . . . . ..
reinforcement in the column spiral that passes into the joint.
All Not accounted for.
Tension and compression loads are considered in the determination of shear
NZS 3101 1995 forces. As a result, the level of shear reinforcement is increased or decreased,
respectively.
ATC 32 Directly taken into consideration in calculation of joint principal stresses.
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2.3.5 Issues Related to Code Recommendations for Bridge Joints

In most cases of building beam-column joint design, joint demand is controlled by the formation of plastic
hinges in adjacent beams. In bridges, however, plastic hinging in adjacent beams is either undesirable or
unobtainable. In single-column bents, for example, plastic hinges form only within the base of the column
under transverse loading. In multi-column bridge bents with integral box girders, plastic hinges can be
developed within the beam. However, in general, limited access to the beam region and the corresponding
bridge deck damage make post-earthquake inspection and repair of this mechanism uneconomical. In
multi-column bridge bents supporting steel or concrete girders, formation of a beam plastic mechanism
may result in unseating of the girders and considerable bridge deck deformation. Because of the negative
economic and safety aspects of this behavior, plastic hinge formation is targeted in the columns where

inspection and repair are easily conducted.

In building systems, column plastic hinging is undesirable due to the possible formation of a weak-story
collapse mechanism in a single level of the building. In such a system, column plastic hinging may lead to
relatively large drift of the column in that story. This deflection, combined with the significant weight of
the supported structure, can lead to excessive column damage and collapse of the floor (P-A effects).
Single-level bridge systems are not subjected to the same risk. Since the relative weight of the
superstructure is low, P-A effects usually are not significant enough to cause progressive collapse. In
addition, column deformability is relatively high. As a result, the typical design strategy is to provide
reinforcement detailing of the bridge system such that hinges form in the column directly below the cap

beam and sometimes above the footing.

These concepts are in most cases addressed in the design codes. For example, NZS and AlJ recommend
levels of joint reinforcement relative to the hinging member; while ACI and Caltrans implicitly assume that
hinging will occur in the beam and column, respectively. In general, codes remove any ambiguity as to

their appropriate application.

24 Evaluation of Bridge Joint Designs by Different Code Requirements

The incentive for improving the design recommendations for bridge joints is best illustrated by a
comparative design using current code design requirements. The designs were conducted on a prototype
joint subassembly modeling the center portion of a three-column bridge bent (details are provided in

Chapter 3 and Appendix A). To ensure compatible designs, the following assumptions are made:

 Joint design is based on plastic hinge formation in the column at the beam-column interface.

« Axial load in the column is 0.08A./f" where A, is equal to the gross cross-sectional area of the
column and f”, is equal to the concrete compressive strength.

« Concrete compressive strength, [, is 4500 psi.

o Reinforcement yield strength is 60,000 psi.
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« Joint design is controlled by loading transverse to the bridge span.
o Loads parallel to the bridge span are resisted by the box girder.

e Coveris 2.0 in.

o All flexural reinforcement consists of #14 reinforcement.

o All transverse reinforcement consists of #6 reinforcement.

Table 2-8 summarizes the volumetric reinforcement ratios required by the preceding design codes. To
compare the different ratios, the same joint volume was assumed for all cases. The volume was chosen to
be equal to the beam depth multiplied by the ATC 32 effective joint area. The resulting joint volume
comprises the beam width, beam depth, and a length equal to twice the column diameter (80 in. x 104 in. x

160 in.).

Table 2-8: Joint reinforcement requirements
Vertical Horizontal Horizontal Total volumetric
Specification Fransverse . transverse . . transverse . Fransverse
reinforcement reinforcement ratio | reinforcement ratio reinforcement
ratio (spiral) (straight bars) ratio

ACI 352 0 0.203 % 0 0.203 %
All 0.109 % 0 0.108 % 0.217 %
Caltrans BDS 0.129 % 0.085 % 0.125 % 0.339 %
NZS 3101 — 1982 0.316 % 0.092 % 0.125 % 0.533 %
NZS 3101 — 1995 0.102 % 0.095 % 0.125 % 0.322 %
ATC 32 0.473 % 2.500 % 0.092 % 3.065 %

Requirements for joints vary considerably. ACI, AlJ, Caltrans, and NZS require joint transverse
reinforcement quantities from 0.2 to 0.5%. Note that ACI 352 recommends that column transverse
reinforcement continue through the joint, while the Japanese code specifies that transverse joint
reinforcement consist of the continuation of transverse reinforcement from the stronger member, in this
case the beam. The resulting AIJ and ACI 352 joint reinforcement ratios are comparable. Caltrans and the
revised 1995 NZS code require moderate amounts of reinforcement, both on the order of 0.3%. It is
important to note that while Caltrans requirements are based on a strut and tie model, and the NZS 1995 is
based on the combination of the truss and principal strut models, they both result in similar quantities of

horizontal and vertical joint steel.

The ATC 32 design procedure requires a significantly different amount of joint reinforcement. For the
preceding design example, ATC 32 requires 3.5% joint reinforcement versus an average of 0.4% for the
other codified approaches. This difference can be attributed mainly to the requirements for joint spiral

reinforcement. As discussed previously, Equation 2-3 presents the required joint transverse reinforcement

ratio, p;. The equation

04AS .o mn
> 28 A o (23)

2
lac
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is based on the strut and tie model illustrated in Figure 2-4. This can be derived in the following manner.
The strut and tie model requires that a total area of joint horizontal reinforcement equal to 0.16 As ., be
used. Given that the joint reinforcement consists of a number, n, hoops or spiral with cross-section area,
Ay, the total area of horizontal reinforcement provided will equal 2nA,, Assuming the reinforcement will
be spread over the column longitudinal reinforcement length, /., at a spacing s, the total area of horizontal

reinforcement can be written as

ZlacAsp/s 20.16 Ascalumn (2_9)

The volumetric transverse reinforcement ratio is defined as

p, = DA,/ (nD*s/4) = 4A,,/Ds (2-10)

where D is the column diameter. Eliminating A, between equations (2 — 9) and (2 - 10), one obtains

0,2 0.32A80um/ D L 2-11)

Making the assumption that the column diameter is equal to 0.8 times the column longitudinal development
length results in the ATC 32 equation, (2-3). Thus, a well-founded basis can be derived for the

requirement.

In this formulation, the reinforcement ratio is a function of the development length, /.., and the area of
column longitudinal reinforcement, As.,u... The required joint transverse reinforcement ratio is not
dependent on the joint volume or column diameter. This, as shown in Table 2-8, can lead to conservative
levels of joint reinforcement. For bridge columns, the area of longitudinal reinforcement often increases in
proportion to the square of the column diameter. For columns of larger diameter (e.g., 9.0 feet), AScoumn
becomes very large, resulting in a significant level of joint reinforcement. Under these conditions, the ATC
32 requirements produce considerable conflicts with constructability. Accordingly, the requirements may

be too conservative for large bridge joint geometry.

Current code requirements for the design beam-column joints illustrate many differences. A lack of
agreement upon an accepted mechanism produces considerable variation from one code to another. In
some cases, such as Caltrans BDS, the resulting requirements prescribe continuation of both column and
beam reinforcement through the joint. While in other cases, such as ACI 352, very low requirements are
prescribed. Depending upon the assumed mechanism and the conservative nature of each code

requirement, considerable variations in constructability are produced.

Whether through limits on allowable joint shear stress or through prescriptive levels of reinforcement
relative to applied loads, the common thread in all the code requirements investigated is the reliance on
force transfer. While force transfer provides a viable means of developing reinforcement requirements
[Priestley 1996], it does not provide any indication of the expected deformation and accordingly damage to

the joint. The designer typically assumes that the joint designed to these specifications will behave rigidly.
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The expected performance however is not directly addressed in any of the codes. This issue is investigated
further in the discussion of the experimental results in chapters 6 and 7, and is used as a motivation for the

displacement-based design criteria developed in Chapter 8.

2.5 New Developments

Numerous alternative solutions to combat the issue of high congestion in joints have been posed and
investigated. Ideas range from vendor-specific materials such as fiber-reinforced concrete and headed
reinforcement, to the application of prestressing and the development of displacement-based design
methods. The two most promising schemes involve the use of prestressing and the use of headed

reinforcing bars. A brief background of each scheme follows.

2.5.1 Prestressed Joints

Prestressing has been used in the design and construction of bridges and building systems for more than 50
years. In concrete bridges, precast prestressed or post-tensioned girder systems are commonly used to
increase the span length between adjacent bents. In buildings, it has been used to create long-span floor
systems and to facilitate built-up construction by allowing post tensioning of prefabricated elements. Since
the technology is well developed, the extension to use in the joint region is natural. One of the important
aspects of this technology is that not only can it be applied to new construction but also to retrofit designs
as well, by external post-tensioning. This has become a predominant means of increasing the capacity of

poorly designed buildings and bridges.

Research has shown that prestressing can be used as an effective means of reducing the amount of joint
reinforcement in new bridge designs and as a means of improving the strength and stiffness of existing
designs. Sritharan and Priestley [1997] conducted a research program evaluating the behavior of bridge
beam-column T-joints subjected to cyclic lateral loading. The test program investigated the effectiveness
of prestressing in improving joint behavior. Subassemblies were constructed, modeling pre-1960
connection geometry. One as-built connection, one conventional design based upon a strut and tie model,
and one partially prestressed joint design were tested. The program showed that prestressing the cap beam
allows for a reduction in the amount of joint reinforcement without any decrease in the ductility of the joint
system. Similar results were obtained by Lowes and Moehle [1995]. The test series investigated means of
retrofitting pre-1960’s bridge beam-(square) column connections. The first test of an as-built 1960’s
connection resulted in poor ductility and overall joint failure. To limit impact to the existing structure, the
cap beam was widened to allow for the addition of post-tensioning. Sections were cast on each side of the
cap beam and post-tensioning rods were installed. The final joint region contained no additional transverse
reinforcement but was nevertheless effectively confined. Prestressing or post-tensioning of the cap beam is
clearly a viable option for reducing the amount of reinforcement and improving the strength and stiffness of
beam-column connections. As a result of the well-established work in this area, further investigation of

joint prestressing is not conducted.
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2.5.2  Utilization of Headed Reinforcement in Joint Design

Headed reinforcement has been shown to be effective in reducing congestion, improving bond, increasing
confinement and assisting in the development of local strut and tie models. Application in joints is clearly
appropriate and has been investigated. This section examines the load transfer mechanism for headed
reinforcement, the types of headed reinforcement available, and the research conducted on its application in

joint systems.

Headed reinforcement by definition is a reinforcing bar terminated with a head or end plate. The
terminator is used to alter the principal force transfer mechanism between the reinforcement and concrete
from bond to bearing. Depending upon the size of the plate, the connection between the bar and plate and
the location in the structure, this can lead to a reduction of the required development length. This is
equivalent to removal of both straight and hooked development lengths, and, in some cases, allows for a
substantial reduction in reinforcement. The initial use of headed bars began in 1986 by Norwegian
contractors for application in heavily reinforced offshore oil structures [Mitchell 1994]. Since then, it has

demonstrated as being very beneficial in the reduction of congestion and improving constructability.

Varieties of head configurations are used (Figure 2-7). The shape of the plate is typically square or circular
to provide the most effective use of the head. Rectangular or oval plates are sometimes used to assist in
construction of heavily reinforced regions where construction access may be limited. An example of this
use is illustrated in the construction of pressure vessels. When constructing the walls of these systems, the
outer face is formed and a dense mat of longitudinal reinforcement is placed from the inside in two layers.
Since access is limited to one side and the longitudinal reinforcement is very congested, the installation of
stirrups becomes difficult. To accommodate the construction, headed bars with rectangular plates can be
inserted through the closely spaced bars and turned to engage both the rear and front longitudinal

reinforcement, thus greatly improving constructability [Mitchell 1994].

@) [ @ [ [«

Figure 2-7: Headed reinforcement as provided by Headed Reinforcing Corporation

Two commercially available techniques are being used for the fabrication of the headed bars: the first
consists of a screw-type terminator as provided by ERICO', and the second consists of a welded terminator
provided by HRC”. The screw-type connector can be installed in the field or prefabricated to a given

length. The bar end is reduced to a cone and threaded to match an available head plate (Figure 2-8(b)).

: ERICO, Inc. Concrete Reinforcement Products, 34600 Solon Road, Solon, Ohio 44139.

% Headed Reinforcement Corporation (HRC). 11200 Condor Ave., Fountain Valley, CA 92708.
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This type of connection creates high compressive strength. The tension strength, however, is limited to the
thread capacity, which may not allow for full development of the bar anchorage. ERICO terminators are
therefore used to reduce but not eliminate the required development length. HRC bars are fabricated by
friction-welding of the head to the end of the bar. This weld is created by rapidly turning the end plate (at a
speed of approximately 1500 rpm) against the bar. The resulting friction causes the pieces to weld
together. The friction technique results in a mushroom-shaped weld at the connection (Figure 2-8(a)). This
shape creates a weld with a net section larger than the bar diameter, ensuring the development of the full

capacity.

(@) | HRC Type - ERICO Type - y%

Friction weld Tapered screw

Full penetration @ Taped for
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Figure 2-8: Terminator connections

In addition to the proprietary techniques available, standard fabrication methods can be used to create
"homemade”-type connections. The full tensile and compressive capacity can be sustained by at least two
methods. In the first method, the bar can be passed through the terminator plate and fillet-welded on the
interior and exterior faces (Figure 2-8(c)). This provides good compressive and tensile anchorage at the
cost of a high fabrication expense. The bar end can also be threaded and attached to an end plate. Using a
unified standard series UNC thread pattern (Figure 2-8(e)), good anchorage can be achieved, although at
the cost of fabrication time. Additionally, a terminator can be formed by using a full-penetration groove
weld between the head and the bar (Figure 2-8(d)). This technique produces good compressive anchorage
with limited tensile anchorage due to the limited capacity of the weld. The comparative tensile strengths of

these connections are calculated for a #8 bar (Table 2-9).
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Table 2-9: Terminator capacities for a #8 reinforcement bar

Type Terminator connection %.Of bar tensz{e Comments
ultimate capacity
Proprietary terminator proven to be
a Friction-welded HRC Type 100 % reliable and capable of full bar
development.
Proprietary terminator, useful for reduction
b Threaded ERICO Type Unavailable of reinforcement development. Allows for

field placement.

Capable of full bar development. Requires
c Double fillet weld connection 100 % significant fabrication: 3/8-in. fillets (for
#8 bar) and drilled terminator plate.
Significant reduction of development

d Full-penetration groove weld 93 % lengths. Requires high-strength terminator
plate but otherwise, minimal fabrication.
Capable of full bar development.
Significant fabrication requirements:
terminator plate drilled and taped, bar
threaded.

e Conventional threaded end 100 %

The determination of the end plate size is critical. If the plate is too small, the development of yield forces
in the bar will cause crushing of the concrete, which could lead to slipping or pullout. On the other hand,
making the plate too large will reduce the constructability benefits by increasing congestion. The
determination of the head area and thickness is ultimately controlled by the prevention of shear and flexural
yielding and crushing of the concrete under the head at the yield strength of the bar [ASTM A970].
Assuming values for yield strength of the bar and plate, and a compressive strength of the concrete the

minimum required plate geometry for a given bar size can be determined.
The yield strength of the bar can be computed from the yield capacity
Frar = Aify (2-12)

where A, is equal to the reinforcement bar cross-sectional area, and f; is equal to the yield strength of the

bar. The bearing strength of the plate, Fjy, can be determined from ACI 318, Sec. 10-17

Fplae <085/ VA2 AL (A —Ap) (2-13)

where f'; is equal to the compressive strength of the concrete, A, is equal to the head area, and A2 is the
area of the effective bearing cone (Figure 2-9). Assuming that the head has a clear distance of at least 1/2

times its width from any surface, the bearing capacity can be reduced to

Fplate < 1'7f’c (Ah _Ab) (2-14)

Equating 2 — 12 and 2 — 14, the head area can be determined
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Ah =Ab(1+

J 2-1
ETR (2-15)

With a concrete compressive strength of 4 ksi and a yield capacity of 60 ksi the required head area is 9.8

(approximately 10) times the bar area (refer to Table 2-10 for required terminator size).
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Figure 2-9: Stress distribution of headed reinforcement

Table 2-10: Required terminator size”
Bar . Minimum Diameter Minimum Width
. Minimum thickness (in.) Circular Head Square Head
Size (in.) (in.)
#3 0.375 1.250 1.125
#4 0.4375 1.625 1.500
#5 0.500 2.000 1.875
#6 0.5628 2.375 2.125
#7 0.625 2.875 2.500
#8 0.625 3.250 2.875
#9 0.6875 3.625 3.250
#10 0.750 4.125 3.625
#11 0.8125 4.500 4.000
#14 1.250 5.375 4.750
#18 1.625 7.250 6.375
" Assuming a reinforcement yield strength of 60 ksi and a concrete compressive strength of 4 ksi.
" From ASTM A970 Standard Specification for welded headed bars for concrete reinforcement

Headed reinforcement is commonly used in three applications: anchorage of longitudinal reinforcing bars,
transverse shear reinforcement of beams and columns, and as lateral restraining reinforcement.
Experimental investigations have shown that headed reinforcement can be safely used in a number of
anchorage applications. Pullout tests conducted by DeVries [1996] on shallow and deep embedment of
headed bars illustrated both the effectiveness and shortcomings of its use as anchorage. Shallow
embedment capacity was shown to be dependent on embedment depth, edge distance, and concrete
strength. For bars with low embedment depth and low edge distance, pullout-cone failure often occurs.

Transverse reinforcement had no beneficial effect on the anchorage strength and in some cases even
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reduced the capacity. Deep embedment tests showed that side blowout failures could occur if the bar is
placed too close to the concrete surface. In these cases, transverse reinforcement placed around the head
was shown to improve pullout capacity. The tests also revealed that a significant portion of the pullout
capacity is resisted by the head. In most cases, the additional strength gained by bond along the bar can be
ignored. Further studies by Bashandy [1996] showed that the head provides the majority of the bar
capacity. Cyclic load application from 5 to 80% of the bar ultimate capacity resulted in minimal reduction
of anchorage capacity. Slip occurred only during inelastic deformation of the bar and was thus traced to
elongation of the bar and not the head. Use of headed bars for anchorage has been further promoted by a
series of structural application tests. Tests performed by Lehman [1998] have shown that they can be
applied to the column-footing connections in bridges. Separate investigations by Priestley [1993], and
McConnell and Wallace [1994] have shown that headed bars can be safely used to replace hooks in both
bridge and building beam-column joints. Finally, tests performed by Haroun [1993] on wall panels have

shown that headed bars can be effectively used to provide passive lateral confinement.

In summary, headed reinforcement improves anchorage capacity by providing a bearing mechanism in
addition to bond along the bar length. The bearing mechanism allows for a reduction of anchorage length
and, in turn, reduces the amount of reinforcement. This eases construction and reduces the costs in both
material and labor. Headed bars can also be used in strut and tie designs to provide local anchorage zones.
The possibility for accurate placement allows for a greater reliance on the formation of a particular
mechanism. Application of headed reinforcement in wall systems has also been established. Tests showed
that the lateral confinement provided by headed reinforcement could effectively improve capacity. This
lateral confinement has also been shown to improve the capacity of beam-column joints. Prior to use,
headed reinforcement should be evaluated to ensure that the proper head geometry and head-to-bar
connection is used to meet the needs of the intended application. In addition, the effect of shallow
embedment depth and limited coverage should be considered to eliminate pullout-cone and side-blowout
failures. With proper consideration of possible failure modes, headed reinforcement can be safely used in
joints for the development of longitudinal bars, design of particular strut and tie mechanisms, transverse

reinforcement, and lateral confinement.

2.6 Bridge Joint Research Issues

The review of current practice for the design of beam-column connections has shown that a definitive joint
design method does not exist. A variety of methods are being used, each based on a different concept
resulting in different arrangements and quantities of joint reinforcement. Of these methods, bridge codes
produce the most stringent requirements. While each method has a valid foundation, further research needs
to be conducted with a focus on improving the current level of understanding. This can be used to advance
the design practice by improving constructability and the ability to predict joint deformation response.

These tasks can be accomplished through an experimental evaluation of joint performance, further
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investigation of strut and tie modeling methods, investigation of nonconventional designs, and development

of a displacement-based approach to joint design.

Although some code requirements specify significant overstrength for the joint, it is not clear whether the
joint will respond in an elastic or inelastic manner. An approach suggested by the New Zealand Standards
Association is to allow the structure to resist inelastic loading by the formation of ductile energy-dissipating
mechanisms outside of the joint core. The assumption is then made that the inelastic loads are transferred
through the joint via a shear panel mechanism, a primary strut mechanism, or a series of struts and ties.
While this may provide a rational approach for load transfer, the amount of damage and stiffness
degradation that the joint undergoes as a result is unclear. It is necessary to develop tools or techniques that
allow for estimating joint stiffness degradation relative to the applied loads. Creation of displacement-
based recommendations and evaluation techniques would allow for both a comprehensive estimate of

inelastic system deformation and a tool for evaluating potential weak zones in existing structures.

Another important aspect of joint behavior that warrants further study is how to best provide joint
confinement. From the code investigation, it appears that the current design practice views continuation of
the column transverse reinforcement as acceptable. This, theoretically, should produce the most benefit,
since the spiral is in close proximity to the dilating core and the yielding reinforcement. The required
continuation of the column transverse reinforcement, however, is generally prescribed in addition to an
amount of horizontal and vertical joint shear reinforcement. The designs produced are very congested and
difficult to construct. If one could show that lateral confinement, in the form of hairpins or headed bars
external to the column core, could adequately confine the yielding column bars, then one could redefine the
current practice. For example, one would be able to eliminate the column spiral and instead increase the
amount of horizontal joint shear reinforcement such that it is able to support both the shear transfer and the
required confinement. This would eliminate the difficulty of threading the horizontal joint shear
reinforcement through the joint spiral. This issue is one of the motivations for the research presented in this

report.

Another issue, reflected in the newest code, ATC 32, is the application of strut and tie modeling to a joint
system. Although strut and tie modeling represents a rational means of transferring forces, it nevertheless
relies on the formation of struts in a unique arrangement. The original mechanisms used as a basis for
older codes such as the New Zealand Standard relied upon the formation of a primary strut and truss
mechanism running diagonally across the joint from one compression zone to the other. The mechanism
matches the behavior of the joint system both physically and analytically in that cracks formed as expected
and load transfer was justified in a rational manner. The application of a particular series of struts and ties,
however, is based upon many assumptions. Foremost, it does not directly or indirectly consider the issue of
displacement compatibility. It assumes that the forces will be transferred through the predetermined struts
regardless of whether the deformation of the joint causes cracks to form across these regions. Additionally,

one can reason that this model may lead to excessive damage. Even if the assumed load paths are achieved
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and the forces properly transferred, the associated damage may be quite elevated since the suggested
method places the majority of reinforcement outside of the joint. The lack of joint reinforcement imparts
more of a reliance on a principal compression strut over that of the truss-type mechanism, thus leading to
more damage. When considering that the local design community view ideal joint behavior as rigid
response to load transfer, this level of damage may be unacceptable. Therefore, until more experimental
and analytical evaluation is performed, the application of a unique combination of struts and ties remains

questionable.

Joint design has been complicated by the fact that most design methods do not directly link the amount of
reinforcement with the level of performance achieved. Currently, there is a tendency in the American
practice toward achieving a high level of joint performance (i.e., rigid response). Because design
philosophies do not clearly present a method of achieving this, this trend has resulted in extremely
conservative joint designs. This is illustrated in the ATC 32 design strategy, which results in excessive
levels of reinforcement. Though this aims toward a stronger and more damage-resistant joint, construction

in this case becomes a significant issue.

Clearly current practice of reinforced concrete joint design leaves much to be desired. As a solution to the
issues presented, three strategies should be implemented. First, a better understanding of joints must be
obtained so that a method of practice can be developed that accounts for both equilibrium and
compatibility. This will allow the designer to have an improved grasp of what damage will be expected for
a given design. As a result, design objectives can be directly met. Secondly, research should be
undertaken toward the development of a joint design method that provides a lower bound on the level of
reinforcement, while still providing adequate strength and damage resistance. This will provide an
alternative to the current strategy of overdesigning the joint to ensure safety. Finally, the use of new
materials (e.g., headed reinforcement) should be thoroughly investigated as a means of solving the problem

of joint congestion. These issues represent the focus of the research presented in this report.
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3 Development of Experimental Program

A research project was undertaken to investigate methods of improving constructability of bridge beam-
column joints subjected to equivalent earthquake loading. This chapter discusses the development of the
experimental program. The determination of the prototype bridge configuration, the design of the

experimental subassembly, and the instrumentation techniques used for evaluation are presented.

3.1 Bridge Terminology
A typical California bridge system is illustrated in Figure 3-1. This system consists of a single-level, long-

span, elevated highway supported on multiple columns. These columns terminate in a solid reinforced
concrete beam, referred to as the cap beam, which spans the entire bridge width. Together, the cap beam
and columns make up a bridge bent. These bents, in turn, support the highway bridge span. Many
different types of structural systems may be used to span the distance between bents. They range from
prestressed concrete and steel plate girders, which rest on top of the cap beam, to integral post-tensioned
concrete box-girder systems, commonly constructed monolithically with the cap beam. Long-span bridges
are often divided into segments or frames to allow for shrinkage and expansion due to temperature
variations. In monolithic construction, each frame typically consists of two to three bridge bents and their
adjoining spans. Connection between adjacent frames is accomplished through the use of a simple seat
connection capable of transmitting vertical (and possibly transverse) forces but allowing for longitudinal

expansion and rotation. To limit the effects of pounding between frames and unseating during seismic

events, longitudinal restrainers, often consisting of steel cables, are usually installed across the seats

[DesRoches 1998].
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Figure 3-1: Components of a reinforced concrete post-tensioned bridge

3.2 Database Evaluation
To determine an appropriate geometry and structural configuration for the test series, typical California

bridge construction was studied. The investigation examined bridge geometry, focusing particularly on
reinforced concrete bridges built in California between 1985 and 1995. Sixteen bridges, including both

new and reconstructed systems, were evaluated. These bridges represent a range of configurations, from



single-column to four-column bents and long-span viaducts to one-bent overpasses. Pertinent aspects of
the design, from the bridge geometry to the quantity and arrangement of reinforcement are summarized in
Appendix A. This study resulted in the selection of a representative prototype, which is presented in the

following paragraph.

The prototype structural system consists of a three-column bridge bent with an integral box girder and
pinned column-to-footing connections (Figure 3-2). The bridge supports four lanes of traffic in one
direction, representing half of a principal arterial. To support the 150-ft span, a longitudinal post-
tensioning system is used. This involves a series of post-tensioning ducts draped appropriately in the webs
of the box-girder. The cap beam is rectangular with a width larger than depth. The depth is comparable to
the column diameter. Due to the almost exclusive use of spiral column reinforcement in California
construction, a circular column cross section is used. The dimensions and geometry summarized in Table

3-1 and Figure 3-2, were found to be representative of a typical bridge constructed in California.

Table 3-1: Prototype (full-scale) bridge geometry
Bridge type: Reinforced concrete post-tensioned cast-in-place, long-span, box-girder bridge
Number of lanes 4 Column diameter, Dc 6 ft-3 in.
Bent-to-bent span, S 150 ft Clear span beam length, Lb 26 ft-4 in.
Clear column height, Lc 25 ft-4 in. Cap beam depth, hb 5 ft-2 in.
Top slab thickness, st 8.3 in. Cap beam width, wb 8 ft-3 in.
Bottom slab thickness, sb 6.9 in. Clear box width, wbox 9 ft-10 in.
Box web thickness, tw 1ft Frame height, H 27 ft-11 in.
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Figure 3-2: Prototype geometry

Representative reinforcement details, material properties, and loading are summarized in Table 3-2.

34



Table 3-2: Prototype (full-scale) bridge reinforcement and materials

Column reinforcement ratio, peo; 0.0218 Concrete compressive strength, f'. | 4000 psi
Beam negative reinforcement ratio, pyy, | 0.00936 | Reinforcement yield strength, f, 60 ksi
Beam positive reinforcement ratio, Py | 0.00421 Column axial gravity load, D 0.085A,f".
Column plastic hinge transverse reinforcement ratio 0.00979

33 Subassembly Development
The experimental investigation focuses on the behavior of an interior beam-column joint in a bridge system

subjected to constant gravity loading and varying transverse loading. The test series focuses upon the
actions and behavior of the joint when the bridge system is subjected to lateral loading. A T-shaped
subassembly was chosen for this study. The assumption was made that the integral box-girder span would
not contribute significantly to the lateral strength. Therefore, the subassembly was composed of only the
cap beam and column. The lengths of the beam and column were chosen to coincide with the expected
inflection points (i.e., points of zero moment) that occur when the bent is subjected to only lateral loading.
The resulting subassembly consisted of the full column height and half the beam span on each side of the
center column (the locations of inflection points in the prototype and subassembly are discussed later in this
section). The subassemblies were loaded in the plane of the cap beam (i.e., the bridge transverse direction).
Consequently, it was assumed that the box-girder longitudinal post-tensioning would not significantly

affect the transverse response. Thus no post-tensioning was used.

To allow for the use of normal concrete aggregate and standard reinforcement sizes, the test scale was
chosen to be 3/8. A schematic of the subassembly is shown in Figure 3-3. To simplify testing and
construction the subassembly was oriented upside-down with the cap beam against the floor and the

column in the air.
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Subassembly
Figure 3-3: Experimental subassembly development

3.3.1 Gravity Load Simulation
The magnitude of the column axial load was chosen to be consistent with Caltrans standard design practice.

A gravity load of 0.05A, f . was recommended and used, where A, is the column gross cross-sectional area
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and f', is the 28-day concrete compressive strength. It should be noted that the applied load was lower than

the mean value of 0.085A,f . estimated from the database investigation (see Table 3-2 and Appendix A).

The gravity load was applied axially at the base of the column and reacted against the beam at two points,
one on each side of the joint (Figure 3-3). The locations of the beam reactions were chosen so that the
beam moment at the joint face due to gravity load would be the same as the scaled value in the prototype.
Figure 3-4 compares the bending moment diagram obtained from the scaled distributed gravity load on the

prototype with that from the point loads applied on the subassembly.
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Figure 3-4: Cap beam gravity load bending moment distributions

3.3.2  Lateral Load Simulation
Two seismic loading conditions control the lateral load design:

o Ultimate level earthquake load (using Caltrans ductility and risk adjustment factor, Z = 8) with service

level gravity load

o Plastic frame response (i.e., plastic hinge formation in the top of all columns) with service level gravity

load

Bending moment and shear force distributions in the bent and the subassembly are shown in Figure 3-5 and
Figure 3-6, respectively. In these distributions, gross member cross sections were used and the joint was
assumed to be rigid. Considering the more critical load combination of gravity load and plastic frame
response, the prototype and subassembly moments compare favorably at the column face. The negative
moment distribution is modeled in the subassembly; however, the corresponding positive moment

distribution is not accurately modeled. The resulting distribution is considered acceptable since it
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overestimates the load applied, thus placing higher demands on the joint system. For the same case (i.e.,
gravity load and plastic moment), the shear due to lateral loading is underestimated at the south face and
overestimated at the north face of the joint. Because of the boundary conditions, the prescribed axial load,
and the moment required at the face of the joint, the shear is not accurately modeled. It should be noted
that the subassembly shears at the face of the column represent the average of the two cases shown in

Figure 3-6 for the bent. It was expected that the underestimation of the subassembly shear at the south face
would produce a small change in the nominal vertical joint shear stress of 0.7 4/ f’c , which is too small to

alter the joint response.
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Figure 3-5: Cap beam lateral load bending moment distributions

Lateral loading of the prototype system results in an axial tension force on one beam segment and a
compression force on the other. To account for this effect in the subassembly, a pin-pin system was
initially considered. This, however, would have imposed an unrealistic fixity in the cap beam, creating a
passive restraining action on the joint. To avoid this behavior, a pin and roller system was used to model
the cap beam boundary conditions (Figure 3-3). To account for the tension-compression axial load
distribution of the cap beam, a force corresponding to half the column lateral load was applied to the beam
at the roller end in the opposite direction. This allowed the axial force in the beam, generated by the shear
input from the column, to be split equally in tension and compression between both beam segments without

an undesirable restraint to the joint.
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Figure 3-6: Cap beam lateral load shear force distributions

34 Experimental Setup
To facilitate the experimental program, the specimens were constructed and tested upside down. An

exploded isometric view of the final layout, the elevation and plan of the testing system, and a photo of the
test setup are shown in Figure 3-7 through 3-10. The gravity load was applied through the use of a vertical
actuator, a spreader beam, axial rods, and a cap beam reaction frame. The vertical actuator applied half of
the required axial load, D/2, to one end of the spreader and cap beam frame. Since the spreader was pinned
in the center and vertically fixed on the other end, a lever was created, magnifying the actuator load by a
factor of two. This resulted in the full gravity load, D, being applied to the column. The axial rods
transferred this force to the cap beam frame, which reacted against the cap beam in bearing. The bearing
forces were equal to D/2 and were applied at a distance of 32 in. from each side of the column centerline.
To reduce stress concentration, the cap beam reaction points were spread over an area having a width of 9
in. and a length equal to the full width of the cap beam. In addition, elastomeric pads in conjunction with
Teflon sheets were used between the concrete and steel frame. This limited the localized crushing of the
concrete due to inconsistencies in the surface and minimized longitudinal restraint, thus allowing free

dilation of the joint.

The lateral load was applied at the base of the column (top of the column in the inverted test configuration).
To ensure stability of the subassembly, two out-of-plane actuators were used for load application. The
same displacement increment was prescribed to the two actuators, thus forcing the actuators to move along
a straight path. As a result, out-of-plane displacement is minimized. The lateral loads were reacted against
a steel reaction frame, which was monitored for deformation. To connect the actuators to the column base,

a square footing block was cast monolithically with the column. Plates were installed on the front and rear
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faces of the block and prestressed together. The actuators were then bolted to the front plate. By using this
configuration, compressive load transfer between the actuator and column was always achieved. When the
actuators extended, the force was transferred to the column as bearing on the front face. When the actuator
was retracted, the force was transferred through the prestressing to the rear of the reaction block where it

was applied as compression.

Figure 3-7: Exploded isometric view of the test setup

The cap beam boundary conditions were modeled using one-dimensional (1D) clevises in combination with
multiple struts. The pinned end of the beam was connected to a rigid concrete reaction block using two 1D
pins in parallel. This arrangement was chosen to provide stability against torsional action. The roller end
was modeled with two struts connected in parallel. These struts were oriented vertically and were
connected to the beam and floor through clevises. This arrangement allowed free axial deformation of the
cap beam, thus creating a pseudo-roller boundary condition. It should be noted that this axial deformation
does not occur horizontally but through an arc with a radial distance defined by the distance between the
pinned ends of the struts. Since the beam extension due to joint dilation and beam damage was relatively

small, any forces generated through the use of a curved roller path were negligible.
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Figure 3-10: Experimental subassembly setup (Photo at end of testing)

3.5 Load Application and Control
Load application consisted of a cyclic unidirectional lateral load and a constant gravity load. The gravity

load was statically applied under force control at the beginning of the test, prior to lateral load application.
This gravity load was kept constant throughout the test. The lateral load was then applied through
displacement control at the column tip (column base, in the real system). The force corresponding to the
lateral displacement was calculated, in real time, through a feedback routine, which accounts for the
original geometry, the change in displacement, and the measured load in each column actuator. This value
was then halved and applied in the opposite direction along the beam to an actuator under force control.

An outline of the load control protocol is presented in Figure 3-11.

Column axial load D applied

Gravity Load, and held constant under load
D=0.05Agf'c control at %5 Ag f'c.
L>o Load (Px) on ‘
Displacement Control Lateral displacement

increment applied.

\
|
| !
!

Lateral force corresponding to
applied lateral displacement,

1T TL ,,,,,,, % _Px/2 Px, calculated.
LI *

Force, -Px/2, applied to cap
beam end under load control.

NN NI RN

Figure 3-11: Control program

Lateral load application was conducted in a quasi-static manner with a loading rate between 0.01-0.03

in./sec. Data were recorded relative to the maximum displacement command for each cycle with
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approximately 200 points recorded per cycle with the exception of the first test specimen designated A1l for
which 100 data points per cycle were recorded. Two cycles were performed at each displacement level
prior to the estimated yield displacement. Once the yield displacement was reached, three cycles were
performed at each displacement level followed by a low-level cycle (Figure 3-12). The low-level cycle,
equal to 1/3 of the previous displacement, was applied after each post-yield cycle group to investigate
stiffness degradation. Yield displacement was defined as the displacement corresponding to the first yield
of the exterior column reinforcement at the beam-column interface. This value, estimated to be
approximately 1.0 in. of displacement at the column tip, was used as the basis for the displacement history.
The history consisted of three phases: low-level displacement to 0.10 in. (to ensure that all instruments and
gages are operating correctly), elastic displacement cycles to 0.25, 0.50, and 1.00 in., and inelastic cycles to
2.00, 4.00, 7.00, and 10.00 in. Note that the load was not applied in uniform steps (i.e., 1, 2, 3, 4, 5...).
Instead, an increasing step size was chosen (i.e., 1, 2, 4, 7, 10). This allowed for the early inelastic
behavior to be investigated in detail while the ultimate response was approached in larger increments to

avoid extensive low-cycle fatigue.
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Figure 3-12: Lateral displacement pattern

The test was paused at the first peak of every cycle group, cracks were marked and measured and the test
was continued. The peak displacement for each group was increased until the system lost significant
strength. This loss in strength referred to either a significant decrease in the lateral load capacity of the
displacement group (i.e., a drop > 20% of the ultimate measured force) or an amount of system damage
such that continuation of the test would be hazardous. In the first test series, designated Group A, this
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occurs during the 10-in. displacement group and in the second series, designated Group B, this occurred in

the 8-in. displacement group.

3.6 Instrumentation

Three categories of measurements were taken during each test: force, displacement, and strain. A summary

of the methods used for these measurements is presented in the following sections.

3.6.1 Load Measurement
Load was measured to assist in the control of the lateral displacement history and to evaluate the force

distribution in the subassembly. Load cells were used to measure the vertical forces on the south beam end
and the horizontal and vertical loads being applied by the actuators. All load cells were calibrated in
compression using a universal testing machine. The same calibration factor was assumed to apply in

tension.

3.6.2 Displacement Measurement

External deformations were measured using displacement transducers (wire potentiometers) and linear-
motion potentiometers. Three ranges of displacement transducers were used to measure large
deformations: 5 in., 7.5 in., and 15 in. The £5 in.- and £7.5 in.-range transducers were used for beam
displacements and lower-level column displacements. The %15 in. transducers were used to measure the
larger displacements such as the column tip deflection. The wire potentiometers have an accuracy of
0.10% of full scale, i.e., £0.03-in. resolution for a range of *15 in. Wire potentiometers were connected
directly to the concrete face through a glued tab or by attachment to an embedded threaded bar. Linear-
motion potentiometers (LMP) were used to measure smaller-order displacements. Two strokes were used:
10.5 in. and £1.0 in., both capable of resolving displacements of £0.001 in. The LMPs were used primarily
on the face of the column and beam to measure shear deformations and curvatures. Local displacement
instruments were mounted on embedded thread-bars. A wire was then used to bridge the distance to the
next bar. This allowed for the measurement of relative deformation between two points on the
subassembly. This connection requires the use of a balancing plate to ensure that only axial deformation is

measured between points. Figure 3-13 illustrates the method of attachment to the subassembly [Lehman

1998].

The layout of external instrumentation for Group A is presented in Figure 3-14. The system consisted of a
combination of shear and flexure deformation arrays (i.e., small-displacement), denoted by potentiometers
G1 to G31, and a series of global displacement transducers. The location and number of potentiometers

vary between groups A and B.

Displacement measurements allowed for the evaluation of many different aspects of system response. The

techniques used are described in the following sections.
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Figure 3-13: Mounting of external “small-displacement” potentiometers

Determination of Displacement Components
Global displacement of the beam-column subassembly consists of six primary components: (1) column

flexure, (2) column shear, (3) beam flexure, (4) beam shear, (5) joint shear, and (6) slip / yield penetration
of column longitudinal reinforcement. To evaluate the contribution of each component to the total
displacement, an array of potentiometers was used (Figure 3-14). To accomplish this resolution, the

potentiometer array can be visualized as a virtual truss system (Figure 3-15).

Using the method of virtual forces on a truss, the tip displacement can be computed from the geometry of
the truss and the measured deformation of each member. Using the same technique on the virtual truss, the

contribution of each component to the total displacement can be resolved.

Applying the virtual work principle, which states that total work of internal and external forces must vanish

for any admissible infinitesimal displacement from an equilibrium configuration, i.e.,

External Work = Internal Work 3-D

£
oF A=Y fafi -e(x), dx (3-2)
i 0

Where OJF is the virtual force, A is the real displacement, df; is the virtual force in each member i and &x); is
the strain at x in member i with length /. Assuming that the force does not vary along the member length,

the equation can be reduced to

OF A=Y 0f; -u, (3-3)

Where u; is the displacement in member i. Since the virtual force in each member can be computed from
the known original geometry of the truss system and applied virtual force JF, the tip displacement A can be

calculated at any point in the loading cycle given u; for each member at the same point in the loading cycle.
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As a first step, the total displacements were calculated from the truss model and compared with the

measured tip displacement. An average error of £10% was found with a maximum of £20% at the peaks.
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Figure 3-14: External instrumentation
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Figure 3-15: Modeled truss system

Two methods can be used to calculate the component displacements from the measurements obtained on
the potentiometer array. The first method involves converting all the measured displacements to
engineering strains and approximating the component displacement by the shear and flexural deformation
at each level of the array. For this purpose, the strain is computed by dividing the displacement of each
member by its original length. Flexural deformation is approximated by converting the strains to
curvatures and integrating the curvature diagram over the specimen length. Similar methods can be used to
estimate the shear and slip contributions to the total displacement. While this method allows one to convert
the array displacements to strains and curvatures, it introduces strong assumptions, which may lead to
additional errors. For example, using the curvature approximation, the entire column flexural displacement
is estimated, in some cases, using only two points. The curvature can be assumed to be linear between the
points or piecewise constant. The assumption of a linear distribution is appropriate for the elastic levels.
However, when yielding and plastic hinging of the column begins, the curvature distribution is highly
nonlinear. If the curvature distribution is assumed to be piecewise constant, the flexural displacement may
be overestimated for elastic levels and underestimated for inelastic levels. To overcome these
shortcomings, displacements can be computed using a second method that is based on the local member
displacements obtained from the virtual truss technique. Flexural deformation results in elongation and
contraction at opposing fibers of the cross section. The assumption is made that flexural displacements are
captured in the deformation of the horizontal measurements of the beam array and the vertical members of
the column array. The flexural contribution to the total tip displacement can thus be calculated with
equation (3-3) by setting the displacement of all other array members to zero. Likewise, assuming that
shear deformation is captured in the diagonal column and beam measurements, joint deformation in the
diagonal joint measurements, and slip is captured in the interface measurements, the component
contributions to the total displacement can be found at any point in the displacement history. Application

of these techniques is presented in Chapter 5.

Determination of Joint Shear Stress-Strain

Joint performance is best evaluated by an examination of its shear stress-strain behavior. The techniques

used to determine these quantities are discussed in the following section. Joint shear strain was extracted
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from the displacement measurements recorded on the potentiometer array located on the exterior face of the
joint (Figure 3-16). The array was then divided into four triangles: ABD, BDC, DCA, and CAB. Using the
Cosine Law and the change in length of each leg of the triangle, the change of the angle of each corner, df;.
t;,, where ¢, is equal to the original corner angle, was calculated at each step. The change in angle of each
corner of the array was then calculated and averaged, thus providing the overall joint shear strain yat each

step.

VZi[((dfl =t )+ (drg — 1)) (dty —12)+ [ty — 1))+ (@ty —1,)+ (dts —15))— (deg — t6)+ (dt; =17 ))] (3-4)

Nominal joint shear stress was calculated by evaluating the vertical loads applied to the joint system from
the column longitudinal reinforcement. A relationship between the column moment and tension force was
derived. From this the vertical tensile load (or joint vertical shear force) was directly resolved from the
applied column shear. The following example for the first test specimen, designated Al, is typical of all
specimens. It is assumed that the load is monotonically increasing. Thus cyclic effects such as kinematic
hardening and accumulation of damage are ignored. As a result, this method presents an upper bound on

the vertical joint shear stress.

t8 — p t3
t7 — t4
c&F ?6 t5 “p
Undeformed Joint Geometry Exaggerated Joint Shear Deformation

Figure 3-16: Joint instrumentation for shear deformation

A section analysis was conducted on the column cross section at the beam-column interface. As-built
properties were used for section geometry and bar locations. Constitutive models were based upon material
testing. Concrete modeling was conducted using Mander’s confined and unconfined concrete models for
compressive behavior [Mander 1988] and elastic-brittle fracture behavior for tension. Reinforcement was
modeled after the material stress-strain results. The relationship between column moment, M, and column

tension force, 7, is shown in Figure 3-17.
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Figure 3-17: Typical moment-tension relationship (Al behavior shown)

Assuming a linear relation between the moment and tension force, the following relationship was

determined:

Kip—i
s, =M _ g lip—in (3-5)
T kip
Using this relation the tensile column force was equated to the applied column shear.
M = Ve Leomn (3-6)
T=M/s, (3-7)

Where M equals the column moment at beam-column interface, Vc equals the measured column tip load, T
equals the tension force acting on beam from column, and s,, equals the slope of column moment-tension

force relationship. The vertical joint shear stress, V;, was then determined at section A (Figure 3-18).

yioT=Vo_ T=Vb _Ve:Lepumn!$m = Vb

Aj bbm ’ dbm

(3-3)
bbm ’ dbm

Where,

Vj = Vertical joint shear stress.
Vb = Beam shear force.
Leonumn = Column height.
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Joint shear stress-strain relations are presented and discussed in chapters 6 and 7. Note three-dimensional
finite element analysis conducted in later chapters indicates that the use of the beam width in the
calculation of shear stress may be unconservative. Depending upon the joint reinforcement and geometry
the column diameter might be used in place of the beam width to provide a mode representative estimation

of the effective joint size.

| Mb
T
Ve/2 < Vb ; Vb <—Vci2
Mb

Cs+Cc

T
Figure 3-18: Joint forces

3.6.3  Strain Measurement
Strains were measured locally on the reinforcement and at points in the concrete matrix. Reinforcement

strains were measured using foil gages mounted on the surface of the reinforcement. Two sizes of foil
gages were used, one with a gage size of 0.08 in. by 0.07 in. (2 mm by 1.8 mm) and another with gage size
of 0.20 in. by 0.08 in. (5 mm by 2 mm). Both were "post-yield” gages with a deformation capability of 10—
15% strain. The bar surface deformations in the region surrounding the gage location were removed and
the surface was polished. The strain gage was glued to the surface and covered by four protective coatings:
air-drying polyurethane, wax, polysulfide liquid polymer compound (providing a tough flexible barrier),
and vinyl mastic tape. A Teflon-coated wire was attached to the gages to minimize bonding to the
concrete. Steel strains were measured to examine curvature, bond development and shear behavior, as well

as other local behavior in the subassembly.

Concrete strain was measured using embedded concrete gages. Two types were investigated. The first
type is composed of an instrumented plastic stick, 3.9-in. (100-mm) long with a rectangular cross section
0.08 in. by 0.39 in. (2 mm by 10 mm). Bond is achieved through an array of circular divots on the face of
the stick. Testing, however, revealed a loss of bond between the concrete and the gage [Lowes 1996]. Due
to the small size of the divots, the concrete mortar filled the voids and sheared during the loading history.
A second type of gage consisted also of a plastic resin stick. Various lengths are available: 30 mm, 60 mm,
and 120 mm. Unlike the first type, bond was achieved by providing an “Emory-board”-type surface on the
plastic. Although some loss of bond occurred in the second type as portions of the gage surface were
abraded during cyclic loading, the overall behavior was more desirable. Due to the availability of smaller
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lengths and cross sections, the second type (60 mm) was used in this investigation. Concrete gages were

used primarily for evaluation of bond.

A typical arrangement of strain gages is shown in Figure 3-19. The layout corresponds to the arrangement
used on Specimen Al. Longitudinal, transverse, and spiral reinforcement was instrumented. Combinations
of concrete rosettes and linear gages were used in the joint region. Variation in number and layout
occurred from one specimen to the other. The exact dimensions and arrangement are discussed in relevant

subsequent sections.
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Figure 3-19: Arrangement of strain gages (Specimen Al)

3.7 Experimental Program
The experimental investigation of joint behavior was divided into two groups. The first group (Group A)

investigated existing design strategies and the effectiveness of headed reinforcement for use as transverse
joint reinforcement. Following testing and a preliminary evaluation of the behavior of the first group, a
second group of specimens (Group B) was constructed and tested to failure. The focus of Group B was to
investigate joint behavior under high demands. This was achieved by reducing the beam depth and
increasing the column capacity. A brief summary of the specimens tested within each

experimental group follows.

371 Group A
In Group A, current California bridge design methodologies as represented in the Bridge Design

Specifications [Caltrans BDS 1995] and Memos to Designers [Zelinski 1995] were investigated. This test
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series consisted of four test specimens, designated Al through A4. Specimens Al and A2 are of a circular
column configuration (typical of California construction) and A3 and A4 of a square column configuration.
As required by Caltrans standards, all the specimens are designed to have an ultimate capacity limited by
the flexural strength of the column. Specimens Al and A3 were designed according to the 1995 Caltrans
BDS and constructed using conventional steel reinforcement. Specimens A2 and A4 were designed to the
same requirements; however, all transverse reinforcement in the vicinity of the joint was replaced with
headed reinforcement. The focus of this series was threefold: first, the effectiveness of joint design
requirements was evaluated in specimens Al and A3; second, the application of headed reinforcement for
use as transverse joint reinforcement was quantified in Specimens A2 and A4; and third, the behavior of
square column-rectangular beam configurations was evaluated for the development of simplified analytical

models. Details of the design methods and joint configurations are presented in Chapter 5 and Appendix C.

3.7.2  Group B
Upon the completion of Group A, two specimens were constructed and tested to evaluate the behavior of

the joint under greater joint demands. Both specimens consisted of a circular column and a rectangular
beam. The specimens were chosen to model tall bridge structures that typically have a beam depth to
column depth ratio on the order of 0.8. As a result, the beam depth was reduced from that used for Group
A. In addition, the quantity of column longitudinal reinforcement was increased and the quantity of
transverse joint reinforcement was decreased. As a result the joint demands from shear and bond
development were elevated (from 11 \/E in Group A to 18 \/ﬁ in Group B), while the resistance was
reduced. Unlike Group A, joint damage and possible failure was expected, providing additional
information on the inelastic behavior of the joint. Specimen B1 investigated the effectiveness of overall
joint confinement and the use of headed reinforcement. Specimen B2 investigated the effectiveness of
spiral reinforcement on joint confinement. The design strategy and final details of Group B are discussed

in Chapter 7.
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4 Development of Three-Dimensional Nonlinear
Finite Element Models

Most current methods of reinforced concrete beam-column joint design are based on a two-dimensional
evaluation of the flow of stresses within the joint or using strut and tie methods or nominal stress methods.
In general, reinforced concrete bridges are subjected to multi-directional ground motions. Therefore,
response of bridge beam-column joints is three-dimensional (3D). Evaluation of existing bridges and
development of design requirements for beam-column joints can be improved with 3D models that take
into account compatibility, equilibrium, and the constitutive properties of the different materials. Many
computational methods exist for modeling systems in three dimensions; how well these models reflect the
actual behavior of reinforced concrete bridges, particularly systems subjected to seismic loading, is not
clear. This chapter investigates 3D finite element methods for application to reinforced concrete bridges
using available techniques and solution strategies. An effective procedure for modeling these systems in
three dimensions is presented. The results of these modeling techniques are adopted and discussed in the

following chapters.

The present research aims toward complementing the experimental program presented in Chapter 3 with
the goal of improving the understanding of the structural response of reinforced concrete bridge beam-
column joints. The 3D finite element analysis is intended to provide detailed results of the stress state,
damage (cracking and plastification of concrete and yielding of reinforcement) initiation and propagation,
and deformation experienced by the different components of the tested subassemblage. The developed 3D
model will be used in Chapter 8 to conduct parametric studies aiming toward providing guidelines for joint

design, particularly joint transverse reinforcement requirements.

4.1 Development of Models

4.1.1 Modeling Concrete in Three Dimensions

To limit the computational cost of the model, the concrete is discretized using trilinear eight-node
isoparametric brick elements. A 2 x 2 x 2 Gaussian integration scheme is used over the brick elements

(Figure 4-1).

Figure 4-1: Trilinear brick element: node and Gaussian point locations using a 2x2x2 integration scheme



A standard finite element displacement formulation is used in this investigation. Displacement vector, {u},
within each element is interpolated from the vector of nodal degrees of freedom, {d}, using trilinear shape

functions for the element, [V], i.e.,

{u} = [NI{d} (4-1)

The strain tensor within the element, { &}, is then obtained from the displacement by differentiation, i.e.,

{e} =2 {u} (4-2)
where 9 is the usual differential operator used in the case of small deformation. Combining equations (4-1)

and (4-2), the strain can be evaluated directly from the nodal displacements.

{e} = JINI{d} = [B]{d} (4-3)

Using the principle of virtual work, the element stiffness matrix can be computed such that

External Work = Internal Work = 8{u}” {r} = [8{e}" (o} dV (4-4)

\%
where {r} is the vector of element external loads, ¢ indicates a virtual quantity, {o} is the stress tensor
within the element, and V represents the element volume. From equations (4-3) and (4-4), the following

element stiffness matrix, [k], can be derived as

(k1= [(B1" [E[B] dV (4-5)
\%

where [E] is the constitutive matrix. In this study, the nonlinear behavior due to material damage is
reflected in the matrix [E]. The global system of equations, in terms of the global stiffness, [K], global

nodal loads, {R}, and the global nodal displacements, { D}, becomes

[KI{D}={R} (4-6)
It is worth mentioning that [K], {D}, and {R} are obtained from [k], {d}, and {r} using standard assembly
procedures. The theory of finite elements for linear and nonlinear problems is well documented in many

textbooks, e.g., Cook 1989, Zienkiewicz and Taylor 1989, Zienkiewicz and Taylor 1991.

4.1.2 Modeling Reinforcement in Three Dimensions

Reinforcement is often modeled by one of two methods. The first method, which is less computationally
demanding, involves the use of embedded or smeared reinforcement. The second method, more
computationally expensive, involves separate discretization of the reinforcement. The second model allows
for the investigation of bond-slip behavior of reinforcement with respect to the surrounding concrete. In
this case, the reinforcement can be modeled as a discrete truss element attached to the adjacent concrete
element through a series of interface elements. This technique carried out over the entire system becomes
computationally expensive because of the need to introduce double nodes at the location of the
reinforcement (one node on the concrete and another on the steel). These nodes are then connected by the

interface elements.
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Figure 4-2 illustrates the modeling of a 3D reinforced concrete component using both techniques. It is
clear that when embedded reinforcement is adopted, two brick elements with 36 degrees of freedom can be
used. On the other hand, discrete representation of reinforcement requires the use of eight brick elements
for concrete and two truss (or beam) elements for the reinforcement in addition to interface elements
between the steel and the concrete to represent the possible slip and dowel actions. This latter modeling

technique will require solving for 90 degrees of freedom.

To limit the cost of the more accurate discrete modeling, combined modeling approaches can be followed,
using embedded reinforcement for the majority of the bars and discrete reinforcement with interface
elements at locations where potential slip exists. For example, in a bridge beam-column connection, the
developed portion of the extreme column reinforcement in the joint should be modeled as discrete bars with
interface elements. The remaining reinforcement can be modeled as embedded. The evaluation presented

in this work is limited to the use of embedded reinforcement only.

Embedded Reinforcement
Embedded reinforcement is introduced within the concrete element through which it passes (referred to as

the parent element). The stiffness of this “parent element” is then modified based on the path of the
reinforcement through the element. As a result, the assumption is made that there exits perfect bond

between the concrete and the reinforcement.

For the simple case where a uniform quantity of reinforcement is distributed across the element at a certain
angle from the element natural coordinate system, the additional stiffness terms are easily computed as
follows. Given that the element displacements are computed from the nodal displacements, (see Eq. (4-1)),

the reinforcement displacements, {u}", can be found using the same interpolation.

{u}" = [NI{d} 4-7)
The same shape function matrix, [N], is used. However, it is evaluated at the isoparametric coordinates of
the reinforcement integration points (2-point Gaussian integration scheme is used in the present study).

The strain vector of the reinforcement can now be evaluated by
{e} =[B]' {d} (4-8)
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where [B]" is the strain-displacement matrix evaluated at the reinforcement integration points.

Standard transformation techniques are used to obtain the reinforcement strain tensor in the same
orientation as the element strain tensor. Making use of transformation, reinforcement constitutive
equations, and usual finite element procedure, one can obtain the contribution of reinforcement to the
stiffness of the parent element and the corresponding internal force vector of the reinforcement. For

details, refer to Feenstra [1993].

If the reinforcement is introduced in a nonlinear trajectory through the concrete element, such as the case of
spiral reinforcement in a circular column, a general transformation matrix can be developed dependent
upon the location and curvature of the reinforcement. The finite element package DIANA7' is used in the
present investigation. In DIANA [Witte 1998], each bar is divided into segments. Each segment consists
of the portion of the bar passing through the parent element. Reinforcement location points are then
determined for each segment. For a two-point integration scheme, three location points are defined: two at
the element boundaries and a third at the center of the bar segment (Figure 4-3). These points are used to
describe the path and the curvature of the bar segment within each element. Numerical integration of each
segment is then conducted along the isoparametric axis, & of the segment. At each integration point an
axis, x', tangent to the bar is determined using the segment location points. By transformation and use of

the nodal displacements, the bar stress, O;,, and strain, &, can be evaluated.

Parent Solid Elements

. *A\XJ\ g
e * Location Points
AN ) . /\ Integration Points
- ::/; R SIS S —- Reinforcement Path
Reinforcement Reinforcement
1 Segment ™ Segment |

Figure 4-3: Reinforcement axes and discretization

In summary, embedded reinforcement is assumed to be perfectly bonded to the concrete element through
which it passes. The strains and stresses in the reinforcement are coupled to the element nodal
displacements. These values can be computed directly from the element shape functions and nodal
displacements and are oriented tangent to the reinforcement path. The stiffness and internal force
contributions of the reinforcement are accounted for in a similar manner as the element stiffness and
internal forces with the exception that integration is performed at the reinforcement integration points and

not the element integration points.
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4.2 Constitutive Models
The constitutive models used in the finite element analysis are based on the mechanical properties of the

concrete and reinforcement measured in the experimental investigation. Mechanical properties such as the
moduli of elasticity and rupture, splitting tensile strength, compressive stress-strain relation, and the
magnitude of fracture energy were determined through experimental testing by standard methods [ASTM
and 50-FMC]. Extrapolation of these tests to a comprehensive model that provides not only the proper
behavior but also a robust numerical formulation required the investigation of several available strategies.
The development and justification of the constitutive relations used in this study are presented in this

section.

4.2.1 Constitutive Modeling of Concrete

Concrete is a complex material; it is anisotropic and nonhomogeneous, and the tensile and compressive
properties are dissimilar. Furthermore, concrete is a quasi-brittle material; it fails in compression through
crushing and in tension through cracking. To establish a proper model, five areas of response must be
evaluated: (1) the tensile yield surface, (2) the compressive yield surface, (3) tension-softening
relationships, (4) compression hardening and softening relationships, and (5) cracking behavior (initiation,

propagation, and closure).

Typically, a three-dimensional yield surface is created by combining the compressive yield surface of an
established model with a tension cutoff. Another technique uses a total strain formulation as the basis for
the rotating-crack approach. In this approach, a yield surface is not directly adopted. Instead, the
constitutive relationship is defined in the principal strain state. The background and behavior of these two

techniques are discussed in the following sections.

4.2.2 Modeling Concrete Compressive Response
Modeling plasticity of concrete in compression involves the use of a yield criterion, a flow rule, and

hardening rules. The yield criterion is defined by setting the yield equation, f, equal to zero. The yield
equation is dependent on the state of stress, 6, and the internal state variable, x. The compressive behavior
of concrete is often modeled with J, plasticity models, either the Von Mises or Drucker-Pager yield

criterion. For J, plasticity, the following definitions for stress invariants (J, and /;) are given by

1
Jzzg[(al —0'2)2+(62—0'3)2+(63—61)2] (4-9)

I] = O-I + 0_2 + 0-3 (4—10)

where the principal stress tensor is defined by

{o)={0; & 03}" ;s 6120320 (4-11)

' DIANA7 (DIsplacement ANAlyzer version 7) is a finite element code developed at TNO Building and
Construction Research in the Netherlands.
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The Von Mises yield criterion is defined as follows:

fJ2,6)=\315 —0(K) (4-12)
The term, E'(K') , represents the uniaxial hardening rule, which is discussed in the next section. Von Mises
yield criterion is characterized by a circular yield surface perpendicular to the hydrostatic axis 0; = 0; = 03

(Figure 4-4(a)(b)).

When concrete is subjected to triaxial compressive stress, its capacity is increased. Compression tests
performed on concrete with biaxial lateral confining stress (03=0) have shown an increase in strength on the
order of 16% over the uniaxial capacity [Kupfer 1973]. Therefore, the Drucker-Prager as a pressure-

dependent yield criterion also is investigated. In this case, the expression for the yield surface, f, is

f1 Ty k) =305 —ady - Be(k) (4-13)

The parameters ¢ and £, and the cohesion, ¢, are calculated using the following equations.

a:ﬂ (4-14)
3—sing

_ 6cos ¢ (4-15)
3—sing

E=O'3 I—sing 4-16)
2cos ¢

Note that all parameters are dependent on the angle of internal friction, ¢. o3 in Eq. (4-16) is taken as the
uniaxial compressive stress which is a function of the plastic strain. The yield surface grows along the
hydrostatic axis (Figure 4-4(c)). To properly account for this growth for concrete, the angle of internal

friction is set to 10 degrees [Kupfer 1973].

Von Mises &
cl Drucker Prager o2 o2
Yield Condition
Hydrostatic Hydrostatic
(7 Axis Axis
cl ol
on Mises / Drucker Prager
o2 o3
o3 o3
(a) (b) (c)

Figure 4-4: Von Mises and Drucker-Prager yield surfaces

For simplicity in the present investigation, exclusive use is made of the associated flow rule, (i.e., angle of

internal friction is taken equal to the angle of dilatancy).
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4.2.3 Uniaxial Compression Hardening / Softening Behavior
The uniaxial hardening and softening behavior of concrete is derived from experimental testing of concrete

cylinders. Hardening behavior is extrapolated from compressive stress-strain evaluation of 6 in. by 12 in.
concrete cylinders tested the day of the subassembly experiment. The softening branch was derived later
from strain-control testing of additional cylinders (Appendix B). The average descending branch was
normalized to the peak stress and the corresponding strain of the hardening branch. The resulting response
is illustrated in Figure 4-5. The relationship between plastic uniaxial strain, &,, and the total uniaxial strain
is also presented. The comparative cohesion for a 10-degree friction angle is also shown. Note that for

incorporating the hardening-softening behavior of concrete for the Von Mises yield criterion the relation

o-¢ p of Figure 4-5 is discretized and directly used (i.e., k¥ = &,). On the other hand, the Drucker-Prager

criterion utilizes the relation ¢ — k. To obtain this relationship from the c—¢ p relation given by Figure 4-

5, the following conversion is used [Witte 1998]:

/ 2
o VIF207 (4-17)

T l-a p

Accordingly, for a friction angle ¢ = 10 and o0 = 0.123, Kk = 1.157¢,, .
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Figure 4-5: Typical uniaxial hardening / softening behavior used for concrete modeling

424  Concrete Tension Behavior
The tension yield surface typically consists of either a constant cutoff (Rankine yield surface) equal to the

tensile concrete capacity or a bilinear envelope from the uniaxial tensile strength to the uniaxial
compressive strength in the tension-compression regime combined with Rankine yield surface in the

tension-tension regime (Figure 4-6). The bilinear yield surface is used in this investigation.
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Figure 4-6: Tension cut-off models

The tensile stress-strain behavior consists of two phases: the hardening branch and the softening branch.
The hardening branch is made up of a linear segment with a slope equal to the concrete elastic modulus.
The softening branch may consist of a variety of functions. Four softening behaviors are investigated:
brittle failure, linear tension softening, nonlinear softening, and bilinear softening (Figure 4-7(a)—(d)).
There is some contention over the appropriate use of each model. Brittle failure assumes that when a crack
occurs in an element, the concrete abruptly loses all tensile capacity perpendicular to the crack direction
(Figure 4-7(a)). As shown in Figure 4-8, however, unreinforced concrete subjected to tension typically
fails with a nonlinear decaying branch (Figure 4-7(c)). This decay is controlled by the fracture energy
density of the concrete, g, (i.e., the amount of energy per unit volume of cracked concrete released in
forming a crack with unit area). In the brittle model, the gradual dissipation of fracture energy is not
accounted for. Consequently, the brittle model is considered conservative. One can argue that for
reinforced concrete with a high volume of steel, the softening branch should be even greater than the
unreinforced concrete behavior, and should be modeled as linear tension softening limited by the yield
strain of steel, &, (Figure 4-7(b)). As cracks occur, the prevalence of reinforcement theoretically will
restrain the crack. The restraint, in turn, limits the development of the crack opening and propagation in the
element and the full loss of strength until the reinforcement loses a significant portion of its stiffness, i.e., it
yields. To complete the evaluation, two additional models are investigated. One investigates the effect of
using nonlinear softening. For that purpose Hordijk's tension-softening model was used (Figure 4-7(c)).
This model provides a good approximation of the measured unreinforced concrete tension-softening
behavior (Figure 4-8). The final relationship uses a combination of brittle cracking (i.e., sudden drop to
10% of tensile capacity across the crack on crack formation) followed by linear tension softening to five

times the cracking strain (Figure 4-7(d)).
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Figure 4-7: Uniaxial tension-softening models (Note: graphs not to scale)
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Figure 4-8: Envelopes of tensile failure response for unreinforced concrete

When using embedded reinforcement (i.e., without allowance for slip between reinforcement and the
surrounding concrete), with stress-strain properties obtained from testing a bare bar, the stress-strain
relation of the reinforcement should account for the tension-stiffening effects in reinforced concrete. In
moderately or heavily reinforced elements, this effect may become more dominant than any material
behavior [Farve 1985]. Accounting for this tension-stiffening is complicated when the reinforcement is
aligned in three dimensions and when cracks intersect the reinforcement at different orientations. To
evaluate the effect of tension softening (and stiffening) on the global system behavior, the response of the
four softening 6-&¢ models are compared (Figure 4-7). In this investigation, fixed-crack formulation is

utilized as will be discussed in Section 4.2.5.

For the Hordijk tension-softening model [Hordijk 1992], the fracture energy, G; calculated from fracture
energy tests [50-FMC] shown in Figure 4-8. The crack bandwidth, s, was taken to be related to the

element size as follows:
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h = 3 finite element volume (4-18)

Note that
Gf =& h (4-19)

The limit crack strain &, and the shape of the descending branch are determined as follows:

‘9cu cu cu

3
£, £, £, 3 .
s 1+ IL e — LZer —L(l-l- % — f O<e..<é€
Ocr(Ecr) =17 [c ] xp[ = £ ] £ o pxpi=ea) i or e (4-20)

0 if €., <€ <o

where parameters ¢; = 3.00, ¢, = 6.93, and
Gy

b}

t

£y =5.136 (4-21)

In the above expression, the decomposition of the strain tensor into cracked {&.,} and uncracked {&,} as

discussed in Section 4.2.5 is implied.

Performing the finite element analysis of the specimen designated A2 of the experimental program
mentioned in Chapter 3, the analytical results are compared with the experimental results to select a proper
model for the softening branch of the tensile o-¢ relation. The load-displacement responses are compared
with the experimental envelope from the onset of cracking to initiation of column yielding. After this

demand level, the behavior is controlled by the reinforcement constitutive relationship.
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Figure 4-9: Effect of tension softening on the load-displacement relationship of a three-dimensional finite
element beam-column model
Linear tension softening to the yield of the steel produces the highest stiffness, and the brittle failure results
in the lowest (Figure 4-9). It is concluded that linear and nonlinear concrete tension softening
overestimates the stiffness in 3D analyses when used in conjunction with embedded reinforcement and
fixed-crack formulation. Nonlinear softening produces results comparable to that of linear softening. The
assumption of brittle failure produces a good estimation of the experimental response. Use of a brittle
model, however, requires that the reinforcement hardening properties be adjusted to account for tension
stiffening. As a compromise to this argument, the fourth model, which combines a brittle failure with an
unloading branch, was adopted for the remainder of this investigation. This model also avoids any

numerical difficulty that may be encountered with the brittle model.

4.2.5 Modeling Cracking in Concrete

Once concrete reaches its tensile capacity it cracks and loses a large portion of its tensile strength. To
properly model concrete in a finite element formulation, this behavior must be addressed. To accomplish
this, a smeared crack formulation is used. Smeared cracking, also known as crack band theory [Bazant and
Oh 1983], has been used extensively for modeling cracking of reinforced concrete. Consequently, many
analysis packages include a predeveloped formulation within their options. In the present study, two
methods of crack estimation are evaluated: the multi-directional fixed-crack model and the rotating-crack

model.
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Multi-Directional Fixed-Crack Model
If a concrete element is subjected to strains beyond its tensile capacity, one or more cracks may form. The

total incremental strain in the element, {Ag}, then becomes a combination of the uncracked concrete
incremental strain (between the smeared cracks), {A¢g,}, and the incremental strain occurring across the

crack, {A4¢..} [Rots 1988]; accordingly,

{4e} = {A¢,}+ {4¢,,} (4-22)
Assuming that the crack forms at a given angle, the local incremental crack strain, Ae,,, can then be defined
relative to the crack normal axis, n, and tangential axis, ¢, in two dimensions. In three dimensions, a second

tangent axis, s, is used (Figure 4-10). Therefore, the crack will be subjected to increments of normal strain

Ae!" and shear strains Ae[l and Ae”Y (if used in 3D).

e, J= et actr aes]” (4-23)
The concept of fixed cracking assumes that the crack forms when the principal tension stress in the element
reaches the tensile capacity of the material. At this level, a crack forms perpendicular to the principal
tension axis. The crack orientation then becomes fixed. When shear retention is considered, i.e., shear
stresses are transferred in the direction parallel to the fixed cracks, the principal stresses rotate relative to
the fixed crack. Subsequently, crack strain continues to increase along the fixed orientation. The crack
remains fixed until the principal tension reaches the tensile capacity at a threshold angle, o, from the current
crack orientation. A threshold angle of 60 degrees is used in the present study. This eliminates the

multiple formation of cracks at small angles from each other.

n,cl

Initial Crack

Secondary

Threshold Angle Crack

60°

\ Integration Point

2 - DIMENSIONAL ELEMENT 3 - DIMENSIONAL ELEMENT

Initial Crack
Plane

Integration Point

Figure 4-10: Crack orientation in an element (61, 62, 63 are principal stresses at initiation of first crack)

nn

The incremental stress tensor, {A4s..}, in the crack direction contains the normal stress, As™, dependent on
the amount of tension softening assumed, and the shear stresses, As™ and As™, dependent on the shear
retention model used, i.e.,
(A5} =[ A" A" A" (4-24)
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Using a transformation matrix, [N,], dependent on the orientaion of the fixed crack, one may write

{4e,} = [N,] {de,} and  {4s,}=[N,]" {40} (4-25)
where {AcG} is the global incremental stress tensor. The global relationship between the stress and strain
increments for the element then becomes a combination of the constitutive relationship of the uncracked
concrete, [D,], and the constitutive relationship of the cracked portion, [D.]. The uncracked material
stiffness matrix is defined by the usual elasticity matrix in 3D. The cracked stiffness is specified
independently for the three modes of failure: mode I normal crack opening D', and modes II and III crack
shearing D" and D". To simplify the formulation the assumption is made that the shear and normal

behaviors are decoupled, i.e.,

[D.,] = diag [ D' D" D" ] (4-26)
Mode I stiffness, D', is dependent on the tension-softening model used. Modes II and III stiffnesses, D"

and D", are dependent on the shear retention factor S as follows:

u_ B
D :D = —_— 4_2
5 Ce (4-27)

G, is the concrete elastic shear modulus = E. / (2(1+V,)), where E. and v, are Young's modulus and
Poisson's ratio of the uncracked concrete, respectively. The [ term varies from 1 (0.999 in numerical
implementation) for uncracked concrete to O for completely cracked concrete, and allows the control of

shear resistance as a function of strain normal to the crack. Studies by Paulay and Loeber [1974] have

shown that the shear stiffness across a cracked concrete section is dependent on the crack opening or strain,

el . To accomplish this, Ais made a function of the normal crack strain as follows [Frenray 1990]:

1
f=——ro (4-28)
1+ el
Where g = 4447 is an empirical constant. A similar model was derived for use in the modified

compression field theory [Vecchio and Collins 1998].

One of the disadvantages of the multi-directional fixed-crack model is the possible stress locking due to
rotation of principal axes while the crack angle remains fixed. This is particularly significant for large
values of shear retention [Rots 1988 and Mosalam 1998]. In this case, due to the nonzero values of D" and
D™ shear stresses may occur in the orientations of the original principal stress directions at crack onset. As
a result, the direction of the actual (current) principal stresses may be forced to rotate from the original
directions leading to the formation of new cracks. To avoid this fictitious “stress chasing” behavior, a
small shear retention value and a large threshold angle can be used. A sounder solution is to adopt the

rotating-crack model as discussed in the following section.
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Rotating-Crack Model
To account for the formation of multiple cracks at a point without the effect of stress locking, the rotating-

crack model can be used. Formulation of the rotating model is based on the concept of the coaxial stress-
strain relation, in which the stress-strain relationships are evaluated in the principal directions of the strain
tensor. Unlike the fixed-crack model, the rotating model assumes that cracking strains can be generated by
up to three orthogonal cracks that remain aligned with the principal directions of both stress and strain

[Jirasek and Zimmerman 1997]. The incremental cracking strain can be written as

{de.,} = { de.; Aer Aes }' (4-29)
where Ae.;, de., and Ae.; are the cracking strains normal to the crack planes and corresponding to the
individual principal directions. Cracking initiates when the principal stresses reach the uniaxial tensile
strength of the concrete. The relationship between the principal stress and the normal incremental crack

strain is given by

o =g(de.i), i=1,2,3 (4-30)
If the element is subjected to triaxial tension, up to three orthogonal cracks can be present at the same point.
This is different from the fixed-crack model, which allows the formation of only one crack at a given point
and time. The function g depends on the current state of cracking. If the material is uncracked, the cracking
strain is zero and remains so until the tensile strength is reached. Once this occurs, the function represents
the softening law for the cracked concrete. This law is dependent on whether the crack is opening or
closing. For crack opening, the brittle-linear tension-softening model is used (Figure 4-7(d)). A secant-

unloading path is assumed.
Global incremental strain is calculated directly from the incremental cracking strains as follows:

{4e,} =[T]{ Qe } (4-31)
where T is the strain transformation matrix. In the rotating-crack concept, the transformation matrix is
dependent on the current state of strain. Consequently, the transformation matrix rotates with the principal
stresses. This provides a more accurate representation of crack formation. Using the multi-directional
fixed-crack model, a crack can exist in a direction other than that of the principal tensile strain. In the
rotating-crack model, the crack is always oriented normal to the principal tensile strain when it exceeds the
cracking strain. Therefore, definition of the shear retention factor is not necessary. This technique was
adopted for the joint evaluation studies presented in later chapters. Note that the adopted rotating-crack
model is based on the concept of total strain. This technique does not make use of Von Mises or Rankine
yield surfaces. Instead, the model is formulated along the same lines as the modified compression field

theory first developed by Vecchio and Collins [1986].

To model rotating cracks the total strain model is adopted. For this model, a tension and compression

relationship (Section 4.2.6) is used based on the appropriate constitutive properties. The relationship is
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then evaluated in the direction of the principal strains. This model can be used for both fixed and rotating-

crack formulations.

4.2.6  Comparison of Concrete Compression Models
The effect of yield criteria was studied to determine which modeling technique best captures the measured

response. Four concrete compression yield criteria were evaluated: (1) Von Mises yield criteria, (2) total
strain formulation, (3) Drucker-Prager yield criteria using a friction angle of 10 degrees, and (4) elastic
response. The study was conducted on a full subassembly using brittle concrete tensile response and multi-
directional fixed-crack formulation. An experimentally determined stress-strain relation is adopted (Figure

4-5). The results are presented in Figure 4-11.

Elastic concrete compression provides an upper bound on the response. Under this condition, as the
reinforcement yields, the concrete does not crush in compression but continues to increase, resulting in a
divergence between the elastic and measured responses. The Drucker-Prager model produces a similar
response due to an overestimation of the triaxial state of stress. When an element is subjected to triaxial
compression, the Drucker-Prager yield surface infinitely increases. Thus, the column compressive strength
continues to increase almost achieving an elastic compressive response. The Von Mises yield criteria
provides a good estimation of the experimental response. As with Drucker-Prager, Von Mises yield criteria
overestimates the response because of the triaxial state of compression; however, the yield surface does not
increase in size along the hydrostatic axis. Consequently, the triaxial compression stress only marginally
overestimates the response. The most accurate estimation of response was achieved using the total strain
model. Concrete compressive capacity and overall response is accurately estimated. Consequently, the
total strain model was adopted for the concrete compressive response in all investigations conducted in

later chapters.
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Figure 4-11: Effect of concrete compression relationship on overall system response

4.277 Comparison of Cracking Models
Two methods of modeling crack formation were evaluated: multi-directional fixed-crack formulation and

rotating-crack formulation. Two cases of fixed-crack formulation were investigated. The first assumes a
nominal shear retention (£ = 0.2) and the second assumes that the shear retention along the crack is
proportional to the crack strain according to Eq. (4-27). The study was conducted on the full subassembly

using brittle concrete tensile response.

The rotating-crack model produces the lowest strength, slightly underestimating the experimental results
(Figure 4-12). The fixed-crack models produce a stiffer response with higher strength. This can be
attributed to the fixed-crack formulation, which assumes that a shear stress exists along the crack.
Consequently, the formulation produces additional stiffness and strength compared with that of the
rotating-crack model, which does not have any shear resistance along the crack (since the crack is always
oriented along principal directions where shear stress is zero). Increasing the shear component in the fixed-
crack formulation (i.e., accounting for higher f), further magnifies this effect. The rotating-crack model
was adopted for all investigations since it provides a good estimate of response as well as a more rational

formulation.
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Figure 4-12: Analytical cracking models compared to experimental response of Subassembly A2

4.2.8 Constitutive Modeling of Reinforcement
Reinforcement is modeled using the Von Mises yield criterion discussed previously. The hardening rule is

based on the uniaxial stress-strain response from material testing. The tension and compression responses
are assumed identical (Figure 4-13). The behavior consists of elastic-hardening-fracture branches. To
model fracture, the reinforcement stress is abruptly dropped after the rupture stress, f,, is reached. It should
be noted that if reinforcement is modeled by discrete elements, this abrupt drop of stress could lead to
difficulty in convergence. However, since the reinforcement is embedded in the concrete elements, the
reinforcement stiffness adds to that of the concrete parent element. Thus, modeling bar fracture in this way

should not create any numerical problems when dealing with embedded reinforcement.
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4.3 Solution Strategy

Three solution strategies are used for the finite element investigation: regular Newton, modified Newton,
and linear (Figure 4-14). For moderate nonlinear behavior where minimal damage (cracking or plasticity)
in each increment is expected, regular Newton iteration is used for solving the system. Regular Newton
recalculates the tangent stiffness matrix for each iteration of a given step; as a result the method converges
with fewer number of iterations. If the system reaches moderate levels of damage, the stiffness
recalculation at each iteration may lead to divergence in the solution. To avoid this problem, the modified
Newton strategy is used. Modified Newton uses the initial tangent stiffness at the beginning of the loading
step for all iterations of the solution in this step, thus minimizing the computation time for each step. For
situations where high nonlinearity is encountered, the linear solution strategy is used. The initial elastic
stiffness is adopted and kept constant for the entire analysis. This procedure requires many iterations to
reach a converged solution; however, the cost of each iteration is low since the tangent stiffness matrix is
formulated, assembled, and decomposed only once at the beginning of the analysis. In general, the linear
formulation provides an unconditionally convergent solution [Argyris 1969] and therefore was used
initially in all models. Regular Newton iteration, however, proved to be the most efficient when using
embedded reinforcement and total strain formulation and was adopted for the majority of the subsequent

analyses.
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44 Evaluation of the Finite Element Model
As a demonstration of the effectiveness of the proceeding formulation, results from the finite element

models are compared with a series of bridge subassembly tests. A background of the experimental setup is
given in Chapter 3. Selection of the finite element mesh and comparisons to the experimental results are

given in the following sections.

4.4.1  Mesh Development
The finite element models are discretized to match the boundary conditions and geometry of the tested

specimens. The finite element discretization and reinforcement layouts are shown in Figure 4-15 and
Figure 4-16, respectively. The gross dimensions and material properties are chosen to coincide with those
of the as-built subassembly. The only deviation is the discretization of the top block (column base), which
is modeled as elastic material to reduce computational time. As a result, discretization of the actual square
cap block, shown in Figure 3-8, is not necessary. Dead load is applied as a uniform load on the top of the
column and reacted against the beam. The location and magnitude of the reactions are chosen to match the
loads applied during the tests. Transverse loading is applied as a nodal displacement at the center of the top
reaction block in the x-direction (parallel to the beam axis). Both ends of the beam are modeled as pin
supports. It should be noted that the pin supports of the beam are modeled using space truss elements to
reduce the stress concentrations at the supports and to have similar conditions to the experimental setup.
The stiffness of these truss elements was chosen to be similar to the pins used in the test setup. In the
experiment the axial load of the beam is maintained under load control to be P/2 in each span, where P is
the lateral load corresponding to the applied lateral displacement. The loading could be modeled using pin-
pin supports; however, this did not allow free expansion of the joint. To address this a comparison of the
behavior using pin-pin and pin-roller was conducted. The variation in joint response was found negligible.

Accordingly, pin-pin support conditions were adopted for all analytical models.
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44.2

Parameters of the Constitutive Models

In the present study, the following material parameters (as defined in previous sections) are used.

Table 4-1: Specimen A2 material parameters
Material Parameter Beam' Columﬁ Units
Properties Properties
Concrete tensile strength ft 0.43 0.54 Kksi
Concrete compressive strength fec 5.81 5.53 ksi
Concrete elastic modulus Ec 3470 3480 ksi
Concrete Poisson ratio V. 0.15 0.15 -
Fracture energy Gf 0.77 0.99 kip-in. / in.?
Crack bandwidth h 3.8 6.1 inch
Steel elastic modulus Es 28800 27500 ksi
Steel Poisson ratio Vy 0.3 0.3 -
Steel tensile yield strength Al 72.4 67.1 ksi

The data for Specimen A2 are presented to illustrate typical values determined by experimental testing.
Material properties vary between specimens; a full description of testing procedures and a summary of the

properties measured for the test series are presented in Appendix B.

443

The finite element modeling is conducted using a total strain model with compression hardening-softening

Finite Element Model Verification

and brittle-linear softening tensile response with rotating-crack formulation for the concrete.
Reinforcement is modeled as embedded with Von Mises yield criteria augmented with elastic-hardening-
fracture behavior in tension and compression. A regular Newton numerical solution strategy is adopted. A
comparison of the global load-displacement behavior is shown in Figure 4-17. The finite element model
marginally underestimates the experimental resistance. This behavior consistently appears in all analytical
subassembly models. The underestimation can be attributed to the analytical concrete constitutive
relationship particularly in relation to the rotating-crack formation. In this formulation, cracks in concrete
always coincide with principal strain directions. These cracks are treated as smooth cracks without explicit
accounting for shear transfer mechanisms such as aggregate interlocking or dowel actions. Accordingly,
underestimation of capacity is anticipated. Since response of the beam-column joint was comparable to

measured experimental response (as will be discussed later), the constitutive relationships were not

modified to exactly match the experimental load-displacement relation.
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To further evaluate the accuracy of the finite element model, the contribution to the total system drift is
evaluated at each level of applied total drift. In the experimental evaluation, the contributions are
computed using an array of external displacement transducers (see Section 3.6.2). The comparison
between the analytical and the experimental results is shown in Figure 4-18 where good agreement is
apparent. For small levels of drift, 0% to 0.5%, inherent errors in the transducer measurements lead to an
overestimation of the total displacement (Figure 4-18(a)). Nevertheless, the trends of the displacement
contributions agree with the observed behavior. Initially, column flexure is the predominant contributor to
the displacement as initial cracks form in the column. This is followed by cracking of the beam section at
1% drift. Following this level, the inelastic column yielding and spalling takes place, leading again to a
predominance of column flexural response. Using the computed nodal displacements from the finite
element analysis, the component contributions to the total drift from the analytical model can be
determined. As shown in Figure 4-18(b), the analytical model appropriately replicates the behavior
recorded from the experimental subassembly. The largest error is the underestimation of column flexure.
As discussed earlier, to create a model that is computationally practical for further parametric studies,
trilinear brick elements were used. Linear elements are inherently stiff in modeling flexure. Therefore, it is

reasonable that the column flexure is underestimated on the order of only 5%.
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Figure 4-18: Different contributions to total system drift

4.4.4  Reinforcement Behavior
The analytical model shows that the use of embedded reinforcement provides a good estimation of

reinforcement strains for the analyzed experimental model (A2). As shown in Figure 4-19, strain values at
levels beyond yield are properly estimated both in the column region as well as within the beam-column
joint region. Note that, due to loss of a few strain gages during the experiment, only four strain

measurements are presented.
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Figure 4-19: Strain in southern exterior column longitudinal reinforcement (3.6% drift)
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Typically, modeling reinforcement as being embedded may not be appropriate for the straight development
of column bars into a joint. The amount of yield penetration that occurs at the beam-column interface
creates local pullout, which cannot be captured properly without directly accounting for bond-slip in the
model. Nevertheless, as shown here for moderate levels of development (i.e., satisfying code requirements),

strain development in the joint region is reasonably represented.

4.4.5 Cracking Estimation by Rotating-Crack Formulation
A comparison of experimental and analytical results shows that the rotating-crack formulation provides a

good estimation of crack formation in a three-dimensional model. Figure 4-20 illustrates the crack
behavior in the beam at 4.0-in. displacement (3.6% drift). This level corresponds to a displacement
ductility of approximately 4.0, which is approximately half of the ultimate displacement capacity. Figure
4-20(a), represents the extent of beam cracking present on the east face of the experimental subassembly.
The estimated orientation of cracks in the analytical model is shown in Figure 4-20(b) where length of the
line represents the amount of crack strain. The diagonal joint cracking pattern observed in the experiment
is reproduced by the analytical model. Furthermore, the crack strain is largest along the central diagonal

joint crack (Figure 4-20(b)), as observed in the experimental subassembly.

(\Q be s
§ // e e
s /) AT
(a) Experimental subassembly (b) Crack orientation in finite element model

Figure 4-20: Joint cracking at 3.6% drift
The cracking behavior of the column is also represented by the analytical model (Figure 4-21). Figure 4-
21(a) represents the crack pattern recorded during the experiment at 4.0 in. of column displacement (3.6%
drift). Figure 4-21(b) represents the estimate of cracking produced by the finite element analysis. The
lengths of the crack marks in Figure 4-21(b) indicate the magnitude of the crack strain. Both the
experimental and analytical crack illustrations are presented as a projection of the column onto the x-z
plane. The cracking on the column from the beam-column interface to 55% of the column height is
presented. As shown, the base crack and the array of flexural cracks on the south column face are
appropriately estimated. The high amount of vertical cracking illustrated on the north face (compression
side according to the loading direction) of the finite element model illustrates the initiation of column
spalling within the column cross section. This behavior is not noted in the experimental observations until
further in the loading sequence when the spalled section visibly buckled outward on the north column face.

Nevertheless, it is possible that similar cracks occurred internally prior to visible spalling.
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Figure 4-21: Column crack patterns at 3.6% drift

Figure 4-22 demonstrates the importance of 3D finite element modeling. This figure shows a contour plot
of the calculated transverse strains within the joint region. These results are given at an applied lateral drift
of 4%. It is observed that regions of high tension occur close to the cap beam longitudinal faces. These
regions of high transverse tension indicate potential location of splitting cracks in the longitudinal direction
of the cap beam; this behavior was observed in Group B specimens where larger demand is placed on the
joint region. From these preliminary results, one can infer the importance of 3D modeling for further

understanding of failure of beam-column joints.
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4.5 Concluding Remarks
The formulation developed in this chapter is used as the basis for all finite element analyses carried out in

the remainder of this report. As shown, the modeling techniques accurately reproduce the experimental
behavior. In the later chapters, these techniques will be used for the evaluation of joint transfer
mechanisms and parameter studies. Unless noted, all following finite element analyses are conducted using
the following parameters: embedded reinforcement with Von Mises yield criterion with hardening fracture
model, trilinear concrete brick elements with total strain formulation, rotating-crack model, nonlinear
compression hardening-softening, and multi-linear tensile response with brittle failure at cracking. All

material parameters are based on the experimental results reported in Appendix B.
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5 Design of California Beam-Column Joints with and without
Headed Bar Reinforcement

The first phase of the experimental investigation consists of four test specimens, designated Group A. In
this phase, design recommendations used in 1996 for bridge joint construction in the state of California are
evaluated. In addition, the effectiveness of headed reinforcement for use as joint transverse reinforcement
and the behavior of square column configurations is studied. The design assumptions and details for this

first experimental phase of subassemblies are presented.

5.1 Subassembly Geometry

The specimens model a bridge bent typical of 1996 California construction (Figure 3-2). As discussed in
Chapter 3, the prototype structure consists of three circular columns with pinned column to footing
connections. Gross member dimensions are based on the average values taken from a survey of 16 RC

bridges built in California between 1982 and 1994 (Appendix A).

The beam width was altered from the database study to meet the most recent requirements of Caltrans
Bridge Design Specification. As noted in Caltrans Seismic Design Memo [Caltrans 1994], the width of the
cap beam, by, is defined as a minimum of 2 feet greater than the column diameter, a scaled width of 104
inches was used. To facilitate laboratory testing and to ensure that standard construction materials could be
used in building the experimental test models, lengths in the laboratory test models were scaled by a factor

of 3/8 from the original size.

Performance of present design recommendations and new design strategies were evaluated through the
investigation of the interior joint assembly. The subassembly configuration consists of the interior column
and half the beam span on each side of the column (Figure 5-1). The first two specimens, which model
current construction, are composed of a circular column and rectangular beam. To assist in the
development of an analytical joint model, two specimens with square columns were also built and tested.
To be consistent, the square column geometry and reinforcement were designed so that the flexural
capacity would be approximately equal to that of the circular column configuration. The following

dimensions were used for Group A specimens.

Table 5-1: Group A subassembly dimensions

Model scale 3/8 Clear column height Lc=111.01n.
Column diameter, Al & A2 Dc =28.0in. Square column depth, A3 & A4 | h.=25.01in.
Clear beam length, A1 & A2 | Lbl =130.0 in. Clear beam length, A3 & A4 Lb2 =133.01n.

Clear beam height hy=29.0 in. Cap beam width wp = 37.0 in.
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Figure 5-1: Group A test specimen configuration

5.2 Flexural and Shear Design
The analysis of the system was performed using both linear elastic and plastic analysis of the bridge bent

assuming
e  The joint region is rigid.
e Axial deformation is negligible.
e There is uniform stiffness along the length of the columns and along the length of the beams.

Design of the system was conducted using the geometry and column reinforcement ratio computed from
the database investigation. With these values, the remaining reinforcement was designed according to

Caltrans Bridge Design Specification. The following three loading conditions were investigated:
(1) Dead + Live + Impact
(2) Dead + Earthquake (Acceleration Response Spectrum with Z = 8.0)
(3) Dead load applied to system with plastic hinges at each column

Design requirements were predominantly controlled by plastic hinge formation in the columns. To ensure
that a stable column mechanism would occur, an overstrength was applied to the design of the beam.
Using these requirements, the test specimens were evaluated as a part of the full prototype bridge bent and
checked in the subassembly configuration (Chapter 3). Since the forces in the prototype system were not

perfectly modeled, the subassembly demands often controlled the design of the bridge bent.

The subassembly configuration controlled the flexural design of the system and the shear design of the

column. The following load factors were used in the subassembly design.
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e Mu(Column) = 1.2Mp(Column)

e  Mn(Beam) = Y2Mu(Column) / ¢ﬂexu,e = Mu(Column)/1.8

o Vn(Column) = (Mu(Column) / Leojumn) / @shear With Ve = 0 kips within plastic hinge length.

Where (@pexure = 0.9) and (@ypeqr = 0.85) are strength reduction factors for flexure and shear, respectively.

Beam shear design was controlled by the prototype structure behavior.
e Vn(Beam) = Function of column plastic capacity and dead load on real system.

In addition to the load factors and overstrengths, the techniques used in California Bridge construction
place special flexural requirements on the design of the cap beam. During construction of a cast-in-place
box-girder bridge system, the superstructure is built in a well-defined sequence (Figure 5-2). The columns
are cast to a height approximately 4.0 in. (full-scale) higher than the beam soffit (A). False work is
installed to support the construction of the superstructure. The bridge soffit and box-girder webs are then
formed and the superstructure reinforcement is installed (B). To allow for early removal of cap bent false
work, the BDS requires that the negative flexural capacity of this partially completed cap beam resist the
dead load of the remaining section. As a result, the negative flexural reinforcement is placed in two layers.
The bridge is cast to the first layer of cap beam negative flexural reinforcement, approximately 3/4 of the
depth (C). Once adequate strength is attained, the cap beam becomes self-supporting allowing for the
removal and relocation of the false work to a different portion of the bridge (D). The construction is
completed by inverting the box-girder forms, installing the deck reinforcement and placing the final lift of
concrete (E). As a result, the box-girder forms remain inside the completed bridge. To model this as-built
behavior, the beam-column cold joint was properly replicated in the subassembly. The cap beam cold joint,

however, was eliminated in the subassembly construction due to the expected limited effect on behavior.
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Figure 5-2: Cap beam construction
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Table 5-2: Group A reinforcement quantities
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Al & A2 2.29 % 0.98 % 0.53 % 0.41 % 0.86 % 0.16
A3 & A4 2.25 % 1.22 % 0.81 % 0.49 % 0.90 % 0.16

Table 5-2 summarize the flexural and shear reinforcement ratios used in Group A specimens. The flexural
reinforcement ratio is the area of longitudinal reinforcement to the gross cross-sectional area of concrete.
Column shear reinforcement ratios are presented as the volumetric ratio of transverse reinforcement within
a spacing, s, to the gross cross-sectional area, A,,,,, multiplied by s. Beam shear reinforcement is presented

as the area of vertical transverse reinforcement, Av g,,;, per spacing s.

5.3 Joint Design
The joint design was based upon Caltrans 1995 Seismic Design Memo [Zelinski 1995]. As discussed in

Chapter 2, this document specifies all requirements for sizing and reinforcing of the beam-column joint

shear zone. In summary, the following is required:

5.3.1  Joint Geometry

e The joint shear zone width shall be a minimum of 2.0 feet wider than the column diameter.

e The joint shear zone length shall be a minimum of the lesser of (2 x column width) and (column

width + 2 x beam depth).

e The joint geometry shall then be sized such that the shear stress in the joint shear zone shall be less

than 12\/f7’c.

5.3.2  Joint Reinforcement

e The column longitudinal reinforcement shall be anchored into the far end of the joint.
e The column spiral shall be continued into the joint to the end of the longitudinal reinforcement.

e An additional quantity of vertical transverse reinforcement equal to 20% of the column

reinforcement area, As .., 1S required in the joint shear zone.
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e An additional quantity of horizontal transverse reinforcement equal to 10% of the column
reinforcement area, ASojmi» 1 required in the joint shear zone. The reinforcement shall consist of

hairpin-shaped ties.

e Side face (i.e., longitudinal skin) reinforcement equal to 10% of the main cap negative

reinforcement shall be equally distributed to each face of the cap beam.

As prescribed by the preceding requirements, the following reinforcement quantities were used for each
specimen (Table 5-3). The orientation and arrangement of reinforcement is illustrated in Figure 5-4

through Figure 5-9.

Table 5-3: Group A joint reinforcement

Specimen Al A2 A3 A4

Effective joint volume™

Width x height x length (in.) 37x29x56 | 37x29x56 | 37x29x50 | 37x29x50

Volumetric vertical transverse joint
. . 0.171 % 0.149 % 0.170 % 0.157 %
reinforcement ratio, pjv

Volumetric horizontal transverse joint
. . 0.223 % 0.212 % 0.258 % 0.269 %
reinforcement ratio, pj;,

“Joint shear stress was checked to ensure that the joint geometry produced allowable values.

54 Materials
The reinforcement and concrete used in the construction of the test specimens were chosen to match the

materials used in California bridge construction. Longitudinal reinforcement consists of Grade 60 steel
meeting the requirements of ASTM A706 Standard Specification for Low-Alloy Steel Deformed Bars for
Concrete Reinforcement.  This specification has been adopted by the California Department of
Transportation due to its improved characteristics over that of traditional reinforcement meeting the
requirements of ASTM A615 Specification for Deformed and Plain and Billet Steel Bars for Concrete

Reinforcement. The A706 specification prescribes that the reinforcement
e Have good ductility by limiting the minimum elongation;

e Be weldable by requiring a carbon equivalence of 0.55% and providing limits on chemical

composition; and
e Have a bounded tensile and yield strength.

The improved tensile behavior is illustrated in a comparison of their stress-strain response (Figure 5-3).
Due to the scaled size of the transverse reinforcement (#3 bars were used), material meeting the
requirements of ASTM A706 was unavailable. Considering that no welding was required and the

transverse reinforcement was expected to experience only limited inelastic deformations, ASTM A615 bars
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were used for transverse reinforcement. To ensure that proper strength was obtained, the bars were

preselected according to their mill certified strength.
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Figure 5-3: Stress-strain behavior of reinforcing steel

Normal weight concrete was used, the mix consisted of Portland cement, coarse and fine aggregate, water,
and water reducing and retarding admixtures. A water-cement ratio of 0.53 was used. To account for the
testing scale, the aggregate size was reduced from the typical max aggregate size of 3/4 in. to a size of 3/8
inch. As is common in field construction, ready-mix concrete was supplied with a slump of 5 +/- 1 in. The
concrete was placed by pump and consolidated using hand vibrators. Descriptions of all material-related
information can be found in Appendix B. Included in this summary are the testing procedures used,
summaries of all measured properties and concrete mix proportions. The properties measured for the

reinforcement and concrete used for Group A specimens are presented in Table 5-4 and Table 5-5,

respectively.
Table 5-4: Group A reinforcement properties
Bar Use Column Ties | Ties, S{cin Headed | Anchor Block Hegdec? Conve.nti(?nal
A3 and A4 | and Spiral |Transverse| Transverse | Longitudinal | Longitudinal
Bar size #2 #3 #4 #4 #6 #6
ASTM specification | Unknown A615 A706 A706 A706 A706
Elastic modulus E; 29200 28500 28500 29000 29000 27200
Yield stress Oy 76.0 77.0 74.0 71.0 72.5 68.0
Yield strain €y 0.00260 0.00270 0.00260 0.00245 0.00250 0.00250
Plateau strain €, 0.032 N.A. 0.013 0.011 0.020 0.012
Ultimate stress o, 104.0 122.5 109.0 113.0 98.5 102.0
Ultimate strain €, 0.111 0.192 0.131 0.117 0.140 0.139
Fracture strain g 0.165 0.250 0.220 0.210 0.240 0.240

Note: All stresses and elastic moduli are in ksi. N.A.: Not Applicable
84



Table 5-5: Group A concrete properties

Test Subassembly Al A2 A3 A4
Compressive strength f'. 5.51 5.81 5.34 5.54

g Corresponding strain € 0.00295 0.00297 0.00280 0.00295

_2 Splitting tensile strength i 0.540 0.425 0.503 0.465

O |Young’s modulus E. 3.36 347 3.28 3.29
Fracture energy G 0.000984 0.000774 0.000916 0.000848
Compressive strength f'. 5.29 5.53 5.97 5.99

g Corresponding strain € 0.00296 0.00295 0.00279 0.00289

S | Tensile strength i 0.563 0.544 0.578 0.432

a Young’s modulus E. 3307 3476 3796 3676
Fracture energy Gy 0.00103 0.000992 0.00105 0.000788

Note: All forces are in kips and lengths in inches. Poisson’s ratio, V,, of 0.15 is assumed.

5.5 Group A: Details
5.5.1 Specimen Al: Caltrans Standard Design Details for Circular Column Configuration
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Figure 5-4: Specimen Al elevation and sections
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The first specimen, A1, consists of a circular column and rectangular beam. Reinforcement is conventional
and standard materials and details are used. All design requirements meet the 1995 Caltrans Bridge Design

Specification [Caltrans 1995]. Figure 5-4 presents the used arrangement of reinforcement.

5.5.2  Specimen A2: Headed Reinforcement Prototype with Circular Column Configuration
The second specimen, A2, consists of a circular column and rectangular beam, identical to Specimen Al.

Reinforcement consists of both conventional and headed reinforcement. To investigate the effectiveness of
headed reinforcement in beam-column applications, the column longitudinal reinforcement is terminated
with heads. The bars are anchored deep into the cap beam to take advantage of the large compression forces
developed in the rear of the joint. To assist in development of the beam longitudinal bars passing through
the joint, the headed column bars engage the cap beam negative flexural reinforcement (Figure 5-6). In
addition, the vertical and horizontal joint transverse reinforcement used in Specimen Al was replaced with
an equal area of headed reinforcement. Due to the unavailability of #3 headed reinforcement, #4 bars were
used for the joint transverse reinforcement. An arrangement similar to A1 was chosen. This results in a

comparable but sparser layout. The final details are shown in Figure 5-5.
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Figure 5-5: Specimen A2 elevation and sections
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Figure 5-6: Anchorage of column reinforcement, A2

5.5.3  Specimen A3: Caltrans Standard Design Details with Square Column Configuration

The third specimen, A3, was designed to the same requirements as Specimen Al with one exception. To
assist with calibration of a two-dimensional finite element model and to evaluate the effectiveness of
different column cross sections, square column geometry was chosen. Conventional reinforcement and
standard materials were used. The column depth and the quantity of longitudinal reinforcement were
chosen to match the flexural capacity of the circular column specimens. A 25-in. cross section with 32 #6
bars was used. In California, to ensure considerable ductility Caltrans requires that every other longitudinal
bar be hooked. Cross-ties were altered using both 135 and 90 degree hooks. The final details are shown in

Figure 5-7.

5.54  Specimen A4: Headed Reinforcement Prototype with Square Column Configuration
The fourth specimen, A4, consists of a square column, rectangular beam, and a combination of

conventional and headed reinforcement. The quantity of column longitudinal reinforcement is equal to the
amount used for Specimen A3. The conventional column bars are replaced with headed bars anchored
beyond the extreme beam reinforcement to assist in anchoring the negative beam flexural reinforcement
(Figure 5-8). As with Specimen A2, all #3 transverse reinforcement in the vicinity of the joint was

replaced with #4 headed reinforcement. The details are shown in Figure 5-9.
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Figure 5-7: Specimen A3 elevation and sections
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Figure 5-8: Anchorage of column reinforcement, A4
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Figure 5-9: Specimen A4 elevation and sections
5.6 Summary of Design

Group A specimens evaluated the methods used in the state of California for the design of bridge joints.

Four subassemblies were developed: two evaluating the effectiveness of circular column configurations and

two evaluating the effectiveness of square column configurations. One square and one circular column

subassembly evaluated current conventional reinforcement construction techniques (Figure 5-10). The

remaining two subassemblies evaluated the effectiveness of headed reinforcement for use as both

transverse joint and longitudinal column reinforcement (Figure 5-11). The effectiveness of these

requirements and design techniques are investigated in the next chapter.
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bassemblies Al and A3

Figure 5-11: Final reinforcement layout, subassemblies A2 and A4
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6 Behavior of California Joint Design Requirements

This chapter evaluates the experimentally observed behavior of Group A specimens. The effect of the use
of headed reinforcement as column longitudinal and joint transverse reinforcement and the effectiveness of
the California Department of Transportation joint design recommendations are discussed. The global
behavior of the subassemblies is discussed in terms of the observed progression of damage, the hysteretic
response, and the strength and stiffness degradation. The responses of the different joint designs are
evaluated on a global level through a comparison of the contributions of component deformations (i.e.,
joint shear, beam flexure, column flexure, beam shear, and column shear) to the total subassembly
displacement, and through an evaluation of the joint shear strength and /stiffness. Local response of the
joint is investigated through a comparison of the measured strains on the column longitudinal
reinforcement, the beam longitudinal reinforcement, and on the joint spiral and transverse reinforcement
within the joint region. In addition, a joint strut and tie force transfer mechanism is evaluated using the

experimental results and further expanded on using three-dimensional finite element modeling.

6.1 Global Experimental Behavior
The results from Group A showed that beam-column subassemblies, designed according to the Caltrans

Bridge Design Specification [Caltrans 1994] and using conventional reinforcement, follow a predictable,
stable path of behavior when subjected to seismic forces. Furthermore, the use of headed reinforcement in
place of traditional transverse reinforcement was demonstrated to be similarly effective in providing a
stable joint transfer mechanism. The geometry of the column, square or circular, did not significantly

affect the global behavior.

The progression of damage was comparable in all specimens (Figure 6-1). Damage initiated with column
flexural cracking at low levels of lateral loading. Beam flexural cracking and joint shear cracking followed
closely thereafter. At the same level of demand, splitting cracks formed on the cap beam soffit, radiating
away from the column face. Column longitudinal reinforcement yielding occurred subsequently, followed
by inclined cracking along the column height, and later followed by spalling on the north and south column
faces. Continued propagation of spalling along the column height, coupled with strain hardening and
increasing demand, eventually led to buckling of the column longitudinal reinforcement. This was closely

followed by fracture of the longitudinal bars and a rapid decrease in strength.

The damage of each Group A specimen following failure was comparable (Figure 6-2). In all cases the
specimens developed the desired plastic hinge mechanism in the column. Drifts on the order of 8% were
achieved prior to strength loss. Joint damage was limited to inclined cracking with maximum width of 0.02
in.

Table 6-1 summarizes events recorded during each experiment. Close visual inspection was limited to

observations taken at the end of each cycle. As a result, physical quantities such as cracking and spalling



are noted only with respect to the displacement cycle. Events obtained from the recorded data such as yield

and maximum load include the displacement cycle and the corresponding measured deflection.

(c) Column inclined cracking and initialization of (d) Significant spalling

spalling

TR A

(e) Buckling of column longitudinal reinforcement (f) Fracture of column longitudinal reinforcement

Figure 6-1: Progression of typical damage (Specimen A3)
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Figure 6-2: Damage near ultimate stage for all specimens in Group A

Note that with the exception of Al, all specimens were tested according to the loading protocol and
displacement history described in Chapter 3. Two errors occurred during the testing of Specimen Al,
which affected the displacement history. First, the control system was improperly zeroed, and second, the
specimen support slipped. Specimen Al was tested with an initial 0.24-in. northern displacement.
Unfortunately, the error was not noticed until late in the test. At this point the system had begun to yield;
thus zeroing the load was not feasible. As the magnitude of the applied displacements increased, the effect
of the initial displacement on the overall history became less pronounced. Nevertheless, the non-symmetric
displacement history resulted in non-symmetric cracking and may have contributed to premature column
yielding. Secondly, halfway through the test, during the 1.0-in. and 2.0-in. displacement levels, an anomaly
was noted on the load-displacement curves. Near the end of the 2.0-in. displacement level, a slip of the
northern pin support was identified. At this point, the test was paused and plates were welded in place to
prevent any further movement. The slip of the northern end resulted in a rigid body rotation of the whole

specimen about the southern support. Readings from displacement transducers placed on both the northern
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and southern end of the subassembly allowed for the removal of the rigid body displacement from the
measured tip displacement during data reduction. To check the stiffness of the repaired support, an extra

half cycle of displacement (2.0 in. to the north) was added to the displacement history. These adjustments

are noticeable between events 4 and 5 (Figure 6-3).

Table 6-1: Group A test observations
Event o Column Tip Displacement (in.)
# Event Description
Al A2 A3 A4
. (0.10" — N)** (0.10" = N) (0.25" —=N) (0.25" —=N)
! Column Cracking Cycle 1 Cycle 1 Cycle 1 Cycle 1
) Joint Cracking & Beam (0.25"=N) (0.50" - N) (1"=N) (1"=N)
Flexural Cracking Cycle 1 Cycle 1 Cycle 1 Cycle 1
South Column 1.28" North: N.A. 1.57" North: 1.41" North:
3 Reinforcement Yield (1" =N Strain Gage (2" - N) (2" N)
Cycle 1 Failure Cycle 1 Cycle 1
North Column 1.04" South: 1.40" South: 1.95" South: N.A.
4 Reinforcement Yield (2" -S) (2" -S) (2" -S) Strain Gage
Cycle 1 Cycle 1 Cycle 1 Failure
5 Onset of Column 4"-N) 4" -N) 4" - N) (4" N)
Spalling Cycle 1 Cycle 1 Cycle 1 Cycle 1
7.82" North: 7.60" North: 7.67" North: 7.76" North:
6 Peak Nﬁgt:dLateral (7" —N) 7" —N) (7" = N) (7" —N)
Cycle 1 Cycle 1 Cycle 1 Cycle 1
7.39" South: 7.64" South: 7.87" South: 7.85" South:
7 Peak Sil(l)t:dLateral (7" - S) (7" - S) (7"-8) (7" —S)
Cycle 1 Cycle 1 Cycle 1 Cycle 1
3 1* Buckling of Column (T -N) (10" =S) T -N) (T -N)
Reinforcement Cycle 1 Cycle 1 Cycle 2 Cycle 1
9 1* Fracture of Column (10" =5S) (10" =5S) (10" =5S) (10" =N)
Reinforcement Cycle 1 Cycle 3 Cycle 1 Cycle 1
. Column Longitudinal Reinforcement Buckling and Fracture
End Failure
at Beam-Column Interface

;Al was cycled with an initial north displacement of 0.24 in..

() denotes the displacement group and direction for the event listed.

The observed behavior of the headed and conventionally reinforced systems was similar. The only
significant exception was the occurrence of buckling for specimens Al and A2. This variation is most
likely due to either construction variances or the unsymmetrical displacement history used for Al, and not
attributed to reinforcement type. This issue is investigated further in the section on local behavior. The
compatibility between the subassemblies can be further illustrated in a comparison of the displacement
history of each subassembly. Figure 6-3 presents the column tip displacements for each Group A specimen

as a function of the data history. The numbers on the graphs correspond to the event numbers in Table 6-1.
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Figure 6-3: Displacement histories

The significant load and displacement events and boundary conditions for each specimen are presented in
Table 6-2. This includes the level of axial load applied, the occurrence of first yield, the maximum load
capacity, the maximum displacement capacity calculated using two different techniques, the maximum
joint crack opening, and the height of column spalling. First yield corresponds to the point at which the
measured strain of the column reinforcement, at the beam-column interface, reached the yield strain.
Column strain was measured by an array of strain gages on the north and south column reinforcement and
compared with the yield strain determined by material testing (Appendix B). The ultimate load refers to
the maximum lateral load that the subassembly was able to resist. Ultimate displacement corresponds to a
predetermined level of system degradation. Two common definitions are used to describe this condition.
In the first definition, ultimate displacement corresponds to the point where the descending branch of the
global hysteresis envelope intercepts the yield force. In the second definition, ultimate displacement
corresponds to the point where the descending branch of the global hysteresis envelope intercepts 80% of
the ultimate load [FEMA 273 BSSC 1997]. Due to the sudden drop in capacity during the 10-in.

displacement groups, the tests were halted for safety. As a result, larger displacement cycles were not
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performed, leaving some ambiguity to the actual system capacity loss. The assumption is made that the

hysteresis envelope drops rapidly at the final 10-in. displacement group.

Table 6-2: Group A experimental results
Measured Values
Experimental Item
Al A2 A3 A4
Column axial load
(Constant value — under load control) 1492 145.1 146.6 146.4
st - . .
1 'yleld of column longl'tudlnal Fy 715 770 912 89.0
reinforcement, column tip force
st -

I” yield, column moment (at My 7937 8547 10123 9879
beam-column interface)
1* yield, column tip displacement Dy 1.3 1.4 1.6 1.4
Ultimate load, column tip force Fm 110.4 109.2 116.5 113.6
Ultimate load, col'umn moment Mm 12250 12120 12930 12610
(at beam-column interface)

. . 7.82 7.60 7.67 7.76
Ultimate load, tip displacement Dm L=60 n=54 n=438 n=55

. . _ >10.0 >9.8 >9.8 >8.4
Ultimate displacement 1 Fu=F, u>77 1>70 161 1> 6.0

. . — oo >10.0 >9.8 >9.8 >8.3
Ultimate displacement 2 Fu = 80%Fm W>77 w=7.0 0> 6.1 0>509
Maximum joint crack opening 0.016 0.020 0.013 0.016
Height of spalling on column 16 20 18 18

Note: All units are in kips and inches.

In Table 6-2, the displacement ductility, 4, is given in terms of tip displacements normalized by column tip

displacement at 1% yield, Dy.

Variation in the joint design from conventional to headed reinforcement had little apparent effect on the
global load and displacement behavior. The measured yield and ultimate strength and deformation for each
configuration are comparable, varying at most by 8%. The variation in load and displacement, at yield and
ultimate, correlates to the measured strengths of the longitudinal reinforcement. The longitudinal
reinforcement used in the headed specimens has a higher yield strength and lower ultimate strength than the
conventional reinforcement. As a result, the headed circular column system had a higher strength at yield
than its conventional counterpart, while at ultimate, the conventional system was stronger. The strengths of
the square conventional assembly are consistently higher than the headed system. However, the
corresponding displacements for the conventional assembly are greater than those for the headed system at
yield and less at ultimate. These variations may be due to slight inconsistencies in construction rather than

a result of joint behavior or reinforcement behavior.

Joint damage in the form of concrete cracking was observed in all subassemblies. Joint crack openings

were manually measured on representative cracks. The crack openings were very small, up to 0.020 in.,
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and did not continue to grow after the occurrence of column yielding. The observed joint damage for the

different subassemblies was similar. This is illustrated by the crack pattern recorded during testing of

N AL
i

specimens Al and A2 (Figure 6-4).
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Figure 6-4: Crack pattern in joints after the 4.0-in. displacement cycle group for specimens Al and A2

At the ultimate stage, spalling extended to an average length of 18 in. on both the circular and square
column configurations. This corresponds to 64% of the circular column diameter and 72% of the square

column depth.

As shown, all four subassemblies designed according to Caltrans bridge design code had comparable global
behavior. The headed reinforcement did not noticeably change the global response. Damage progressed in
the same sequence: column flexural cracking, joint shear and beam flexural cracking, column shear
cracking, column concrete cover spalling, column longitudinal bar buckling, and fracture. In all cases,

column plastic hinging controlled the ultimate response.

6.1.1 Hysteretic Response
The global behavior of the beam-column system can be best illustrated by the load-displacement behavior

measured at the column tip. The measured relations for each subassembly are presented in Figure 6-5
through Figure 6-8. These quantities were measured directly at the column, through load cells and linear
potentiometers (Chapter 3). In the following discussion, observed global events are correlated to the load-

displacement hysteresis curves.

The circular column subassemblies respond in a ductile manner. The hysteretic curves, shown in Figure 6-
5 and Figure 6-6, are almost identical. Both have a significant yield plateau initiating at a tip displacement
of approximately 2.0 in. and continuing to the ultimate displacement level of 10 in. The hysteretic loops
show relatively little pinching. This is indicative of three issues: (1) adequate reinforcement anchorage, (2)
proper joint shear strength, and (3) adequate beam and column shear strength. As noted by Sozen [1974],

significant slip of column reinforcement or low joint shear strength leads to a “slackness” in the load-
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displacement history (i.e., pinching) which is not present.

represent behavior of systems controlled by flexural response of the column and beam.

Accordingly, the observed hysteresis loops
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Figure 6-6: A2 load-displacement behavior
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Fracture of the column longitudinal reinforcement of specimens Al and A2 manifests itself as an abrupt
change in stiffness. In Subassembly A1, this change can be observed on the first southern (negative) 10-in.
cycle. This corresponds to tensile fracture of the north column longitudinal reinforcement. The initial
stiffness decrease is closely followed by a sharp increase in stiffness. This can be explained as the result of
rapid load redistribution to the adjacent tensile reinforcement. As another bar fractures, the lateral stiffness
once again drops. Subassembly A2 responds in a similar manner to A1. On the second southern (negative)
excursion, a successive degradation in stiffness can be observed. This corresponds to multiple fractures of
column longitudinal reinforcing bars. From this point on, the system rapidly loses strength and stiffness.
Note that the occurrence of buckling has little immediate effect on the overall system response. This is
evident in the response of A2, which underwent buckling during the 7-in. displacement level. At this
demand, the strength remained stable. These buckled bars eventually fractured during the 10-in.

displacement cycles leading to notable strength degradation.

The square column subassemblies A3 and A4 exhibited a stable yield plateau from approximately 2.0 in. to
7.0 in. of column displacement (Figure 6-7 and Figure 6-8). For Subassembly A3, pinching of the
hysteresis became apparent during the second 4.0-in. displacement cycle. At this demand level, significant
yielding of the column longitudinal reinforcement was recorded. This coincided with the relatively wide
flexural crack openings observed along the column height. One explanation for the measured pinching is
as follows. Notable tensile yielding of the south longitudinal column reinforcement occurs during the first
southern displacement to 4.0 in. This results in large crack openings along the column height. Load
reversal to 4.0 in. results in a decrease in stiffness that continued until the cracks fully closed, at which time
the stiffness once again increased. During the first southern 4.0-in. displacement, the north longitudinal
column reinforcement yields considerably. This again results in large crack openings. The occurrence of
this effect on both faces exacerbates pinching of the load-displacement response. This effect is notable in a
comparison of the first and second load reversals toward the north during the 4.0-in. displacement level.
On the following displacement excursion to 7.0 in., buckling of the column longitudinal reinforcement
occurred. This buckling manifests itself once again as noticeable pinching of the hysteresis. Upon load
reversal, the buckled reinforcement is pulled in tension, thus straightening the bars. This leads to a
decrease in stiffness from the preceding cycle since the straightening action takes less force. Once the
buckled shape is removed, the stiffness increases once again, thus creating the pinching effect in the
recorded hysteresis. This pinching response is more prevalent in the square column subassemblies than the
circular ones because the majority of the column longitudinal reinforcement lies on extremities of the
section. As a result, many bars buckle and straighten at the same time, thus significantly altering the
system stiffness. In the circular column subassemblies, the longitudinal bars are evenly spaced around the
periphery and depth of the column. As a result, bars buckle and straighten at different demand levels,

leading to a gradual decrease and increase in stiffness, which is not apparent in the hysteretic curves.
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The measured load-displacement behavior of Specimen A4 is essentially the same as that of Specimen A3.
The degree of pinching and the overall shape of the hysteresis are comparable. The exception is the
strength decrease that occurred between the 7-in. and 10-in. displacement cycles. In Specimen A3, a 20%
decrease in strength was noted between the first 7-in. cycle and the first 10-in. cycle. In Specimen A4, a
40% decrease was noted over the same range. This may be a result of the earlier initiation of longitudinal
reinforcement buckling in Specimen A4 (Table 6-1). As a result, stiffness degradation started earlier in A4

than A3, leading to a greater decrease in strength at the same level of displacement demand.

In general, the global load-deflection responses of the four specimens were very ductile. With the
exception of the pinching noted previously, the circular column specimens and the square column
specimens had comparable hysteretic loops. The replacement of headed reinforcement did not noticeably
change the global hysteretic response. While the square column specimens had a higher capacity than the
circular column specimens, the strength degradation occurred at a lower level of drift. In addition, the
square specimens exhibited a greater amount of pinching as a result of the arrangement of the column

reinforcement.

6.1.2  Strength Degradation
To assist in the development of nonlinear models, the following section evaluates the system strength

degradation associated with reversed cyclic loading. Strength degradation is defined as the loss of
resistance between subsequent cycles at the same displacement level. The percentage decrease in load
capacity is defined as the difference between load resisted in the two cycles divided by the load resisted in
the first cycle of that pair of cycles for that displacement amplitude. The strength degradation is organized
with respect to displacement ductility, where the displacement ductility is defined as the displacement

divided by the displacement resulting in first yield of the column reinforcement.

Up to a displacement ductility of 4.0, a 5% to 8% decrease in resistance was measured between the first and
second cycles at a particular displacement amplitude (Figure 6-9). This behavior occurred for both the
square and circular column specimens. At this same level of demand, the decrease in strength between the
second and third cycles is almost negligible (approximately 2%). Since the behavior is consistent in both

the elastic and inelastic levels, this decrease may be attributed to crack formation or bond-slip.

After a ductility of 4.0, the strength degradation of the beam-column specimens is more noticeably affected
by cyclic loading. At this level of demand, spalling of the column cover, and buckling and fracture of
column longitudinal reinforcement were observed near the beam-column interface. Each of these actions is
likely to have had a significant effect on the strength degradation of the subassemblies. Before and during
the initiation of spalling, the compression face may still be able to bear on the cover concrete. As spalling
develops, the compression face is reduced, leading to a notable decrease in resistance. Buckling has a
similar effect on the strength degradation. Prior to buckling, the reinforcement is capable of providing a
relatively high stiffness against compressive loading. After buckling, the bar is deformed, leading to a

notable decrease in stiffness on excursions to the same displacement. Likewise, the occurrence of fracture
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leads to significant strength degradation. The combination of these failure mechanisms affects the overall
strength degradation of the subassemblies. After a displacement ductility of 4.0, strength degradation
between the first and second cycles increases from 5% to as high as 45% (Figure 6-9). Unlike the lower
demand levels, the strength degradation did not stabilize after the second cycle but continued in subsequent

cycles (Figure 6-10).

Specimen A4 has the largest capacity reduction from the first to second cycle between ductility 6 and 9.
This led to constant capacity reduction from the second to third cycles in the same ductility range. This
shows the effect of fracture on strength loss. In Specimen A3, fracture of longitudinal reinforcement
commenced on the first northern displacement to a x of 9.0. Consequently, strength loss was significant

between the first and second cycles and minimal between the second and third.
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second cycle to third cycle

Some approaches for evaluation of reinforced concrete construction [FEMA 273] recommend that strength
degradation be accounted for in the load-deformation envelope by constructing a backbone curve drawn
through the intersection of the first cycle curve for the (/)™ deformation step with the second cycle curve of
the (i -1)™ deformation step (Figure 6-11). Backbone curves were developed using this approach for Group

A subassemblies (Figure 6-12).

The backbone curves show that the square and circular column beam-column configurations with headed
and conventional reinforcement produce similar global responses. The initial stiffness and the initiation of
the yield plateau are similar. The only notable difference is the strength decrease measured in Specimen
A4, which can be attributed to an early occurrence of buckling in the column longitudinal reinforcement.
Since the square column configuration has a tendency for rapid strength degradation after the initiation of
buckling, the envelope obtained for A3 may overestimate the yield plateau. Slight construction changes
could lead to earlier buckling and reduced strengths thus altering the capacity after a ductility of 4 as the

case for A4.
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In summary, cyclic effects on strength degradation were not significant prior to a ductility of 4. At this
level of demand the decrease in the capacity as a result of cyclic loading were a maximum of 8% between
the first and second cycles and a maximum of 5% between the second and third cycles. A reasonable
conclusion is that the experimental behavior can be adequately modeled by a monotonic analysis as will be

the case for the finite element analyses of Chapter 8.
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Figure 6-11: Backbone development per FEMA 273
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Figure 6-12: Global load-displacement backbone curves for Group A

6.1.3  System Stiffness

As a means of evaluating the rigidity of the subassembly over the life of the structure, the system stiffness

was calculated at different levels of displacement demand. Using data from the pre-yield cycles and the
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low-level cycles that follow each post-yield group, the system tangent stiffness was computed throughout
the displacement history. Figure 6-13 compares this stiffness at various phases of the experiment with the
maximum ductility that the system has undergone. Note that under low levels of displacement, the
resolution and inherent friction in the displacement transducers result in measured load increases without
appropriate displacement changes. This produces a very high artificial stiffness under low displacement (or
ductility) levels. As a frame of reference, the stiffness history is compared with an initial stiffness
computed with the measured material properties and the as-built gross cross sections (shown as filled

symbols on the global stiffness axis).
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Figure 6-13: Tangent global stiffness

In general, all four subassemblies behaved in a similar manner. The system stiffness rapidly decreases,
dropping to approximately 25% of its uncracked stiffness by the onset of yielding. This decreases further,
to less than 10% by a displacement ductility of 3.0. After this point the stiffness drops linearly to
approximately 1% at the end of the test. The only significant deviation between the subassemblies
occurred with Al. As a result of the loading error discussed in Section 6.1.1, the column damage is
unsymmetrical, producing higher system stiffness at a displacement ductility of 2.0 than that measured for

Specimen A2.

To isolate the source of degradation, the subassembly stiffness was computed analytically and compared to
the experimental behavior measured at various states of system damage (Figure 6-14). Subassembly Al is
used for this comparison. Using the as-built dimensions and the measured material properties, three levels

are evaluated: (1) uncracked system stiffness using the gross moment of inertia, (2) cracked-column
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stiffness using the cracked transformed inertia over the column height, and (3) cracked system stiffness
using the column and beam cracked moment of inertia over their respective lengths. In all cases, the joint

is assumed to be rigid.

The comparison with the measured stiffness shows that the initial stiffness is slightly overestimated by the
analytical solution. This can be attributed to initial cracking prior to testing, or to the limited resolution of
the instrumentation. In each case, the analytical estimation is comparable to the experimentally measured
system stiffness giving validity to the analytical estimation. Analytically, column cracking accounts for a
50% decrease in system stiffness. In the experiment, column cracking initiated at a displacement ductility
of 0.1. Cracks, however, were not well distributed until a ductility of 0.5. This corresponds with the
analytical estimation of column cracking which intercepts the experimental stiffness at a ductility of 0.5.
Experimentally, beam cracking occurred just prior to a ductility of 0.5. This again correlates with the

stiffness predicted by the analytical model.

In summary, the use of the gross cross-sectional properties overestimates the initial stiffness of the beam-
column subassemblies. Both the square and circular column configurations had a significant decrease in
the global tangent stiffness prior to yielding (on the order of 75%). This continues to decrease to
approximately 10% of the system elastic stiffness by a displacement ductility of 3.0. Both the square and

circular configurations had similar stiffness degradation.
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Figure 6-14: Typical system stiffness degradation
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6.1.4  Energy Dissipation
The level of energy dissipation was calculated to provide an estimate of system damping. The energy

dissipated is equal to the cumulative area enclosed within the load-displacement hysteresis loops. Figure 6-
15 presents the energy dissipated as a function of system drift. Both circular column configurations
dissipated the same level of energy at comparable levels of drift. Likewise, both square column specimen
behaviors were similar. The circular specimens dissipated somewhat less energy than the square
specimens, even though the square specimens had more pinching than the circular specimens (Figure 6-5
through Figure 6-8). The marginally higher energy dissipation in the square-column subassemblies results

because they had a higher yield and ultimate strength than did the subassemblies with circular columns.
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Figure 6-15: Cumulative energy dissipated at different levels of drift

6.1.5 Element Contributions to Global Displacement
Response of a reinforced concrete beam-column subassembly can be viewed in terms of several different

components of deformation. In this section, six different components are evaluated. These are (1) flexural
deformation of the column, (2) flexural deformation of the beam, (3) shear deformation of the column, (4)
shear deformation of the beam, (5) shear deformation of the joint, and (6) slip of the column reinforcement
from the joint. An external array of instrumentation was installed to capture the displacement contributions
(Chapter 3). Results are presented for two levels of system damage: displacement ductility of 1.0 and 4.0.
These levels represent the system behavior at the onset of significant damage and the behavior near the
ultimate strength of the systems (note that ultimate load capacities were recorded at a ductility between 4.8

and 6.0), respectively.

At a displacement ductility of 1.0, the contribution of each component to the total drift is similar among
subassemblies (Figure 6-16). The combined effect of beam and column flexure makes up 52—57% of the
total displacement. Column shear is below 10% and beam shear is approximately 5%. The deformation

associated with reinforcement slip makes up approximately 25% of the total tip displacement.
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Two aspects of the data in Figure 6-16 are noted. First, note the difference in column flexural contribution
between Al and A2. This is believed to be due to the initial loading applied to Al (Section 6.1.1). This
offset resulted in longitudinal reinforcement yield occurring in the 1-in. displacement group for Al,
whereas for A2, yielding did not occur until the 2-in. displacement group. As a result, at a ductility of 1.0,
Column Al was subjected to fewer cyclic load reversals than A2. Thus, the column stiffness is higher,
producing a lower portion of the total displacement. A second aspect of Figure 6-16 is the difference in
contribution of slip for a circular and square column. When a square column reaches yield, all bars on the
tension face yield simultaneously. In the circular column configuration, the bars are distributed around the
perimeter; as a result, only one bar yields at the onset of column yielding. Therefore, circular columns

produce lower demand on the joint, less yield penetration, and less slip.
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Figure 6-16: Contribution to total tip deflection at displacement ductility of 1.0

At a ductility of 4.0 the joint has experienced distributed cracking, and spalling of the column has begun.
As a result, column flexure and slip of the column reinforcement from the cap beam control the system
response (Figure 6-17). Beam flexure and shear, column shear, and joint shear make up less than 7% of the
total displacement. The variation between Al and A2 is most likely due to the early yield of Al (as a result
of the initial 0.24-in. displacement offset). Slip of Specimen A4 is greater than that of A3. This suggests
that the headed column bars may have been less restrained than bars developed straight without a head.
This hypothesis is counter-intuitive but could be a result of the sparse joint transverse reinforcement layout

used in A4. Discussion of this issue is continued in the section on local behavior.
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Figure 6-20: A3 joint shear response Figure 6-21: A4 joint shear response

Backbone curves were developed from the measured experimental responses using the recommendations of
FEMA 273 (Figure 6-22). The results are plotted in Figure 6-23 for all specimens in Group A. These
backbone curves show that the joints in the square column subassemblies, A3 and A4, have higher shear
stiffness than the circular column subassemblies, A1 and A2. There is no significant difference in the
behavior of the joints detailed with conventional reinforcement and those detailed with headed

reinforcement.
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Figure 6-23: Joint shear stress-strain backbone curves for Group A
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To evaluate the joint shear stiffness of Group A specimens, the tangent stiffnesses were calculated at
different points throughout the load history. The stiffness degradation of each of the subassemblies is
plotted against the maximum preceding column tip displacement (Figure 6-24). As discussed in Chapter 3,
external linear potentiometers were used to measure the joint shear strains. Since these instruments had a
finite resolution, the shear strain may not have been accurately measured until joint cracking began. An

initial joint shear stiffness can be calculated from the shear modulus of concrete. Using a Poisson’s ratio,



v, of 0.15 and the average elastic modulus, E,, of Group A, this value is computed from Hooke's law, G. =

E./(2%(1+v)). The resulting elastic joint stiffness is equal to 1550 ksi/radian.

The joint stiffness decreases to approximately 1/3 of its theoretical elastic stiffness prior to the onset of
column yielding (Figure 6-24), which occurred at a tip displacement of 1.4 in. After this level of demand

the joint stiffness decrease stabilizes. This can be attributed to the formation of the column plastic hinge.
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Figure 6-24: Joint shear tangent stiffness

6.2 Local Behavior

Investigation of local behavior consists primarily of the evaluation of strain at various locations and levels
of loading. The investigation is divided into three components: column behavior, beam behavior, and joint
behavior. The column behavior includes both the flexural response and the amount and source of slip.
This is followed by an evaluation of the beam flexural response and a comparison with analytical models.
An evaluation of joint behavior is conducted in which the levels of demand on the joint spiral and

transverse joint reinforcement are investigated.

6.2.1 Behavior of Column Longitudinal Reinforcement
Column behavior is investigated in the following sections by an evaluation of the strains in the extreme

tension and compression column longitudinal reinforcement. The behavior of the circular and square
column subassemblies are compared under both compressive and tensile responses. Figure 6-25 presents
the tensile strains in the circular columns Al and A2. The strains (x-axis) are plotted along the northern
column bar (y-axis); positive values on the y-axis represent the region within the beam depth, and negative

values represent regions along the column height.
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Figure 6-25: Longitudinal column reinforcement tensile strains, circular column specimens

At early stages of loading, the responses of the two circular column subassemblies are essentially identical.
The strain decreases linearly within the joint and column, from a maximum at the interface to small values
at each end. At a displacement ductility of 2.0 and greater, A2 recorded higher interface strains than Al.
Since both columns and beams are identical, this increase in column strains at the same level of
displacement demand could be attributed to a decrease in the stiffness of Al due to a softer joint region or a

higher degree of slip.

The headed reinforcement is subjected to higher strain demands than the conventional reinforcement.
Within the joint, strains for specimens Al and A2 showed a similar trend, decreasing quickly near the end
of the bar. At the interface, however, the headed reinforcement was subjected to much higher strains under
similar levels of demand. This could be an indication of reinforcement slip. Slip of the non-headed bars
would decrease the demand on the system, allowing A1 to reach the same displacement as A2 with lower
strain. This is consistent with the greater slip measured in Specimen Al at a displacement ductility of 1.0
and 4.0 (Figure 6-16 and Figure 6-17). This indicates that the use of headed column longitudinal

reinforcement can decrease the level of slip for fully developed bars at the cost of higher strain demands.

In the circular column specimens, longitudinal reinforcement yielding propagates into the column. Within
the cap beam the longitudinal reinforcement strains abruptly decrease to a fraction of the beam-column
interface strain. While in the column, both specimens consistently reach a level of equal tensile strain from

the interface to a distance of approximately 14 in. away from the interface, half the column diameter.
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Combining this behavior with the measured height of spalling (Table 6-2) one can infer that these

subassemblies may develop a column flexural plastic hinge on the order of half the column diameter.
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Figure 6-26: Longitudinal column reinforcement tensile strains, square column specimens

The tensile strains in the longitudinal reinforcement of the two square column assemblies are similar up to
the onset of yielding (Figure 6-26). Beyond a ductility of 1.0, the headed bars were subjected to larger
strains than the conventional bars in the column. After a ductility of 2.0, the column strain gages began to
fail. The strain gages within the joint recorded similar levels of strain for both A3 and A4. The strains in
A4, however, did not decrease to zero at the end of the bar, but instead remained constant or decreased only
slightly. This behavior suggests that the headed reinforcement was developed partly through bearing on the
heads.

In general, the compressive behavior of the column reinforcement was characterized by a maximum value
at the beam-column interface and gradual decrease in the column and joint. In both the square and circular
columns, the headed reinforcement tended to have a greater permanent tensile strain, often leading to

tensile strains under compressive loading (Figure 6-27 and Figure 6-28).
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Figure 6-27: Longitudinal column reinforcement compression strains, circular column specimens
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Figure 6-28: Longitudinal column reinforcement compression strains, square column specimens

The tensile column reinforcement strain distribution can be used to estimate the bond stress distribution in
the joint. A typical bond stress distribution is shown in Figure 6-29. This average bond stress distribution
was obtained from Specimen A1 and is typical for the behavior of Group A. To compute these values the
stress in the bar was computed first. The strain history measured at each gage location was converted into a
stress history using the Menegotto-Pinto model [Farve 1985], initially implemented by Filippou-Yassim
and subsequently modified by Lowes [1999]. From this, the bond stress, Ly, on the reinforcement was
computed with the following relationship [MacGregor 1988]
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My =A40d,/ 4/ (6-1)
Where Ao is equal to the change in stress between adjacent gages, d,, is equal to the bar diameter, and /¢ is
equal to the distance between adjacent gages. As shown, the majority of the bond action takes place near
the end of the bar. This region corresponds to the flexural compression zone of the beam and diagonal

compression strut of the joint. It is likely that the high compressive stress improves bond in this region.
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Figure 6-29: Typical bond stress demand, Specimen A1 north bar shown

Slip Components
Evaluation of the slip of the column reinforcement from the joint reveals that the use of headed

reinforcement reduced pullout as expected. Slip of the column longitudinal reinforcement from the joint,
Ar, can be defined as the combination of two actions: elongation from straining action along the bar, A,

and pullout caused by loss of bond over the embedded length, 4p, producing the relation

Ar = As + Ap (6-2)
Pullout, in turn, can be decomposed into two components: pullout due to local bond-slip along the

embedded bar, 4,, and complete dislocation of the bar from the concrete, 4,, with the relation

Ap =Ny +4, (6-3)

The displacement components are illustrated in Figure 6-30.
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Use of headed reinforcement essentially fixes the end of the bar against deformation. This decreases the
amount of pullout since the bar is unable to globally pullout from the surrounding concrete matrix. As a
result, deformation of the bar is limited to straining actions along the bar and local bond-slip along the bar
length. Consequently, straining action is increased from that recorded for non-headed reinforcement (see
Figure 6-25 and Figure 6-26 comparing A2 with Al, and A4 with A3). Overall slip however is greater in
Specimen Al than in Specimen A2 (Figure 6-16 and Figure 6-17). This indicates that the pullout has a

larger component in the non-headed system.

To evaluate the pullout contribution, the total slip and elongation due to bar straining were determined and
subtracted. The total slip was determined by direct external measurement at the interface. Elongation due
to straining action was determined by integrating the strain measurements along the embedded column bar
length. The resulting amount of pullout is greater in the non-headed system as expected (Figure 6-31). In
summary, the use of headed column longitudinal reinforcement reduces the amount of pullout and increases
the amount of straining action along the bar. This creates a slip mechanism, which is reliant upon ductile
yielding as opposed to brittle global pullout, providing an improvement over that of conventional column

longitudinal reinforcement.
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6.2.2  Cap Beam Flexural Behavior
To evaluate the flexural behavior of the cap beam of the subassemblies, the experimental results are

compared with the expected flexural behavior computed using a simple analytical model. As discussed in
Chapter 3, strain gages were installed on the beam longitudinal reinforcement. A number of bars were
instrumented along their lengths. For comparative purposes, the data from the interface layer (positive
flexural reinforcement), the top layer (primary negative reinforcement), and the middle layer (secondary

negative reinforcement) are presented.

The analytical model consists of a two-dimensional (2D) cross-sectional analysis of the subassembly using

the as-built dimensions and measured material properties. The following assumptions are made:

e  Plane sections remain plane.

e Stress-strain relationship of concrete is determined from Mander’s confined and unconfined

concrete models [Mander 1988].

o  Stress-strain relationship of reinforcement is based on a multi-linear constitutive relationship
determined from material testing. Hysteretic behavior is not considered (i.e., Baushinger effect on

reinforcement is ignored).

For this evaluation, the subassemblies were evaluated under two load levels, corresponding to the onset of
column yielding (¢ = 1) and the ultimate load capacity (approximately & = 5 to 6.5). In each case, the
gravity load was applied in combination with a lateral load. These levels allow for an evaluation of the
system under service level loads as well as the maximum demand level. The load cases used for each

specimen are summarized in Table 6-3.
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Table 6-3: Load levels used for beam strain investigation
Subassembly Gravit)f load Yield latergl load Ultimate latefal load
D (kips) Pyje1q (Kips) Pjiimate (Kips)
Al 149.2 71.5 110.4
A2 145.1 77.0 109.2
A3 146.6 91.2 116.5
A4 146.4 89.0 113.6

The analytical model is constructed to match the boundary conditions of the experimental subassembly

(Figure 6-32). The concrete constitutive relationship is based on Mander's concrete model [Mander 1988]

expressed as follows:
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Figure 6-32: Model loading and cap beam demand

where f,, is the compressive concrete strength, &, is the corresponding strain, and the ratio r is given by
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where E, is the concrete elastic modulus and Ej,. is the secant concrete modulus to f;,. For unconfined
concrete, f., is equal to the uniaxial compressive strength and &, is equal to the strain at which spalling
begins, taken as 0.004. For confined concrete, f;, accounts for the amount of confining reinforcement and

Enax 18 €qual to the strain at which stirrups fracture [Scott 1982].

Emax =| 0.004+09min[p, . ] [%’)J (6-6)

Where p, and p, are the area transverse reinforcement ratios in the x and y direction, respectively of the
cross section and f,,, is the corresponding yield strength in MPa. The concrete tensile behavior is assumed
to be elastic-brittle. All material parameters are based upon experimental testing, unless noted. The
material properties for each subassembly are summarized in Appendix B. The concrete and reinforcement
constitutive relationships for all of the subassemblies were comparable. The models used for Subassembly

Al are presented in Figure 6-33 and Figure 6-34.
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Figure 6-33: Typical concrete constitutive relationship
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Specimen A1 - Beam Constitutive Relationships
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Figure 6-34: Typical reinforcement constitutive relationship

Since the stirrups are more closely spaced near the beam-column interface, the level of confinement varies
along the length of the beam (Figure 5-4). As a result, the beam was evaluated at two cross sections: near
the column face and away from the column face. Coupling this with the two previously mentioned load

cases results in the analysis of the following eight load-section combinations for the cap beam:

Yield Load Maximum Load

1. Tension on section near joint with positive 5. Tension on section near joint with positive
flexure flexure

2.Tension on section away from joint with 6. Tension on section away from joint with positive
positive flexure flexure

3.Compression on section near joint with 7. Compression on section near joint with negative
negative flexure flexure

4. Compression on section away from joint with 8. Compression on section away from joint with
negative flexure negative flexure

The moment-curvature relationships were developed using a fiber cross-sectional analysis software
program ARCS [Thewalt 1993]. The following relationships were developed for Specimen A1l (Figure 6-35
and Figure 6-36). A small variation occurs in the beam moment-curvature response between the yield level
and ultimate load levels. In the tension-positive flexure region, the moment-curvature envelope marginally
decreases from yield level to ultimate level as a result of the increase in axial tension. In the compression-
negative flexure region, the moment-curvature envelope marginally increases from yield level to ultimate

level as a result of the increase in axial compression.
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To evaluate if the beam behaved according to standard flexural assumptions, the experimental strain
distribution is compared with the preceding analytical distribution. Using statics, the moment distribution
was derived for the two load cases (Figure 6-32). Knowing the moment-curvature relationships at the
different locations in the beam, the corresponding strain values on the top, middle, and interface
longitudinal bars could be estimated from the ARCS analysis. The following figures compare the analytical
and experimental distributions on each layer of flexural reinforcement. The analytically obtained strain

distribution is assumed to change linearly between the two column faces.

The measured and calculated strains for Group A are compared in Figure 6-37 through Figure 6-40. In
general, the experimental results correlate very well with the analytical results; the deviations are discussed

in the following paragraphs.

At yield, the strains in the top reinforcement correlate with the analytical results. At the ultimate load level,
however, the strains in the top reinforcement on the compression face of the joint (left side) shifted in
tension. This indicates that the tensile forces are not completely developed within the joint length but
appear to be anchored on the compression side of the joint. This behavior is typical of the response of all

four specimens.

The secondary layer of negative reinforcement compares well at yield. At ultimate, however, the
experimental values are underestimated. For the circular column configurations the left side of the joint is
estimated to lie on the beam neutral axis at yield and ultimate load levels. At yield, the measured strain
correlated with the expected zero strain values. At ultimate, however, the reinforcement was in tension.
This could be attributed to pull-through of tensile reinforcement from the tension face of the joint or
anchorage from the tensile column longitudinal reinforcement. On the beam segment subjected to axial
compression and negative flexure (the right side), the strains at ultimate load are elevated away from the
joint face. This action could be attributed to the formation of a compressive strut mechanism arching from

the gravity load toward the joint. This behavior is typical of all Group A specimens.
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The most notable deviation between the predicted and measured response occurs on the interface
reinforcement. This can be seen in the response of specimens Al, A2, and A4. Within the column depth a
tensile spike was recorded at the ultimate load level (Note: a similar spike was measured on Specimen A3
at a higher displacement demand level). In all cases this sharp increase eventually exceeded the yield strain
of the reinforcement. This can be attributed to the local development of the tensile column reinforcement.
The high tensile forces developed at the face of joint from the column are anchored locally through
compressive strut formation leading to tensile strains on the interface beam reinforcement crossing that
strut. The greater increase measured by the circular column reinforcement could be attributed to the higher
demand placed on the extreme tension bars. Since the circular column has one bar at its extremity versus
the nine bars in the square column, the same flexural strength requires higher curvatures. As a result the
extreme tensile bar in the circular column would be subjected to a higher strain and produce higher local
anchorage forces. This in turn creates a higher local strut mechanism from the column longitudinal bars in
the circular column subassemblies, resulting in the measured tensile strain increase on the interface

reinforcement.

In addition to the increase within the joint, the compressive and tensile strains measured on each side of the
joint were less than the analytical prediction. This can be attributed to compression strut formation from
the gravity load. Because the load is applied to the top face of the beam close to the beam-column face, (18
in. for Al and A2 and 19.5 in. for A3 and A4), strut action could result in reduced compression as
compared with what is expected based solely on flexural theory. The bottom reinforcement does not see

the corresponding increase in strain that accompanies the increase in flexure.

In summary, the strain distribution in the beam longitudinal reinforcement is not significantly affected by
the details used in the joint. All specimens behaved in a similar manner; the strain levels exceeded those
predicted by conventional flexure theory within the joint region. In the regions adjacent to the joint the
measured strains exceeded the predicted values on the top reinforcement and were less for the strains on the
interface reinforcement outside the joint region. The square or circular column configuration did not
noticeably affect the distribution of the beam strain. In all cases, the development of the column tensile
forces appears to have resulted in a localized increase in the beam strain on the interface longitudinal bars,

often resulting in localized yielding.
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6.2.3 Beam Transverse Reinforcement
To evaluate the force transfer mechanisms in the vicinity of the joint, strain gages were placed on the

interior and exterior beam and joint vertical transverse reinforcement (Figure 6-41 and Figure 6-42). This
section investigates the global behavior of Group A specimens, compares the response of Al with A2 and

A3 with A4, and draws conclusions on the activation of vertical transverse reinforcement.

Gravity Load Gravity Load

Exterior ——— Exterior ———
Interior — 45 in. 0in. 45 in. Interior ——

Joint Transverse @ Gauge Location = Beam Transverse

Reinforcement U Reinforcement

Figure 6-41: Specimens Al and A2, location of transverse reinforcement strain gages
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Figure 6-42: Specimens A3 and A4, location of transverse reinforcement strain gages

The global responses of Group A specimens were similar. The strain distribution is plotted relative to the

beam length at a displacement ductility of 0.5, 1.0, 2.0, and 4.0 (Figure 6-43 through Figure 6-46).

Within the cap beam, small strain values were measured. This behavior is expected. At the peak load

response for Specimen Al, the shear force at one beam depth away from the column face is equal to 87.7
kips. Assuming a concrete shear resistance of 2./ f'c by,dy,, Where fc is the concrete compressive

strength in psi, by, is the beam width, and d,,, is the beam depth, the shear capacity of the concrete alone is

148 kips. As a result, the beam transverse reinforcement is not significantly activated by the shear load.
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Figure 6-43: Specimens Al — A2 interior beam transverse reinforcement strain distribution
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Figure 6-44: Specimens A1 — A2 exterior beam transverse reinforcement strain distribution
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Figure 6-45: Specimens A3 — A4 interior beam transverse reinforcement strain distribution
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Figure 6-46: Specimens A3 — A4 exterior beam transverse reinforcement strain distribution

Within the joint and in the column flexural tension side, the vertically oriented transverse reinforcement
experiences a sudden increase in strain (Figure 6-43 through Figure 6-46). On the inside of the joint
(Figure 6-43 and Figure 6-45), the strain decreases rapidly (high strain gradient) toward the flexural
compression side of the joint. In contrast, the strain gradient on the exterior face of the joint remains
somewhat lower, i.e., low decrease of strain values toward the column flexural compression side (Figure 6-
44 and Figure 6-46). These observations are consistent with the formation of a primary diagonal

compression strut toward the center of the joint with more uniform shear strain at the joint face. Along the
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interior of the joint, the flexural compression strut would result in compressive strains in the transverse
reinforcement, whereas on the flexural tension side the anchorage of column reinforcement in the strut

would be manifest in high tensile strain, as shown.

This previously discussed observed joint behavior can be accounted for in the following manner: on the
exterior of the joint, the concrete cracks "uniformly” in shear, resulting in a shear panel mechanism. On the
interior of the joint, the concrete is confined as a result of the surrounding volume of concrete and the
continuation of the column spiral reinforcement into the joint. This causes a compression strut mechanism
to remain confined to the center of the joint, which in turn leads to concentration of tension and
compression on each side of the joint. This produces the sharp decreases and increases measured on the
interior joint transverse reinforcement. The square column configuration behaves similarly to the circular
configuration except for the decrease in strain on the interior bars on the column flexural compression side
of the joint. Since the column has a square cross section, the compressive column force is distributed over
a larger proportion of the beam width. As a result, the localized compressive stress is decreased, thus

preventing the notable drop measured on the circular configurations.

The behavior of the vertical joint transverse reinforcement on the interior and exterior of the joint illustrates
the three-dimensional response of the joint system. This behavior indicates that a shear panel mechanism
may occur on the exterior of the joint, while at the same time, a principal compression strut forms on the
interior of the joint. This variation of the behavior through the joint depth supports the recommendation to
use confining reinforcement within the joint core and vertical shear reinforcement outside of the core [ATC

32, 1996].

6.2.4  Effectiveness of Joint Confinement Techniques
The spiral reinforcement was instrumented within the joint depth to evaluate the effectiveness in confining

the joint core. Figure 6-47 presents the strain values measured on specimens Al and A2 on the north face
of the joint region for northern displacement ductility. In general, the joint spiral was subjected to low
demands, remaining elastic over the entire displacement history. The spiral had the highest tensile strains
at the top and interface of the joint and the lowest tensile strains at mid-height. The interface strain
increase could be associated with the dilation generated from the high column compression force. This
compression effect should decrease as the distance from the top compression corner of the joint increases.
The strain, however, increases again at the top of the joint. This could be a result of dilation caused by the

tensile development of the top beam reinforcement.

For high levels of demand, Specimen Al measured a greater amount of strain (compared to A2) in the
spiral reinforcement particularly at the interface. This could indicate that Specimen A2 dilated less under
similar levels of demand. If so, the use of headed reinforcement is more advantageous for out-of-plane

joint confinement than conventional joint reinforcement (i.e., use of hairpins). The nonuniform strain
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distributions shown in Figure 6-47 indicate that core dilation confinement is less needed in the mid-depth

of the joint.

The out-of-plane reinforcement strain distribution (Figure 6-48) has the opposite trend to the spiral. The
strain is lowest at the top and interface (soffit) of the joint and highest in the center of the joint. The
increased strain in the middle is indicative of greater global joint dilation at the mid-depth of the section.
This behavior occurs on both the headed and conventionally reinforced joint configurations. This decrease
in strain at the top and bottom hairpin and headed reinforcements, however, may be misleading. At the top
and bottom of the joint, there exist a number of horizontal beam stirrup legs oriented in the out-of-plane
direction. These bars were not instrumented, so their dilation resistance in the experiment is unknown.
Therefore, it is likely that in these regions the hairpin/headed reinforcement strains are lower because the
out-of-plane stirrup bars were providing dilation resistance. Somewhat higher strain measurements were
recorded on the conventionally reinforced joint at lower levels of demand, but at higher levels of demand
the strains for both specimens were similar. Note that two distributions are shown for Specimen Al at each
demand level. The first presents the strain on the bars labeled 1-3-5 (see inset picture); these hairpins are
located in the same vicinity as the headed bars. The second distribution, labeled 2-4, presents the strain on
the hairpins crossing the center of the joint. The strains were measured on the out-of-plane leg of the
hairpin; however, the longitudinal leg of the hairpin affects the strain. Hairpins 2 and 4 provide a measure
of the dilation at the center of the joint while hairpins 1, 3, and 5 provide a measure of dilation of the outer

portion of the joint. Thus hairpins 2 and 4 provide a comparative measure to that of the headed bars.
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Figure 6-47: Specimens Al and A2 strain distribution on joint spiral
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The Caltrans design method, used in Group A, created a mechanism which is dependent upon both the
spiral and out-of-plane transverse joint reinforcement. For the current details, dilation of the core occurs
most significantly at the interface and top of the joint. The dilation of the entire joint width is greatest at
the mid-depth. Note that the demands applied to the joints of Group A resulted in minimal joint damage.
The elastic strain levels measured on the joint reinforcement indicate that for these joints the levels of

reinforcement used may be overly conservative.
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Figure 6-48: Specimens A1l and A2 strain distribution on out-of-plane joint reinforcement

6.3 Force Transfer in Joints Designed According to 1995 Caltrans BDS
Many questions remain to be answered: What mechanism of force transfer is being activated in the joint?

Is the postulated mechanism used in the design procedure actually occurring? If so, how accurately does it
model the measured behavior? If behavior does not follow the intended mechanism, why and what can be
done to improve the design procedure? These questions are discussed and investigated in this section
through an evaluation of the strain gradient in the joint region coupled with two-dimensional strut and tie

modeling.

The active force transfer mechanism can be inferred from the strain distributions measured on the
longitudinal reinforcement and transverse joint reinforcement. The preceding presentation of the
reinforcement strain distribution indicates that the column and beam behaved according to conventional
concrete analysis assumptions. This justifies the validity of the strain gage measurements, and, more

important, allows for a determination of regions where high strain gradients took place. This can be used to
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isolate the location where high compression forces occur or high tension forces are anchored. The strain
distribution on the anchored column reinforcement is a good example of this behavior. Figure 6-29
presents the bond stress distribution along the bar length. The high stress gradient at the tip of the bar
indicates that the majority of the bar tensile force is anchored at the top of the joint as opposed to an even
distribution along its length. This localized stress concentration can be attributed to a principal
compression strut mechanism, which results in clamping action against the bars at that location, thereby
improving bond. Knowing the stress distribution on a number of joint bars, the force transfer mechanism

can be estimated.

To estimate the stress distribution along each bar, the strain history of each gage was transformed into a
stress history using the tested monotonic material properties (as described in Section 6.2.1). Assuming the
stress distribution does not change through the thickness of the joint, the force can be calculated at each
gage location by multiplying the stress with the total bar area at each level. For example, if a stress of 10
ksi is estimated to act on the interface beam longitudinal bars at the center of the joint, the force would be
equal to 10 ksi multiplied by the area of the 10 #6 interface bars, resulting in a total force of 44 kips.
Knowing the stress at the face of the joint and the stresses at different locations within the joint, the change
in stress of bond stress from one gage to the next can be determined. Thus using the strain measurements
along a bar, the change in stress from one point to the next can be estimated. This can be used to develop a

strut and tie mechanism that is consistent with the variation on the reinforcement forces.

Figure 6-49 presents a strut and tie model of joint force transfer for Specimen Al at a displacement
ductility of 4.0 (3.7% drift). The tensile loads act at the location of the longitudinal reinforcement. The
column tensile loads are lumped into two discrete forces to simplify the model. The magnitudes of the two
tensile column forces correspond to the strain distribution measured on the column longitudinal
reinforcement. The magnitudes of the compressive loads are computed by equating the summation of
normal forces (tension, axial, and compression) on each face equal to zero. The location of the
compressive load is then computed by equating the summation of moments acting on each face to zero.
The resulting exterior joint forces are transferred through the joint according to the reinforcement stress

distribution determined along each bar. This allows for the development of a force path through the joint.

It is necessary to point out that the behavior is three dimensional in nature and that not all bars were
instrumented. As a result the two-dimensional strut and tie model shown is only an approximation of the
force transfer mechanism active in the joint. The determination of the explicit transfer mechanism would
require a significant amount of additional information. Nevertheless, the 2-D transfer mechanism provides

insight into the effectiveness of the reinforcement.
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Figure 6-49: Two-dimensional strut and tie representation of force transfer at p, = 4 (Specimen Al)

The strut and tie model indicates that force transfer is accomplished primarily through a combination of a
principal compression strut and a series of vertical tension ties. The tensile column reinforcement forces
are anchored at four locations along its length. On the extreme tensile face, anchorage occurs primarily at
the top of the joint near the beam compressive force. This behavior is intuitive in that the tensile force is
anchored in the region where the highest confining stress exists. The secondary column tensile force
anchorage is more uniformly distributed throughout its embedded length. The local pullout of the column
reinforcement results in a sharp increase in the tensile force in the beam interface longitudinal bars and
adjacent vertical stirrups. This behavior was noted in the distribution of strain in the beam longitudinal and
transverse reinforcement in Figure 6-37 and Figure 6-43, respectively, and is modeled here using two small
compression struts shown near the lower left-hand corner of the joint (Figure 6-49). To close the force

transfer mechanism, vertical and horizontal reinforcement bars are activated throughout the joint.

The postulated strut mechanism implicit in design is based on a simplified load path as shown in Figure 6-
50. The primary differences between the "measured” force transfer mechanism and the design model can
be attributed to the anchorage of the column tensile reinforcement. The design model assumes that the
extreme tensile forces will be anchored near mid-depth, producing demand in the transverse reinforcement
exterior to the joint and in the interface beam reinforcement along the entire length of the joint. The
mechanism for Specimen A1, however, indicates that the tensile column forces are anchored primarily at
the top of the joint, not near the interface. In addition, shallow pullout cones develop on the tensile column
bars near the face of the joint, not deep within the joint. This produces a localized increase of stress on the

interface beam reinforcement directly below the tension column reinforcement as well as a uniform force
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distribution on vertical transverse reinforcement inside the joint length. The implication is that the assumed
transfer model does not occur. Thus the reinforcement details are developed from a mechanism that differs
somewhat from the one that actually occurs. This results in a joint that is inefficient in transferring forces.
To evaluate the transfer mechanism on a finer scale, the joints are evaluated through the use of three-
dimensional finite element models in the following section based on modeling techniques discussed in

Chapter 4.
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Figure 6-50: Proposed force transfer mechanism [Priestley 1993]

6.4 Three-Dimensional Finite Element Evaluation of Bridge Joint Response
As discussed in Chapter 2, the goal of bridge joint design requirements is to provide an effective joint force

transfer mechanism with minimal damage and efficient usage of reinforcement. To accomplish this, design
requirements are leaning to the use of two-dimensional strut and tie models. Inherent in the use of strut and
tie modeling is the assumption of damage implied by the postulated failure mechanism unless the model
clearly follows the elastic behavior. To achieve a particular strut and tie model, the joint must crack so that
forces can redistribute to the intended load path. This may be contrary to the design criteria, which are
attempting to minimize damage. In addition, the adopted strut and tie model is a two-dimensional
representation of a three-dimensional transfer mechanism. Although this is not a significant issue in square
column configurations, it is a concern in circular column configurations (the predominant configuration
used in California bridge systems). The two-dimensional representation creates ambiguity as to where
reinforcement should be placed to most efficiently transfer the forces. For example, are the tension ties

more effective on the interior of the joint or the exterior face of the joint? Does the placement of tension
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ties on the exterior result in less damage? An appropriate joint design methodology should consider these
three-dimensional effects to effectively and efficiently determine the reinforcement requirements. To
provide additional insight to the joint behavior in three dimensions, finite element models can be used.
These models have the potential to accurately capture the experimental behavior, thus allowing for the
evaluation of additional information not measured in the experiment, and can be used to develop
recommendations on a more appropriate placement of joint reinforcement. These models are limited by the

accuracy of material models and solution strategies, both of which can be a severe limitation.

To assist in evaluating the joint performance, three-dimensional finite element analyses of the circular
column configurations were conducted. The models were constructed to match the as-built dimensions
(Figure 6-51) and material properties. Background and justification of the finite element methods used are

presented in Chapter 4.
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Figure 6-51: Finite element model of joint reinforcement (wire frame view)

Figure 6-52 compares the measured and calculated strain in the vertical joint reinforcement at the center
and face of the joint, at a tip displacement of 4.0 in. The analytical and experimental results of Specimen
A2 are presented; the behavior is comparable to that of Specimen Al. The high strain increase measured
on the interior vertical bars in the tensile region of the column (north column face) is represented well by
the model. The behavior of the exterior reinforcement, however, is underestimated. This is a result of the
analytical modeling techniques, which evaluate the response under monotonic displacement application.
As a result, effects such as crack reversal and cyclic dilation are not accounted for. Figure 6-53 presents
the strain of the internal and external vertical transverse reinforcement located on the south end of the joint.
At the initiation of joint cracking (Figure 6-53(a)) the strain in both the internal and external bars drift into
tension on north load application. On the south load application the interior bar goes into compression and
the exterior bar returns to zero but begins to drift in tension. The behavior of the interior bar is indicative
of a reliance on the anchorage of the column reinforcement. When the column applies compression to the
region, the interior vertical transverse reinforcement increases marginally in compression. When the
column reinforcement is anchoring in tension the transverse bars go considerably into tension. Since this
response is driven by column anchorage, the effect of bidirectional load application on the internal

reinforcement is minimal. The external transverse reinforcement, however, is reliant on shear of the joint
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face. As the joint begins to form shear cracks, the strain in the bar begins to drift. This indicates that
cracks formed during loading do not completely close on unloading. Once shear damage becomes
significant, cracks open across the joint on both south and north displacements. As a result, the southern
exterior transverse joint reinforcement goes into tension on both northern and southern displacements
(Figure 6-53(b)). Bidirectional loading can thus produce crack reversal and additional demand on the
exterior transverse joint reinforcement that is not seen in a monotonic model. An issue not presented in the

finite element model.

The strain values measured on the spiral reinforcement for the southern face of the joint are compared with
the analytical strains in Figure 6-54. The spiral strains are greatest at the top of the joint and at the beam-
column interface. Between the two peaks the tensile strain decreases. The analytical models produce a
similar distribution; however, the response is shifted in compression. This can again be attributed to cyclic

load application, which produces crack openings that do not close upon load reversal.
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Figure 6-52: Measured and predicted strain distribution of beam external and internal vertical transverse
reinforcement
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The strain demand measured on the vertical exterior and interior reinforcement indicates that the internal
bars were subjected to greater demand than the external bars (Figure 6-53). This is intuitive, since the
maximum tensile forces from the circular column are transferred to the beam at the center of the joint. This
behavior is indicated in the analytical models as well. Figure 6-55 presents the analytical principal
compressive stress distribution at vertical longitudinal sections through the center and face of the joint for
specimens Al and A2 at a column tip displacement of 4.0 in. Note that compression is a negative. At the
interior of the joint (Figure 6-55(a) and (c)), a notable increase in compression occurs from the column and
adjacent beam compressive face to the diagonally opposing compressive beam face. This supports the
assumption of a diagonal strut at the center of the joint. However, at the face of the joint (Figure 6-55(b)
and (d)) the magnitude and variation of the principal compressive stress is significantly decreased,
producing less variation. Thus the analytical model suggests that a greater proportion of the compressive

strutting action occurs at the interior of the joints.
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Figure 6-55: FEM approximations of principal compression stress in the joint region
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The finite element models can be used to define the effective width of the principal compressive strut. The
width of the compressive strut is primarily within the diameter of the anchored column (Figure 6-56). The
placement of additional vertical reinforcement in the center of the joint (as in Specimen A2 compared to
Specimen A1) produces a greater compressive strut width (Figure 6-56(b)). This results in lower principal
compressive stresses on the face of the joint, producing more uniform shear damage on the exterior face.
This is supported by the crack strain opening orientation (normal to the actual crack direction) and
magnitudes estimated on the exterior of the joint (Figure 6-57). The figures corroborate the greater

presence of a strut mechanism on the face of Al.
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Figure 6-57: FEM approximations of crack strain and orientation at the exterior face of the joint
In Figure 6-55(a) and (c), a localized compressive stress increase occurs around the tensile column
reinforcement. This is indicative of a localized strut formation as a result of bond transfer at the point
where the column bars enter the joint. This behavior occurs at the interior of the joint near the extreme
tension reinforcement, thus supporting the strut and tie model developed for Specimen Al (Figure 6-49).
This localized demand should be accounted for in the design. This can be accomplished by additional
factors of safety on the beam flexural design or through the addition of interface reinforcement at the

development locations of the column longitudinal tensile bars.

Overall, the finite element models do well in representing primary actions in the joint. The predominant
transfer mechanism is a compression strut in the center portion of the joint. The strut is confined primarily
to the width of the column diameter; however, additional tension ties develop outside the joint to anchor the
localized pullout of the column tensile reinforcement. The width of the strut indicates that the placement of
vertical reinforcement would be most effective within the joint core and not on the face of the joint. The
demand levels for these models, however, are low, with maximum principal compressive stresses on the
order of 2.0 ksi at a displacement ductility of 4.0 and all reinforcement remaining linear elastic. Under
these conditions the joint is well behaved. To determine the behavior of the joint under significantly higher

demand an additional study, Group B, was conducted, as described in Chapter 7.
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7 Studies of Alternative Joint Design Approaches

The experimental results presented in Chapter 6 suggest that current design recommendations for beam-
column joint systems do not provide an efficient use of reinforcement. To gain further insights into the
mechanisms active in joint force transfer, the results of tests on two additional specimens, designated
Group B, are presented in this chapter. These tests investigate the behavior of joints subjected to severe
demands. Using the results, methods of improving constructability, methods of limiting slip, and methods

of optimizing reinforcement details for improvement of joint confinement are developed.

Several conclusions with regard to reinforcement schemes can be drawn from the results of Group B. The
results presented in this chapter will show that joint hairpins are necessary to activate the large cap beam
widths used in current recommendations. Without hairpins, the joint core can separate from the cap beam
face, thus decreasing the effective joint width and increasing demand on the vertical transverse joint
reinforcement. This in turn decreases the capacity of the joint. In addition, the vertical reinforcement is
most highly activated within the core near the location of the extreme column tensile reinforcement.
Consequently, vertical reinforcement should be concentrated in the center of the cap beam rather than at the
face of the joint. Spiral joint reinforcement provides good resistance to slip of the column reinforcement.
Nevertheless, a well-distributed array of horizontal transverse reinforcement will provide comparable levels
of slip resistance. In addition, both horizontal transverse reinforcement and spiral reinforcement provide
similar levels of shear resistance. Therefore, the joint system can be constructed without the use of the
joint spiral, thus allowing for a decrease in the quantity of joint reinforcement and improved

constructability.

This chapter begins with the development of the Group B specimens. This includes the design concepts as
well as the details used. The subassembly configuration is presented along with the design capacities. The
investigation then focuses on the global behavior of the specimens followed by local behavior and studies

using finite element techniques.

71 Group B: Subassembly Development
This second phase of the investigation focuses on experimental evaluation of a reinforced concrete bridge

system typical of California designs. The subassembly configuration, boundary conditions, and test scale

are essentially the same as those used for Group A.

7.1.1  Specimen Global Geometry
To investigate the behavior of the joint over both elastic and inelastic ranges of response, the joint shear

demand was significantly increased over that of Group A. To achieve this, the column longitudinal
reinforcement ratio was increased by 46%, and the beam depth was decreased by 18%. These changes
increase the joint demand in two ways, first by elevating the applied joint shear force generated from the

column, and secondly, by decreasing the joint area over which the force is developed. Note that the



resulting ratio of Kyeq,/Dconmn (82%) is still comparable to what is seen in taller bridge structures. The
column longitudinal reinforcement ratio was elevated to 3.14%, representing an upper bound of typical
California construction. The remaining portion of the system (i.e., cap beam and joint) transfers the load
associated with the ultimate flexural response of the column. To decrease the joint area, the beam is made
shallower than the beam in Group A. Nevertheless, the resulting ratio of Apeu/Dcotmn (~ 82%) is still
comparable to what is surveyed for bridges with high superstructures (refer to Appendix A). A summary of

the global geometry is presented in Table 7-1.

Table 7-1: Group B subassembly dimensions

Subassembly scale 3/8 Clear column height L.=1141n.
Column diameter D, =28 in. Clear beam length Ly, =130 in.
Cap beam height h, =23 in. Cap beam width wp = 37 in.

The beam flexural design is based on the following three load cases: (a) Dead + Live + Impact, (b) Dead +
Earthquake and (c) a plastic load case in which all the columns are at ultimate flexural capacity with the
dead load applied. Dead load was approximated from the average box-girder and span dimensions
provided by the database investigation (Appendix A). The dead load was approximately equal to 5%Af",
where A, is equal to the gross column area and f’. is equal to the concrete compressive strength.
Earthquake load was calculated using a maximum ground acceleration of 2.0 g (ARS=2.0) and a ductility /

risk factor Z=8.0. The plastic load case (c) controlled the response and the design of the system.

7.1.2  Flexural and Shear Design
The specimens meet the requirements of ACI and Caltrans BDS for flexural and shear design with the

following adjustments and conditions:

Column Requirements

Mult, ..., = Moment capacity determined using the measured material properties and Mander's concrete
model. Computed using ARCS section analysis program [Thewalt 1994].

Mn s = Moment capacity determined using ACI defined material properties and limiting strain of
0.003. Computed using ARCS.

Nucoymn = Axial load in column = 5% A,f",

Vitcotumn = Multcoymn / Le

Vscotumn = (Vitcotumn / 0.85)-V conumn

Where, Vceonmn = (0 in plastic hinge region, 24/ f’c - Dc2 outside the plastic hinge region)

Beam Requirements
Muy = f(Mult o, Specimen Geometry), No overstrengths applied.

Vipeam = f(Mult com» Specimen Geometry), No overstrengths applied.
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Using the preceding requirements the beam and column were designed (distinction is made between
positive Mn,,, and negative Mn,., moment capacities) and the results are summarized in Table 7-2.

Table 7-2: Beam and column design summary

Column Capacities Beam Capacities
Mn opmn = 12180 kip-in. Mn,,eq = 11550 kip-in.
Mult .omn = 17870 kip-in. Mo, = 7896 kip-in.

Nuco[umn = 13 8 klp
Vncolumn =193 klpS

Vipean = 286 kips

7.2 Conceptual Joint Design Models
The joint details used in Group B investigate the effectiveness of different types of lateral reinforcement in

providing anchorage of column reinforcement and resistance to shear deformation. Two design strategies
were studied: the first, used in Specimen B1, included only lateral transverse headed joint reinforcement
and the second, used in Specimen B2, included only joint circular hoops. These models evaluate whether
joint confinement is better achieved through the continuation of the column spiral into the joint or beam
transverse reinforcement. To determine the level of reinforcement to be used in each specimen, a
conceptual design model based on anchorage of the column reinforcement was used. To resist the
anchorage forces, the transverse reinforcement in Specimen B1 was oriented both parallel and transverse to
the beam axis. In Specimen B2, column bar anchorage and joint confinement was achieved using only
joint hoops around the anchored column reinforcement; no additional horizontal transverse joint bars are
used. To provide comparable levels of shear resistance, the same quantity of vertical reinforcement is used
in both specimens. To determine the required quantity of joint reinforcement, a level of bond demand was
estimated. From these bond demands, a strut pattern was developed to transfer the forces to the horizontal
reinforcement. Both B1 and B2 were designed to resist the same level of bond demand. The following

section discusses the justification for the quantities of reinforcement used.

7.2.1  Bond Development
The distribution of bond stress in the joint region is highly nonlinear. Figure 7-1 presents the average bond

stress distribution on the tensile column reinforcement in Specimen Al. The response is typical of the
behavior of Group A. The majority of the bond action occurs near the end of the bar. This region
corresponds to the flexural compression zone of the beam and the top of the diagonal compression zone
(Figure 7-2). The high compressive stress provides a lateral confining pressure on the bar, thus improving
bond in the region. From the magnitude of the compressive load and measured bond stress, a relationship
can be developed (Figure 7-3). This allows for a less conservative determination of required development

length, which is advantageous in Group B where a shallower cap beam-profile was used.
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Figure 7-1: Typical bond stress distributions of Group A at increasing applied column tip displacements
Due to the reduced beam depth and increased column reinforcement, the peak compressive stress from the
beam acting on the joint increases from ~20% f'c to ~68% f'c and the maximum nominal vertical joint shear
stress increases from 12.0 to 19.04/ /"¢ . Based on studies performed by Eligehausen [1983] and Malvar

[1992] on the effect of confining stress on the bond capacity and the measured response of Group A (Figure

7-3), the assumption was made that the peak bond stress allowed under these conditions be limited to

404/ f'c.

7.2.2  Bond Transfer Mechanisms
Anchorage of the column reinforcement was assumed to occur over a low and high capacity region of bond

resistance. Since the high bond region lies within the diagonal compressive strut, the associated force is

assumed to transfer along the strut, thus not requiring any additional transverse reinforcement. The low
bond stress region, however, is conservatively assumed to have bond stress of 64/ /¢ distributed over the

full development length of the bar. This stress requires development through additional transverse vertical

and horizontal reinforcement as discussed in subsequent sections.
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Figure 7-3: Bond stress-confining stress relationship

7.2.3
To resist the bond demands placed on the joint from the column reinforcement, Specimen Bl uses

Specimen B1: Horizontal Transverse Reinforcement (X and Y)

horizontal transverse headed reinforcement oriented longitudinally and perpendicular to the axis of the cap
beam. To determine the quantity of reinforcement, a conceptual model was developed to provide proper
anchorage of the column reinforcement. The following section outlines the transfer mechanism from the

column reinforcement anchorage to the confinement resistance required by the transverse bars.
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The bond stress demand of 6,/ f'c is assumed to be distributed in a radial manner about the column bar

(Figure 7-4). To anchor these stresses a compression cone is assumed to form at a 45-degree angle.

Resolving the bond stress to the diagonal cone requires a confining stress of 64/ f'c¢ . This in turn results in

an equilibrating or bursting stress of 6 4/ /"¢ normal to the bar cross section.
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Bond Stress Distribution On
Column Longitudinal
Reinforcement

Figure 7-4: Bond transfer resolution

Thus if given a number of bars develop tensile forces, the amount of transverse reinforcement required can

be determined by equating Fiysing t0 Flresisung (Figure 7-5). To safely account for damage in any orientation,

two orthogonal distributions of transverse reinforcement are required. The formulation and suggested

methodology are shown in the following design example.

A

The bursting force generated by one bundle (of two bars) of column longitudinal bars would thus be

X
L~
I |
Y— {4 H Y =—— Fresisting
Fbursting Fbursting ‘
v v
Fresisting Fresisting ‘
g
X

Figure 7-5: Internal forces on a horizontal section

Fbursting‘. =06.0y/"c -5y - (2 ’ db) [Per bundle]
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where /. is equal to the concrete compressive strength, s,; is the vertical spacing between adjacent layers of
transverse reinforcement, and d, is the diameter of one column bar. The resisting force required is equal to
Fresisting = Avreq. Jy (7-2)
where Av,., is equal to the area of transverse joint reinforcement and fy is equal to the yield stress of the
transverse reinforcement. Equating the bursting and resisting forces, the area of transverse reinforcement
required can be computed
12,/ f'c Sy, -d,
e ST 5

As shown in cut X-X of Figure 7-5, when the longitudinal bars are in-line, only one transverse bar is

Av per layer i, oriention j and bundle (7-3)

required to provide the Fj.me force needed to support all the bars. To take advantage of this behavior
when the bars are oriented in a circular configuration, the following multiplier should be applied to

determine the necessary quantity of transverse bars across each section:

(zgij-'_Zsp
ke S

ey Csp

Avtatali/ =Av (7-4)

Where Avtotal; equals the total quantity of transverse reinforcement required in orientation j at vertical
level i, [, equals the circumferential center-to-center distance between adjacent bars (or bundles), and /j;
equals the center-to-center distance between an adjacent group of bars k& projected to a plane normal to the
orientation j under consideration. The design of joint horizontal transverse reinforcement for Specimen B1

is illustrated in Figure 7-6 and Table 7-3.
Y
F ly3 ? Iy8

—|ly2 ! lyd-—=-ly5 1 ly7- 1y9 |=—
— |~—1y10

Figure 7-6: Design illustration
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Table 7-3: Joint design example for Specimen B1

Required:

Determine the quantity of transverse bars required to anchor column reinforcement within the joint.
Place the reinforcement in two orthogonal directions: along and perpendicular to the beam axis.

Given:

A. Diameter of column core, center-to-center of extreme reinforcement, dc = 25.0 in.
B. Column reinforcement, 22 #6 bundles of two bars, db = 0.75 in. (Figure 7-6)

C. Transverse reinforcement, #3 bars, Atr = 0.11 in.?

D. Concrete compressive strength, f'c = 4500psi.

E. Reinforcement yield strength, fy = 60 ksi.
dc-r _25.00-7

F. Ulsp= =
P number of bundles 22

> 4, =dc=25.00in. 2.y =24.750n.
' i

1

Solution:

1. Choose number of layers desired.

Three layers of horizontal transverse reinforcement. A varied spacing is used so more reinforcement
is placed near the interface where yield penetration is the highest (see Figure 7-7):

s, =8in., s,, =6.5in., 5,3 =6.5in. Note:st ={,.

2. Orientation 1, X:

k=11
AT J +Isp
Avtotal - = 12f'c sy -dp ( k=1 _ 124/4500-8-0.75 125.00+ (257/22)
A I Isp 60000 (257/22)

Avtotal,; = 0.644 in 2

Avtotal,; = 0.523 in?

Avtotal ;= 0.523 in?
3. Orientation 2, Y:

[":Zm )
Ly |+ 2sp
tvtotal < 2V e sudp Lia _ 124/4500-8-0.75 24.75+(257/22)
s I3 Isp 60000 (257/22)

Avtotal,; = 0.639 in.”
Avtotal,; = 0.519 in.?
Avtotal,; = 0.519 in?

4. Thus use:

Layer 1: X-orientation = 0.644 in.> ~ 6 #3 bars, Y-orientation = 0.639 in.”~ 6 #3 bars
Layer 2: X = 0.523 in.>~ 5 #3 bars, Y = 0.519 in.” ~ 5 #3 bars
Layer 3: X = 0.523 in.>~ 5 #3 bars, Y = 0.519 in.> ~ 5 #3 bars

Sixteen #3 horizontal transverse reinforcing bars are required in both the X- and Y-orientations. To

account for the beam longitudinal reinforcement oriented in the X direction, the joint reinforcement was
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reduced. The reduction in the number of bars was made relative to the beam flexural overstrength. Group
B specimens provided a 3.8% overstrength in positive flexural capacity and 11.3% in negative flexural
capacity. Given the location of the beam flexural reinforcement relative to the developed column bars,
only the positive beam reinforcement and the second layer of negative reinforcement are assumed active in
bond anchorage. This translates to a reduction of 0.22 in.” and 0.40 in.” in the Avx required for the bottom
and top transverse reinforcement respectively. Due to the odd number of longitudinal bars, through which
the Y-transverse reinforcement must pass, the quantity of bars in each layer was rounded up to an even
number for symmetric arrangement. A total of 11 #3 bars were used in the X-direction and 18 #3 bars in

the Y-direction (6 in each layer). The final details are shown in Figure 7-7.

V4
Skin Reinforcement Shown ‘—?— Skin Reinforcement Not Shown
| 4
— — SVZ\T ; ;
C C -
’7 “ SV ] oo o o oflle oo
B F—— e B i
1 J A
SHQ):]:ETELEVATION BEAM SECTION A-A
X Transverse Horizontal Bars
Bars Placed in Three Layers
Required:

sv1=8.0" ~ X-6#3 Y-6#3
| SV2=6.5" ~ X-5#3 Y-5¢3
SV3=6.5" ~ X-5#3 Y-5#3

|
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==
5 | 1
- _ e I _ . Total Used:
Y7 4? Jr }}7% i SYM: Layer 1: X~4#3 Y~6#3
L
1]
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reinforcement accounts for the reduction in the

PLAN SECTIONS X-direction.

Section B-B—- S

Figure 7-7: Joint details of Specimen B1

7.2.4  Specimen B2: Horizontal Transverse Reinforcement (Spiral)
Anchorage of column longitudinal reinforcement in Specimen B2 is achieved using joint spiral

reinforcement. As with Specimen B1, a bond stress of 64/ /"¢ is assumed to develop along the column

tensile reinforcement and anchor in the surrounding joint through compression struts. The conceptual
model used in Specimen B2 assumes that this results in the formation of at least two mechanisms of failure,
referred to as crack mechanism 1 and 2 (Figure 7-8). In mechanism 1, a crack forms at the column

longitudinal bars normal to the hoop. In mechanism 2, a crack forms at the bar tangent to the hoop. The
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amount of joint spiral reinforcement required is determined by conservatively combining the demand of

each mechanism acting independently.

For crack mechanism 1, bond anchorage of the longitudinal reinforcement produces 45-degree compressive
struts acting tangential to the circular orientation of the bars. The compressive struts, in turn, are resisted
by the hoop reinforcement (Figure 7-9). This produces tensile hoop loads near the tensile column
longitudinal reinforcement and reaches a maximum near the extreme tensile bars (Figure 7-9). In the case
of crack 2 formation, the section is restrained through the confining action produced by the curvature of the
spiral. The quantity of hoop reinforcement is determined by the amount needed to restrain the bursting
force. The resisting force provided by the hoop is equal to the radial component. Using these rules, the
total required area and spacing of hoop reinforcement can be determined as shown in subsequent

paragraphs.

|
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\ ! /
|
|
|
|

VT(N
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v

Figure 7-8: Joint hoop crack mechanism diagram
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Figure 7-9: Hoop bond transfer — crack mechanism 1
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Crack Mechanism 1 Resistance
Restraint of crack 1 is approached by providing enough reinforcement, 4v;, to resist the strut force. The

bursting force resulting from the struts is equal to
1 Al
Fhl 25[6 Sfle- (ﬂ- : dbeffect[ve)' S]' C (7-5)

where f'c is equal to the concrete compressive strength, s is the vertical spacing between adjacent hoops,
and dpepecive 15 the effective diameter of the developed column bars. The effective diameter of the column

longitudinal bars are computed as follows:

\/ 4/ 7z(Total area of bars in bundle), if column longitudinal bars are bundled} (7-6)

dr o =
beffective { One bar diameter, if column longitudinal bars are NOT bundled

To account for the load increase in the transverse reinforcement when the column bars are closely spaced, a
magnification factor C, equal to the ratio s/sp, is used, where sp is the clear spacing of adjacent column

bars. The resisting force is equal to

Fhallowable = Avl Jy (7-7)

where Av; is equal to the required area of transverse hoops and fy is equal to the yield stress of the
transverse reinforcement. Equating the bursting and resisting forces, the area of the required transverse

reinforcement for mechanism 1 can be computed

' 2
3Wfle-xm- dbeffective 'S

AVI =
sp-fy

(7-8)

Crack Mechanism 2 Resistance

To resist crack formation tangent to the circumference of the spiral, the confining (radial) force from the

orientation of the spiral is used. The bursting force is equal to

1 Al
Fh2 = 56 f c '(”'dbeﬁ’ective )'S (7-9)

where f'c, dpefecive and s are the same quantities defined in equation 7-5. The resisting capcity of the spiral

is equal to
Fhatiowabie = Avy - f-(25in(0/2)) (7-10)

where Av; is equal to the required area of transverse hoops, @is equal to the central angle between adjacent
column bars, and fy is equal to the yield stress of the transverse reinforcement. Equating the bursting and

resisting forces, the area of the required transverse reinforcement for mechanism 2 can be computed
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L5 f'C T dbeﬁ‘ective 'S
£ -sin(@/2)

Avy = (7-11)
The following example summarizes application of the conceptual design model given by equations 7-8 and
7-11. Note that the effective circumferential spacing, diameter of bundled bars, and central angle in this

example were taken to be 1.06 in., 2.07 in., and 16.4 degrees, respectively.

Table 7-4: Joint spiral design example for Specimen B2

Procedure Design Example
e Assume a spacing, s. e Say s =2.0 in.
o Compute Ay =Av; +Av; A = 34500 - 7 -1.06 - 2.0* . 1.5v/4500 - 7 -1.06- 2.0
rorel 2.07- 60000 60000 - sin(16.4/2)
=0.10 in.

e Compute true bar spacing | @ s=(2.0x0.11)/0.10=2.19 in. = Use: #3 Spiral @2.0"o.c.
based on realistic Av,

s = (Sa XAV) /Avtatal

The joint reinforcement for Specimen B2 consisted of #3 hoops at 2 in. on center as shown in Figure 7-10.

Elevation - Specimen B2
Vertical Joint Reinforcement Not Shown

il jI M ii i

#3 Hoops @ 2.0"

L /

=
B33

Figure 7-10: Specimen B2 joint confinement reinforcement

7.2.5 Group B: Vertical Transverse Reinforcement (Z-orientation)
The vertical joint transverse reinforcement is based on the quantity used in Specimen A2. The increased

demand produced by the additional column reinforcement in Group B is accounted for by keeping the
required ratio of vertical transverse reinforcement, 4v, to column longitudinal reinforcement area, 4s,
similar to that used for A2. Specimen A2 had 28 #4 vertical transverse bars and 32 #6 column bars,
producing a ratio of 0.4 (note that Caltrans requirements recommend that 0.24s be used in addition to the
continuation of beam shear reinforcement through the joint). To induce inelastic response in Group B
joints, the relative quantity of vertical reinforcement was reduced. The amount of reduction was chosen to
increase the demand so that the vertical bars approached yield. In Group A, the vertical reinforcement

reached at most 74% of yield (Figure 7-11). To increase the demand on the vertical reinforcement, the
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ratio of Av/As was reduced by 26% to a value of 0.294s (28 #4 vertical bars). The same quantity was used

in both specimens B1 and B2. The final details are as shown in Figure 7-12.

7.3

Strain (pe)

A1l Interior Beam Transverse Reinforcement Response Loading North

3000
) L]
2500 1 South Column North Column
i Edge Edge
' L]
] r~
Ll ]
2000 1 RN :
] ' /I \\\ '
vyl NN '
' /// \\\\ .
1500 A VN NN '
i N NN
'/I/ N NN '
Uy NN '
/Ilgé\ AN .
¥/ N ~ NN .
1000 TLINMALN
N N N .
el SN NN .
bl AN N
W \\\ NN .
] I AN . ~
500 - T I NG ONANRN NN,
L A0, - NN 7,
1 - g v ~ NNN NN x NN
- 1.7 ~ NN 777NN\
_ L /’/E"\ SO ST AUNN
T

Location Along Beam (in.)

40

—<—-0.10-in. —£F-0.25-in. = A~-0.50-in. —X--1.00-in. = *--2.00-in. —-©--4.00-in. ——=+—-7.00-in. ——=—-10.00-in.

Figure 7-11: Strain in vertical transverse reinforcement along beam length (Specimen A1)
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Figure 7-12: Group B vertical transverse joint reinforcement

Group B: Subassembly Details

This section summarizes the final details used in Group B subassemblies.

Both the specimen details

including the quantity of reinforcement, construction drawings, as-built photos, and material properties as

well as the test subassembly details are presented.
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7.3.1  Group B: Specimen Details
The reinforcement used in the cap beam and columns was the same in both subassemblies (Table 7-5).

Beam reinforcement was placed in three layers: one layer of positive moment reinforcement and two layers
of negative moment reinforcement. Column reinforcement was bundled in groups of two. Note that the
column bars were developed straight into the joint without the use of hooks or heads. The final length of
28d, was determined to be adequate using the assumed bond stress distribution. Skin reinforcement was

placed on both vertical faces of the cap beam as required by Caltrans requirements.

Table 7-5: Group B specimen details

Column Beam

44 #6 column bars (bundled in groups of two) 20 #6 total negative reinforcement
#3 Spiral at 1.5 in. within plastic hinge 13 #6 positive reinforcement

#3 Spiral at 3.0 in. outside plastic hinge Skin steel 7 #3 each face

Plastic hinge length = column diameter = 28 in. #3 stirrups at 4.75 in.
Development length, I3 =21 in. = 284, (6 verticals and 3 horizontals)

The quantity of vertical and horizontal joint reinforcement is summarized in Table 7-6. The volume of
vertical joint reinforcement used in both specimens is identical. The volume of horizontal reinforcement is
higher in Specimen B1. The volumetric ratios were computed assuming a joint volume equal to the

product of the cap beam width, cap beam height, and joint length (taken equal to the cap beam width).

Table 7-6: Group B joint reinforcement

Specimen Bi B2

Effective joint volume

Width x height x length (in.) 37x23x37 37x23x37

11#3 headed bars parallel to beam

. . axis . .
Horizontal transverse reinforcement 1843 headed bars perpendicular to Joint hoops #3 at 2.0 in.
beam axis

Vertical transverse reinforcement 28#4 headed bars 28#4 headed bars
Volumetric vertical transverse joint

) : 0.38 % 0.38 %
reinforcement ratio, Pjy
Volumetric horizontal transverse joint

0.36 % 0.29 %

reinforcement ratio, Pj,

The final details used in subassemblies B1 and B2 are presented in Figure 7-13 and Figure 7-14,

respectively. As-built photos of the reinforcement cages are presented in Figure 7-15.
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7.3.2  Group B Test Subassembly
Group B specimens were tested in an inverted position with the cap beam toward the floor and the column

projecting upwards (Figure 7-16). Boundary conditions and load application were the same as the

conditions used for Group A. Background and development are discussed in Chapter 3.

Figure 7-16: Setup used for Group B testing, (Specimen B2 shown).

7.3.3  Material Properties Group B
Material properties for specimens B1 and B2 were determined according to ASTM Standards and European

testing methods [50-FMC] (Table 7-7 and Table 7-8). The testing methods are summarized in Appendix B.
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Table 7-7: Group B reinforcement properties
. oint oint
Bar Use é;iimJoSZ:l Beam Col.umn Hof’izontal Virtical Béiz);r:ma;d
Hoops Transverse Spiral Headed Headed Longitudinal
Transverse | Transverse
Bar size #3 #3 #3 #3 #4 #6
ASTM specification A615 A615 A615 A615 A706 A706
Elastic modulus  E; 26600 26400 28000 26500 25100 27800
Yield stress o, 67.2 84.6% 61.8% 67.2 74.5 69.1
Yield strain g | 0.00253 0.00518%* 0.00424* 0.00254 0.00296 0.00249
Plateau strain g, | 0.0121 None None 0.0112 0.0142 0.0096
Ultimate stress g, 105.9 112.2 108.9 107.4 103.1 103.6
Ultimate strain’ &, 0.129 0.0853 0.095 0.121 0.134 0.123
Fracture strain & 0.153 0.0954 N. A. 0.150 0.246 0.245
Note: All stresses are in ksi.
iValues computed using 0.2% offset.
;**Strain at end of yield plateau.
~ Strain at ultimate stress.
Table 7-8: Group B concrete properties
Test Subassembly BI B2
Compressive strength fe 4.22 4.38
- Corresponding strain £, 0.00231 0.00238
§ Splitting tensile strength " 0.364 0.441
;') Modulus of rupture 1 0.609 0.739
Young's modulus E. 3260 3350
Fracture energy [Kip-in./in.”] Gy 0.00103 0.00070
Compressive strength A 5.23 5.44
Corresponding strain &, 0.00244 0.00249
g Splitting tensile strength " 0.471 0.481
@ | Modulus of rupture 1 0.711 0.708
Young's modulus E. 3500 3690
Fracture energy [Kip-in./in.”] Gy 0.00053 0.00099

Note: All forces are in kips and lengths in inches.

7.4 Global Behavior of Joint Subassemblies Subjected to High Demands
The low beam depth combined with the high column and anchorage levels produce significant demand on

the joint subassemblies. This section evaluates the experimental results observed and measured as the
subassembly was subjected to increasing levels of drift. The observed progression of damage will be
discussed relative to the drift levels and measured events such as yielding. It will be shown that the bond
distribution model assumed in design was not achieved, leading to degradation of the joint followed by bar

slip and consequently the loss of load capacity. The effectiveness of the spiral over that of the headed
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transverse bars is also discussed. It will be shown that the spiral is more effective in resisting slip, while

the headed bars are more effective in reducing joint degradation.

7.4.1 Load and Displacement Response
The global behavior of the two specimens was similar. Column cracking, yielding, and ultimate capacity

occurred at the same points in the displacement history (Table 7-9). Joint cracking occurred much earlier
in Specimen B2. This could be indicative of a weaker joint configuration in the spirally reinforced
specimen. Yielding also occurred earlier in B2; this may be attributable to construction variations. In both

specimens failure consisted of joint shear failure and column reinforcement pullout.

The displacement history applied to each specimen is presented in Figure 7-17. The cycle numbers are
indicated on the positive (northern) displacement peak. The number of cycles applied to each specimen
was identical. The magnitude of the peak displacements, however, marginally varied as a result of
differences in the subassembly geometry. The letters on each graph correspond to events that occurred

during the test (Table 7-9).

Table 7-9: Group B test observations

Event o Column Tip Displacement (in.)
Symbol Event Description
4 BI B2
. (0.25"=N) (0.25" =N)
A Column Cracking Cycle 1 Cycle 1
B Joint Cracking and Beam (1"=N) (0.50" - N)
Flexural Cracking Cycle 1 Cycle 1
South Column Reinforcement 1'56,, North 1'46,, North
¢ Tensile Yield (2"~ N) (2"—N)
Cycle 1 Cycle 1
North Column Reinforcement L7 1,, South 1‘88,, South
b Tensile Yield (2"-8) (2"—8)
Cycle 1 Cycle 1
4.40" North 4.40" North
E Peak North Lateral Load 4" -N) 4"-N)
Cycle 1 Cycle 1
4.36" South 4.36" South
F Peak South Lateral Load 4"-9S) 4"-S)
Cycle 1 Cycle 1
. .. 4"-9) 4"-S)
G Column Spalling Initiates Cycle 1 Cycle 1
u Failure Joint shear damage and column reinforcement pullout from

joint.

() denotes the displacement group and direction for which the listed event occurred.
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Figure 7-17: Group B displacement histories

The progression of damage occurred in the same pattern in Bl and B2 (Table 7-10). Column flexural
cracking occurred first, followed at higher displacement demands by joint shear and beam flexural
cracking. The amount of cracks on the joint, column, and beam continued to increase until the ultimate
capacity was reached. At this level, spalling of the column occurred on the south face. Additional demand
resulted in large joint-shear crack openings. Continued cycling at this displacement demand resulted in
spalling of the joint face and beam top. Bond loss and pullout of the column reinforcement ultimately

controlled capacity of the system.

Observations indicate that the joint with headed reinforcement (B1) was better confined and resisted shear
deformation to a greater degree than the spirally confined joint (B2). In Specimen B2, joint cracking
initiated during the 0.5-in. tip displacement (0.4% drift). Joint cracking of B1, however, was delayed until
the 1.0-in. displacement. At the 2-in. and 4-in. displacement levels, a greater amount of cracking was
observed in B2. This is indicative of greater joint shear damage in the spirally reinforced joint. At the end
of the test, the joint in Specimen B1 had undergone spalling. Damage of the joint, however, was limited to
a shear failure within the column diameter. No dilation was noticeable. Specimen B2, however, was
subjected to noticeable dilation continuing into the beam. The shear deformation and associated damage
present at earlier levels of demand were no longer observable, indicating a possible delamination of the

beam face from the core.
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Table 7-10: Progression of damage (B1 left, B2 right)
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The hysteretic load-displacement behavior of the two specimens was similar (Figure 7-18 and Figure 7-19).
The numbers listed on the graph correspond to the applied displacement cycles shown in Figure 7-17. The
shape of the hysteresis and the ductility measured are comparable. Limited system yielding occurred up to
the peak load capacity. This relatively low ductility is attributed to joint failure, which occurred prior to the
formation of a column plastic hinge. Consequently, a yield plateau does not occur; instead, the load
capacity rapidly decreases. At this level of demand, the column bars began to exhibit notable slip and joint
shear damage. This led to slackness in the load-displacement hysteresis, producing pinching in the second

and third cycles to 4-in. displacement.
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Figure 7-18: B1 load-displacement response

The global behavior is examined through the backbone or envelope of the load-displacement response. The
backbone was computed by taking the intersection of the first cycle of displacement group (i) with the
second cycle of displacement group (i-7) (Figure 7-20). This produces a lower bound representation of the
response by accounting for any damage occurring between the first and second cycles. The upper-bound

envelope was developed by connecting the maximum load measured in each displacement group.
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Figure 7-19: B2 load-displacement response
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Figure 7-20: Definition of backbone and maximum load envelope

The backbone and load envelopes are marginally higher in Specimen Bl after the maximum load is
achieved (Figure 7-21). However, differences between the envelopes (or backbones) for the two specimens

are relatively minor.

Table 7-11 summarizes the global response measurements. Both specimens were tested with an axial load

of 138 kips. The first yield and ultimate response occurred earlier in Specimen B2. This supports the
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earlier joint damage observed in B2. Maximum load capacity occurred at the same displacement for both
configurations. Both subassembly columns were loaded into the plastic regime reaching at least 85% of
their estimated ultimate capacity. The ultimate displacements presented were computed using the load
envelopes. Ultimate displacement 1 corresponds to the intersection of the yield force with the descending
branch of the envelope (assuming an idealization of elastic-perfectly plastic at the yield point). Ultimate
displacement 2 corresponds to the point where the load decreases 20% from the peak load capacity. In
comparison with Group A, Group B joints were heavily damaged. At drifts of 1.6% the joints crack
openings were on the same order as the largest crack opening measured in Group A. After this level,

cracks continued to increase reaching openings in excess of 0.125 in.
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Figure 7-21: Group B load-displacement backbone and load envelope

The Group B specimens exhibited a similar amount of degradation in global stiffness (Figure 7-22). The
global stiffness was computed as the tangent of the low-level load-displacement response taken from zero
displacement. In both subassemblies, the stiffness decreases to 1/3 of its initial value by the onset of
yielding. The degradation continues at roughly an exponential rate until the end of the test. The only
noticeable deviation between the two responses occurs during the pre-yield cycles. Specimen B2 exhibits
an earlier stiffness decrease. This correlates with the earlier formation of joint cracking in B2. Curiously,
the stiffness degradation measured for Group B is very similar to that of Group A. This indicates that the
global stiffness is not a good measure (i.e., not sensitive) to local damage if it took place in different

components of the failing system.
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Table 7-11: Group B experimental results
Measured Values
Experimental Action
B1 B2
Column axial load 138 138
3 —
1 .yleld of column longl.tudmal Fy R6.4 84.0
reinforcement, column tip force
1* yield, column moment My 9850 9576
1* yield, column tip displacement Dy 1.56 1.46
Ultimate load, column tip force Fm 129.1 127.6
. 14706 14546
Ultimate load, column moment Mm 89% of estimated Mm* | 85% of estimated Mm*
Ultimate load, tip displacement Dm 440, puy=2.8 440, pu4=3.0
Ultimate displacement 1 Fu=F, 794, u,=5.1 742, puy=15.1
Ultimate displacement 2 Fu =80%Fm 7.09, =45 647, uy=44
Maximum joint diagonal crack opening at 2 in. 0.02 0.013
Height of spalling on column 9.0 10.5
Note: All units are in kips and inches.
* Estimated Mm based on ARCS section analysis
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Figure 7-22: Stiffness degradation of Group B (and comparison with Specimen A1)

While the degradation of stiffness is comparable, the strength loss due to cycling in Specimen B2 is
consistently higher than in B1 (Figure 7-23). Since beam and column designs are the same, the degradation
can be directly attributed to the joint response. The measured response indicates that the details used for
B1 are more effective in preventing degradation due to cyclic effects. Aside from this variation, the global

response is comparable (refer to Figure 7-22). Strength degradation is minimal at lower levels of drift and
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does not increase considerably until significant damage and pullout of the column reinforcement is

observed.
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Figure 7-23: Loss in capacity due to multiple cycles to the same displacement

7.4.2  Different Contributions to Total Displacement of Group B
Deformation of the subassembly was assumed to consist of six distinct components: column flexure,

column shear, beam flexure, beam shear, joint shear, and slip of column longitudinal reinforcement. Using
an array of external instrumentation, the contribution of each component to the total displacement was
estimated (see Chapter 3). These measurements were processed at the first northern displacement of each
displacement cycle group. Due to the limited resolution of the instrumentation, low-level displacements
are ignored. As with Group A, the largest contribution was from the column response (Figure 7-24).
Unlike Group A, the column response was not controlled by plastic hinge formation but by slip of column

longitudinal reinforcement.

The contribution of component displacements to the total drift varies between the specimens (Figure 7-24).
At lower levels of drift, B1 is controlled by deformation of the column, while B2 is controlled by beam
flexure. It should be noted that beam flexure consists of all deformation outside the column width.
Observations indicated that joint damage in B2 extended into the beam area. This explains the lower joint
shear and higher beam flexure contributions measured in Specimen B2. In both specimens, column and
beam shear had similar contributions to the total displacement. Reinforcement slip and joint damage are
notable as their contribution increases progressively. This behavior is considerably different than the
response measured for Group A. In Group A, the full plastic hinge formed allowing further (stable)
increase of column contribution with increase of drift. In Group B, column contribution decreases with

increase in drift because of the instability due to the formation of a slip mechanism.
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74.3

Slip of Column Longitudinal Reinforcement

The effectiveness of the two joint reinforcement strategies in restraining slip of the column reinforcement

from the cap beam is evaluated through a comparison of the measured slip. To measure slip, a hole was

prefabricated in the specimen from the cap beam top to the bar end (Figure 7-25).

An external

potentiometer mounted on the top of the cap beam and connected in bearing to the bar end was used to

measure the relative displacement of the bar from the top surface.

Any deformation measured was

attributed to slip of the column bar from the cap beam. During the 7-in. displacement cycles, spalling of

the cap beam top occurred causing the gage base to move. Therefore, the slip measurements are evaluated

only up to the 4-in. cycles.

Column Tensile Bar

Hole From
Beam Top

Potentiometer Rod

!
Bearing on Bar End\

s

External
» —
Potentiometer

Figure 7-25: Setup of column reinforcement slip measurement

The measured slip in the spirally reinforced joint of Specimen B2 was consistently less than that measured

in Specimen B1 (Figure 7-26). This indicates that continuation of the spiral into the joint provides a more
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effective restraint of the column bars. The headed bars are spaced uniformly around the joint and are not
concentrated near the column bars. It seems plausible that the spiral provides superior pullout resistance
over the headed bars because the spiral is in closer vicinity to the column reinforcement. In addition, the
curvature of the spiral provides confining pressure on the longitudinal bar while headed straight bars only

restrain cracks from widening.
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Figure 7-26: Slip of tensile column reinforcement from joint, throughout displacement history

Slip of the reinforcement from the joint follows a general pattern (Figure 7-26). Slip initiated prior to
column reinforcement yielding. Under these lower force levels the column reinforcement slipped during
tensile loading to a maximum of 0.01 in. and returned essentially to zero on unloading (Figure 7-27).
During the entire history, no compressive slip was measured. Continued cycling at a given level of drift
resulted in an increase in slip. During the ultimate load level cycles of 4.4 in., the slip does not recover on
load reversal, but progressively increases. Consequently, the strength of the system decreases, producing a
considerable loss in capacity during the second and third cycles to 4.4 in. In each case, the slip of the
column reinforcement of specimens B1 and B2 are of the same order. Thus, neither joint configuration is

entirely effective in eliminating slip under such high levels of demand.
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7.4.4  Global Joint Shear Response
The joint shear response of the headed reinforced joint (B1) was more ductile than the spirally reinforced

joint (B2). The joint shear stress-strain response was computed in a manner consistent with Group A (see
Chapter 3). The shear stress-strain responses are presented in Figure 7-28 and Figure 7-29. By the end of
the test, the joint potentiometers used in B2 reached their maximum stroke. Therefore, response curves are
truncated over this range. The negative loading direction is used to develop backbone curves of the

response as shown in Figure 7-30.

The joint shear behavior of B1 is superior to that of B2 (Figure 7-28). Specimen B1 sustains the peak shear
force through shear strains as large as 0.023. Specimen B2, in contrast, loses a large degree of its capacity
after the maximum load capacity of the system is exceeded. This is consistent with the test observations,
which indicated that the headed reinforced joint remained confined, while the spirally reinforced joint did
not. The difference in behavior is clearly visible in the backbone curves (Figure 7-30). Recall that
backbone curves are developed by taking the intersection of the first cycle of displacement group (i) with
the second cycle of displacement group (i-7). In comparison with Group A (Figure 6-23), the behavior of
Group B specimens is highly inelastic. In Group A, maximum shear strains of 0.003 were recorded; in

Group B the shear strains reached 0.03, which is an order of magnitude greater.
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Figure 7-30: Joint shear response backbone curves

7.4.5 Summary of Global Behavior
In both cases, B1 and B2, joint failure controlled the ultimate response of the specimen. Column damage

consisted of flexural and shear cracking and minor spalling on the extreme faces; buckling of the column
reinforcement did not occur. Splitting failure of the beam edges occurred in the vicinity of the joint as well
as spalling of the top of the cap beam. Overall system strengths were comparable, with Specimen B1
having a slightly higher yield and peak tip load than Specimen B2. Visual inspection indicated that the
spirally reinforced joint (B2) underwent significant joint shear damage. The headed reinforced joint (B1)
appeared better confined, exhibiting a more ductile shear-type failure. Maximum joint shear strains were
approximately 0.03 radians for B1 and 0.015 radians for B2. The component contributions to the total drift
indicated that the joint damage of Specimen B2 was not confined to the column width but extended into the
beam. The spiral was more effective in limiting slip of the column reinforcement from the joint.
Nevertheless, the measured slip in both specimens was on the same order of magnitude, and contributed
significantly to the global drift. The localized strain distributions, bond, force transfer mechanisms, and the

effectiveness of each reinforcement strategy are investigated in more detail in the next section.
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7.5 Local Demand on Group B Subassemblies
Local demand is evaluated based on the strains on the reinforcement at increasing levels of drift. Strain

was measured throughout the subassembly with the surface-mounted strain gages. These gages allowed for
an evaluation of the bond anchorage capacities of the column and beam reinforcement, as well as the
effectiveness of the two joint reinforcing strategies. Local measurements on the reinforcement support the

global observations in the previous section.

751  Column
The strains measured on the column reinforcement of the two specimens were similar. The tensile and

compressive strains were measured along the exterior reinforcement at increasing levels of drift (Figure 7-
31 and Figure 7-32). The tensile and compressive responses for both subassemblies compare well under
both elastic and inelastic demand levels. Initiation of tensile column yielding (within the joint region) is
clearly noticeable during the 1.7% drift level. Compression yielding (outside the joint region) did not occur
until the following cycle group to 3.4% drift. Note that tensile yielding was indicated to occur first in the
cap beam and compressive yielding begins within the column. It is plausible that tensile yielding actually
occurred first in the column but was not recorded; more gages were needed at the interface to capture the
onset of yielding in the column because of the rapid change at the interface. In terms of effectiveness of the

two joint details, both appear to provide comparable levels of anchorage capacity.

Location in Column and Cap Beam (in.)
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—4&—B20.22% —&— B2 0.90% —e—B21.16% Yld. —e—B21.72% —X%—B23.47%

Figure 7-31: Tensile column reinforcement strain distribution at increasing levels of drift
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Figure 7-32: Compression column reinforcement strain distribution at increasing levels of drift

The inferred bond capacities were lower than expected in both subassemblies (Figure 7-33). Bond stresses

between 204/ f'c and 30 4/ f'c were estimated (see Section 6.2.1 for description of procedure for estimating

bond stresses). This is lower than the maximum bond stress of 404/ /"¢ assumed in the conceptual model.

Consequently, the column bars were unable to accommodate the anchorage demands, resulting in the
measured slip. The distribution of bond forces along the tensile column reinforcement was consistent with

the conceptual model and the bond stresses measured in Group A. The stresses are relatively low, between
5and 104/ /"¢ psi, at the beam-column interface and within the lower half of the joint, and increase rapidly

toward the top of the cap beam. The maximum bond stresses are comparable to the maximum stresses
measured in Group A. The assumed increase in the peak bond stress capacity as a result of the higher cap

beam compressive stresses was not correct. The bond stress capacity in B1 was lower than that of B2. At

the 3.5% drift level, Specimen B2 reached a bond stress capacity of 27,/ f'c psi while Bl reached a

capacity of 214/ f'c psi. This indicates that the joint hoops used in B2 provided superior anchorage to the

headed bars in B1, supporting the lower slip measured in B2. In summary, if bridge geometry requires a
short development of the column bars and congestion limits the use of hooks or headed reinforcement, the
joint spiral should be used. In all other cases, headed transverse joint reinforcement will provide

comparable levels of response, with less congestion.
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Figure 7-33: Tensile column reinforcement bond distribution at increasing levels of drift
(Note: f'. in units of psi)

7.5.2 Beam Reinforcement Anchorage
Strain measurements were recorded along the primary beam longitudinal reinforcement. Figure 7-34

presents the values measured on the primary negative, secondary negative, and positive reinforcement at
increasing levels of drift. The horizontal axis represents the location along the bar; the origin is at the

center of the joint and +/- 14 in. is at each side of the column face.

The strain readings indicate that the beam longitudinal reinforcement is not adequately developed within
the joint. This behavior is apparent on the secondary and primary (top) negative reinforcement. Tensile
strains produced by flexural action on the right side of the joint are transferred to the left side without
noticeable decrease. This pull-through may be attributed to inadequate vertical reinforcement. The limited
amount of vertical reinforcement results in insufficient tie-down force acting to confine the beam
longitudinal reinforcement, thus reducing the bond capacity. The positive (interface) reinforcement, in
contrast, behaves according to conventional flexural assumptions: the right portion of the beam is in
compression as a result of negative flexure and the left is in tension as a result of positive flexure. At the
interface, the beam longitudinal reinforcement is able to develop its tensile forces within the joint width due
to the large compression force produced by the column flexural response. This compression force provides
an active confining stress allowing the interface bars to develop a high amount of bond stress within the
joint.

Measurements revealed two regions of unexpected response on the longitudinal reinforcing steel within the
joint. The first region occurs on the secondary negative reinforcement in the center of the joint. Specimen
B1 exhibited a sharp increase in tensile strain in this region after the yield drift level. Similar behavior was
measured on Specimen B2. After the occurrence of the 3.5% drift level, the measured tensile strain rapidly
increased beyond the resolution of the gage. Thus while the 6% and 7% drift levels do not illustrate the
increase, it did occur. This increase in tensile strain at the center of the joint could be attributed to shear
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failure of the joint. As shown in Figure 7-10(e) shear cracking crossed the secondary reinforcement in this
region. Thus this tensile spike could be attributed to the joint shear failure of the specimens. The second
region occurs on the interface reinforcement on the right column face. In this region, Specimen B2
undergoes a high tensile excursion when a compressive response is expected. This is attributed to

permanent tensile strain hardening on the preceding positive moment application.
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Figure 7-34: Beam longitudinal bar strain along cap beam/joint
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753 Joint
The joint horizontal transverse reinforcement in Specimen B1 is highly activated (Figure 7-35). Yield is

reached throughout the depth by a drift of 3.5%. Yielding of the interface lateral reinforcement begins on
the south face of the joint near the tensile column reinforcement. This leads to permanent tensile strain on
the following displacement to 7% drift. The high levels of strain measured on the lateral reinforcement at
the top of the joint can be attributed to the anchorage of the beam longitudinal reinforcement. The demand
on the lateral bars running parallel to the joint is less than the demand on the bars running perpendicular.
Nevertheless, both types of horizontal transverse bars yield. The longitudinally oriented bars are strained

the highest at mid-beam depth indicating their participation in resisting diagonal crack opening.
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Figure 7-35: B1 horizontal joint transverse reinforcement response at increasing levels of northern drift

The joint hoops in Specimen B2 behave in a similar manner to the transverse reinforcement in Bl
(Figure 7-36). Anchorage of the column tensile longitudinal reinforcement led to high strains on the joint
hoops near the soffit on the tensile joint corner, i.e., the south joint face in Figure 7-36. This is consistent
with the conceptual model used in design. Strains then decrease as the forces are developed in the joint.
On the compression corner, the tensile hoop strain demand is considerably less. At the top of the joint, the
reverse behavior is noted, with high tension on the north joint face and lower values on the south. This
action is most likely attributed to the anchorage of the beam tensile reinforcement at the top north corner of
the joint. The strain on the hoops at the face of the joint indicates that the spiral is active in resisting the

joint shear.
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Figure 7-36: B2 horizontal joint hoop reinforcement response at increasing levels of northern drift

7.5.4  Summary of Local Behavior
The two joint designs provide similar resistance to shear demands and anchorage capacities. The bond

demand provided by the spiral was superior to that of the headed reinforcement strategy, although the
anchorage capacities were on the same order of magnitude. The peak bond stress of 40/ /"¢ [f'c in psi]
assumed in design was not reached. Instead, the level of bond stress achieved in Group B was similar to

that of Group A, i.e., in the range of 20-30 +/ /"¢ [f'c in psi].

7.6 Finite Element Modeling
To supplement the experimental results, finite element investigations were conducted. Three-dimensional

nonlinear finite element models were developed using the as-built dimensions and measured material

properties. The modeling techniques are discussed in detail in Chapter 4.

7.6.1  Correlation with Experimental Results
The load-displacement responses from the finite element analysis compare well with that of the tested

subassemblies (Figure 7-37). However, the computational models produce a stiffer response than the
experimental models. Since finite element modeling typically underestimates flexural deformation [Cook
1989] and the initial stiffness is controlled by the flexural column response, this underestimation is

expected. The models do not directly account for slip of the reinforcement; consequently the load-
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displacement response does not decrease in capacity. Instead, the strength continues to increase as the
column reinforcement strain-hardens. Consequently, comparison with the experimental measurements is

only appropriate to a displacement of 4 in., i.e. up to the peak load.
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Figure 7-37: Group B load-displacement comparison

7.6.2  Evaluation of Displacement Contributions
Using the finite element results, the contribution of the various displacement components to the total tip

displacement was evaluated. Both specimens B1 and B2 follow the same trend (Figure 7-38). At low
demand, the column flexural behavior and the beam and column shear response control the tip
displacement. As inelastic damage initiates, in the form of column flexural cracking, the contribution of
the column and beam shear response becomes a smaller percentage. At this point, the column response
controls the drift. Shortly afterwards, the cap beam forms flexural cracks thus increasing the beam
contribution. This is followed by yielding of the column reinforcement, which controls the remainder of

the response.

Figure 7-39 presents the experimental response previously discussed in Section 7.4.2. To provide
comparison with the computational model, the slip component and the flexure are combined. Recall that
the experimental displacement component calculations are determined from external instrumentation,
which had reduced accuracy at low levels of displacement. Nevertheless, the resulting trends of the
experimental models are similar to that predicted by the computational models. This lends support to the

use of the computational modeling techniques.
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Throughout the displacement history, calculated joint shear deformation does not contribute significantly to

the global deformation. While this indicates that total joint failure has not occurred, it does not preclude

significant joint damage.

To evaluate the joint response, the load transfer mechanism and shear strain

behavior are evaluated using the analytical models.
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7.6.3

Predicted Joint Response

The finite element analysis reveals that a principal compressive strut is a predominant contribution to load

transfer in both joints. The principal compression strut is most highly activated within the column core
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(Figure 7-41). The level of principal compressive stress measured in Specimen B1 indicates that the entire
joint width is activated in transferring force across the joint (Figure 7-41(a) through Figure 7-41(c)). High
levels of compressive stress are prevalent both in the interior and on the face of the joint. In Specimen B2,
the compression forces are confined to the joint column core and are most highly activated around the
spiral reinforcement and not at the joint center (Figure 7-41(d) through Figure 7-41(f)). This produces
lower principal compressive stresses at the interior of joint B2. The headed transverse reinforcement
activates a greater percentage of the joint width, while the use of joint hoops limits the compressive strut

transfer to the circumference of the spiral (hoops).

The limited width of the compression strut in Specimen B2 is due to the high tensile strains present near the
face of joint. Because of the lack of transverse hairpins, the core of the joint becomes dislocated from the
cap beam. This is evident in the high principal tensile strains visible in B2 and not in B1 (Figure 7-42).
This supports the experimental results, which indicated that the cap beam face delaminated from the core in
Specimen B2 and remained confined in B1 (Figure 7-40). This dislocation manifests itself in the high

tensile strain and low compressive stress measured outside the column core.

T — _/.’f- VAL . ,
(a) Specimen B1 at end of test (b) Specimen B2 at end of test

Figure 7-40: Lateral joint dilation of Group B specimens
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(b) Vertical section at face — B1 (f) Vertical section at face — B2
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Figure 7-42: Principal tensile strain mapping along compression strut

To evaluate the effectiveness of the two joint details, joint shear strain response is compared. Joint shear
strain was computed using the global deformations of the joint; the procedure is outlined in Chapter 3. For

consistency, the same techniques were used for both the experimental and analytical models.
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The estimated joint shear strain at increasing levels of lateral load correlate well with the measured
experimental response (Figure 7-43). The finite element response is able to model the general trend of the
experimentally determined shear response. Both the elastic response and decrease in stiffness due to the
initiation of diagonal cracking are represented. In addition, the stiffness increase and eventual yielding due
to the activation of the transverse reinforcement crossing the cracks are properly modeled. In the
experimental subassemblies, shear strain was measured externally using linear potentiometers (see Chapter
3). The potentiometers were fastened to steel rods that passed laterally through the thickness of the joint.
As a result, the shear strain measured in the experiment is a combination of the internal and external shear
strain. Two computational shear strain responses are presented for each specimen: the shear strain
measured on the face of the joint and the shear strain measured at the center of the joint. These two
responses envelope the experimental response, lending support to the accuracy of the computational model.
The finite element models, however, do not show the significant plastification measured in the experiment.
This is most likely a result of the modeling techniques used, which did not account for slip. In both
specimens B1 and B2, large slip of the column longitudinal reinforcement was recorded (see Section 7.4.3).
At the 4-in. displacement level, slip on the order of 0.25 in. was measured. This slip most likely resulted in
an allowance for further joint crack openings and shear strain. Since slip is not accounted for in the finite
element model, the model in its current state cannot be used to estimate the behavior of the system under
these conditions. Extrapolation of the finite element results to develop design rules using the current model
can be conducted provided that the assumption is made that slip will be prevented in the design with proper

development lengths, hooks, or headed longitudinal column reinforcement.
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Figure 7-43: Lateral load versus joint shear response of Group B specimens

The analytical shear strain response calculated at the face and center of the joint indicates that the headed
transverse reinforcement is more effective in activating the entire joint width (Figure 7-44). In both the
spirally reinforced joint system (B2) and the headed reinforced joint system (B1), the shear strain response
measured at the center and face of the joint was similar. A shift in the response of B1 occurred early in
loading, mostly likely a result of earlier initiation of shear cracking. Nevertheless, the tangent stiffness of
the two responses were similar. The difference in shear strain through the thickness of the joint indicates
that the joint does not respond uniformly. The greater the deviation between the center and face, the less
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effective the joint is in being effectively utilized. Throughout the load history, the spirally reinforced joint
exhibits a greater deviation between the percentage of shear strain measured at the face and that measured
at the center. Thus, the spirally reinforced joint was less activated in shear than the joint confined with
headed bars. This supports the experimental observations and previous analytical data presented which

indicated that the spirally reinforced joint core becomes dislocated from the face of the cap beam.
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Figure 7-44: Analytical joint shear stress-strain response

7.6.4  Summary of Finite Element Analysis of Joints Subject to High Demands
The finite element modeling techniques used are reliable in predicting the global and local behavior of

beam-column subassemblies up to the initiation of slip. Both the global load-displacement response and
the joint shear strain responses were similar to the experimental behavior. The discussed finite element
techniques provide a viable tool for evaluating joint design strategies and conducting parametric studies.
The only detraction is that the described techniques do not account for slip. The assumption is made that
slip of the column reinforcement will be prevented using adequate development lengths, hooks, or the use
of headed reinforcement, and thus allowing the use of the presented finite element models for further

studies to properly design beam-column joints as discussed in Chapter 8.

7.7 Conclusions of Group B
The conceptual design model was not entirely effective in estimating the load transfer mechanism. The

primary discrepancy stems from the assumption of 40 4/ /"¢ psi bond stress capacity for the tensile column

bars. This was not achieved and instead the bars slipped excessively after reaching a maximum bond stress
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in the range of 20 to 304/ /"¢ psi. The conceptual model was effective in estimating the demands on both

the spiral and headed transverse reinforcement. The development of the beam reinforcement at the top of
the joint led to variations in the transverse reinforcement strain distributions. This fact imposed difficulty

in direct evaluation of the model.

The use of just spiral reinforcement in the joint region allowed for superior anchorage of the column
reinforcement in comparison to the use of lateral joint transverse reinforcing bars only. Since the spiral is
in contact with all the developed column reinforcement, it was more active in resisting slip by providing
local anchorage. However, the sole use of the spiral resulted in poor activation of the cap beam width. In
this case, the lack of horizontal transverse bars led to delamination of the column joint core from the cap
beam face. Therefore, compressive strut transfer was confined to the interior of the column core and less

shear strain occurred on the face of the joint.

The use of headed transverse reinforcement improved activation of the entire cap beam width.
Experimental observations showed that the joint remained laterally confined at the ultimate level. This was
supported by the analytical model that showed improved activation of the joint face in resisting applied

shear stresses and improved the compressive strut mechanism.

7.7.1  Joint Design Concept
The preceding experimental and analytical investigations suggest that the joint reinforcement should

consist of a quantity of vertical transverse reinforcement and horizontal hairpins. While the spiral led to
improved bond of the column bars, the improvement was not dramatic, with the headed reinforcement also
being effective in providing bond. Therefore, it would appear that no spiral reinforcement is necessary.
However, tests on joints designed to avoid bond failure of the column bars and reinforced only with the
headed bars are needed to verify this hypothesis. To activate the large cap beam widths used in current
construction, horizontal lateral reinforcement (hairpins or headed bars) should be installed. In addition,
vertical transverse reinforcement should be placed throughout the cap beam with higher concentration
along the center of the joint to limit damage. This can be accomplished by developing a relationship
between the quantity of vertical reinforcement and the maximum tensile strain in the joint at ultimate
response. Chapter 8 conducts parametric investigations on a joint geometry typical of California

construction and recommends quantities of joint reinforcement to be used.

181



8 Bridge Joint Reinforcement Requirements

Bridge joint designs should be constructable, efficient, and provide enough strength and stiffness such that
only limited damage occurs under the ultimate demand. As a means of developing these ends, the
analytical models are used to investigate the effect of other reinforcement details on joint performance. In
addition, the experimental behavior coupled with the analytical results is used as a means of developing
suggested damage limitation criteria for joint reinforcement requirements. It should be stressed that the
computational models used in this study do not allow for slip of the reinforcement. While these models are
only applicable to situations where slip is limited using adequate development length, hooked, or headed
reinforcement, the models nevertheless form a solid basis for design guidelines and further refined

computational studies.

8.1 Damage-Based Design Criteria
Results presented in Chapter 6 demonstrate that current joint designs are capable of resisting design forces.

However, the methods may not always result in the most efficient designs. Current design procedures are
based on force transfer models that do not directly address the associated level of deformation.
Furthermore, inherent in the use of the most common force transfer model, the strut-and-tie model, is
damage; cracks must form so that forces can be distributed to the tensile ties and compression struts. The
problem with neglecting these issues is that the joint will either be over-reinforced or under-reinforced and
subjected to an unknown amount of damage. First, the joint can be over reinforced (inefficiently
reinforced) due to neglecting the presence of existing reinforcement such as cap beam skin and longitudinal
reinforcement or simply from the use of large overstrengths. Consequently, the intended compression
struts and tension ties do not form, producing an inefficient design. The second possibility is that the
intended mechanism is reached. In this case, the joint becomes damaged; cracks form and joint tension ties
become highly activated, i.e., yielding of reinforcing steel takes place. The joint is not only damaged, but
also the damage level expected is difficult to determine. Thus, the use of current joint requirements could

result in an ineffective design or an inefficient design.

To overcome these shortcomings, bridge beam-column joint requirements can be based on a criterion of
limiting joint damage. This ensures that the intended yield mechanisms can form without loss of joint
capacity, and with minimal and predictable damage to the joint region. To accomplish this goal, damage-
based requirements can be adopted. As a means of developing such requirements, a finite element
investigation was conducted. The prototype used in the study is based on a joint configuration typical in
California. Construction details are discussed later in this section. Joint reinforcement is assumed to
consist of two quantities of reinforcement: horizontal bars running transverse to the cap beam and vertical

bars running through the depth of the joint. Joint spiral reinforcement is not used.



Joint performance of the model is based on two criteria: the entire joint width shall be active in resisting the
shear deformation, and the growth of principal tensile strains will be limited after yield. Reinforcement
requirements are determined by satisfying these criteria at a target displacement ductility for the bridge
bent. At this level of displacement demand, the joint should have compatible shear deformation on the face
and center of the joint. This ensures that the entire joint width is active in providing resistance to the
applied demand. To accomplish this, the quantity and arrangement of lateral reinforcement (out-of-plane
headed bars) required to produce the same joint shear strains on the interior and exterior were determined.
Similarly, an acceptable damage level, in terms of calculated principal tensile strain at the center of the
joint, was chosen as the target demand. The quantity and arrangement of vertical reinforcement was

modified until the growth in the principal tensile strain after cracking was below an acceptable level.

8.1.1 Typical Bridge Joint Geometry
The studied bridge bent configuration is the same as that used for Group A (Table 3-1 and Figure 3-2). The

geometry and longitudinal requirements represent typical values found in California construction based on
the database presented in Appendix A. The study is conducted at 3/8 scale to conform to the models used

in preceding chapters.

8.1.2 Finite Element Model Configuration

All parametric studies conducted in this chapter are based on 3D finite element analyses. The finite
element techniques used are the same as those used for Group A (Chapter 4). The constitutive models and

finite element parameters match those used for Specimen A2.

8.2 Target Displacement

The target displacement was determined from Caltrans recommendations and experimental results. The
bridge system under consideration consists of a reinforced concrete box-girder deck with multi-column
bents. Large diameter columns are used with high quantities of spiral reinforcement. Caltrans recommends
a ductility risk reduction factor of 8 for this structure. As discussed in Chapter 6, a displacement ductility
(u,) of only 7.7 was achieved, where yield displacement is defined as the displacement corresponding to
initiation of yield in the column longitudinal reinforcement. While additional ductility may have been
reached with less cyclic loading on earlier cycles, a displacement ductility of 8 can be considered a

practical upper bound.

While direct usage of the Caltrans recommended ductility might be appropriate for column response, the
ductility corresponding to the ultimate load would provide a better evaluation of the ultimate joint response.
At this level, the joint is subjected to the highest demand. Specimens Al and A2 reached their ultimate
load at displacement ductility, u,, of 6.0 and 5.4, respectively. To be conservative, the target displacement
value was assumed to be equal to a 4, of 6.0. Since the bridge mechanism (plastic hinging) forms in the

column adjacent to the cap beam, the displacement ductility of the column was used. The prototype model
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(Specimen A2) reached this level of y, at a displacement of 7.8 in. This displacement is used as the target

displacement for the study conducted in this chapter.

8.3 Horizontal Transverse Joint Reinforcement Requirements
To decrease the levels of joint shear stress present in bridge beam-column joints, codes recommend an

increase in the width of the cap beam. Caltrans BDS [1994], for example, recommends that the cap beam
be 2 feet wider than the column diameter. While this may increase the gross geometry of the joint, it does
not ensure that the entire joint width will be active in resisting joint shear. To activate the face of the joint,
horizontal hairpins can be used. This section evaluates the appropriate arrangement and quantity of
horizontal ties (lateral reinforcement) required to effectively activate the entire joint width. Activation is
determined by comparing the joint shear strain at the center and face of the joint. Convergence of the joint
shear strains correlates to a greater degree of activation, with equal levels of joint shear strain (internally

and externally) representing complete activation.

8.3.1 Current Lateral Reinforcement Requirements
Caltrans requirements result in a heavily reinforced joint (Figure 8-1). The lateral joint reinforcement

consists of both hairpin/headed and spiral reinforcement. The arrangement used in the experimental
investigation consisted of a dispersed array with concentrations at both the interface and top of the joint,
near the extremities. This was done to assist in confining the joint at the interface (i.e., where the tensile
column bars pull out). In addition to the lateral reinforcement, spiral reinforcement is continued into the
joint from the column plastic hinge region, and vertical reinforcement is distributed in the joint. The
combination of all these requirements produces a high level of congestion leading to constructability
problems. To address this issue, this section studies the effectiveness of the spiral and lateral reinforcement

on joint response.

Caltrans requirements produce incompatible shear strains between the exterior and interior of the joint.
Figure 8-2 compares the joint shear strain, computed on the exterior and interior of the finite element model
(Figure 8-3), with the subassembly drift. These results are obtained from the analysis of Specimen A2.
The goal of the parametric study is to determine an acceptable level of deviation between the interior and

exterior shear response of the beam-column joint.
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Figure 8-3: Shear strain deformations

8.3.2  Distribution of Lateral Reinforcement
The effectiveness of lateral reinforcement distribution on joint response was studied. The distribution was

varied from that used for Subassembly A2. In addition to the Caltrans prototype (Model A representing
Subassembly A2, Figure 5-5), four distributions of lateral reinforcement are studied (Table 8-1). As
discussed in Chapter 6, headed lateral bars provided comparable, if not superior, behavior to that of
conventional hooked (hairpin) bars. Furthermore, the primary resistive force of headed transverse
reinforcement is along its axis. This provides a means of applying a localized discrete resistance to lateral
deformation, allowing for a straightforward evaluation of transverse reinforcement strategies. Therefore,
headed transverse reinforcement is used in the following studies. As discussed in Chapter 7, the joint spiral
was ineffective in resisting joint shear and improving lateral compatibility. This is further justified in the
following parametric studies on lateral and vertical joint reinforcement. In the distribution study, the
volume of lateral joint reinforcement is kept constant between models. To account for the variation in the

number of lateral reinforcement bars, the areas of the bars are altered.
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Table 8-1: Lateral reinforcement details
(All distributions have the same volume of lateral reinforcement)
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The joint shear strain at the target displacement is affected by the use of the joint spiral or lateral
reinforcement arrangement; however, the effect is not significant (Figure 8-4). The presence of the joint
spiral decreases the interior joint shear strain and increases the exterior shear strain. The difference relative
to the internal joint shear strain is small, changing from 25% to 35%. While this may appear large, the
corresponding quantity of reinforcement removed is significant. In this case, the benefits to
constructability far outweigh the marginal increase in internal joint shear strain. Furthermore, a variation in
the arrangement of the bars provides an effective substitute for the spiral. Model C, for example, while

easier to construct than Model A, still provides a comparable variation in internal and external shear strains.
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Figure 8-4: Effect of lateral reinforcement distribution on compatible joint response
Activation of the joint face is best achieved by placing lateral bars in the width of the column core. To
actively resist column pullout, experimental results show that a higher concentration of bars should be
placed at the beam-column interface. The small variation between models D and E shows that the number
of bars within the joint does not significantly alter the activation of the joint. Consequently, distribution E

was chosen as the ideal distribution, providing adequate activation with superior constructability.

8.3.3 Quantity of Lateral Reinforcement
The quantity of lateral joint reinforcement notably affects the behavior of the joint. To compare the effect

of the quantity of reinforcement, the distribution presented by Model E was modified. Variations in the
quantity of lateral reinforcement from 0 to 1.3As.,m, Were studied (Table 8-2), where Ascoum, equals the

total area of column longitudinal reinforcement.

Table 8-2: Parameters used in the investigation of quantity of lateral reinforcement
Area of each lateral bar Total‘ area of lateral Total‘ area of lateral
. 2 reinforcement reinforcement
(ln. ) (in-Z) (% OfAscolumn)
No lateral bars 0.00 0 %
0.023 0.46 3%
0.120 2.30 16 %
0.230 4.60 33 %
0.460 9.10 65 %
0.920 18.40 131 %

Activation of the joint is directly related to the amount of lateral reinforcement used. Figure 8-5 presents

the internal and external joint shear strain response as a function of tip displacement for different levels of
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lateral reinforcement. The joint shear strain-displacement response follows a consistent trend. Up to the
initiation of column yield, the internal and external joint response is comparable. After yield, the internal

and external joint responses diverge. At this demand, the external portion becomes less effective.

Activation of the joint width is dependent on the amount of lateral reinforcement. As the quantity of lateral
reinforcement is increased, the external joint shear strain increases and the internal joint shear strain
decreases. Of the two, the external joint shear strain is more sensitive (Figure 8-6). As the level of lateral

reinforcement is increased from zero, the external joint shear strain rapidly increases.

To directly evaluate the level of reinforcement required to activate the joint, an activation index, [, is

defined at the target displacement as

I = 1 = [(Vor Yoxt)i / (Vo Yoxt)o] (8-1)

Where (%.-%u): is equal to the difference in external and internal joint shear strain for level of
reinforcement i, and (%, %.)o is equal to the difference in external and internal joint shear strain for the
case of no lateral reinforcement. I; has a value between 0 and 1. I; equal to O corresponds to lowest level
of joint activation (i.e., the case of no lateral reinforcement (¥~ %) =(Yur Yex)o)> I €qual to 1 corresponds

to complete activation of the joint width (i.e., (¥~ %.)=0).
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Figure 8-5: Effect of quantity of lateral reinforcement on compatible joint response
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Activation is greatly improved by small levels of lateral reinforcement (Figure 8-7). Once the quantity of
lateral reinforcement exceeds 25%As qoumn, the benefit of additional bars diminishes. Increasing the level of
lateral reinforcement from 33%AsS umn t0 65%AS onmn increases the activation index by only 0.07. To
achieve significant activation of the joint, a high quantity of lateral reinforcement is required, possibly on
the order of 4 or 5 times AScoum.- Since 100% activation (/;=1.0) is not feasible and possibly not
obtainable, an activation index of 0.6 is recommended. At this level only 33%As ..., 1S required as lateral
reinforcement, thus constructability is not adversely affected. Higher activation can be achieved, but at the

expense of joint congestion.
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Figure 8-7: Joint activation index as function of quantity of lateral reinforcement

8.34 Summary of Horizontal Transverse Joint Reinforcement Requirements

The analytical study presented in Section 8.3.2 shows that joint activation is not significantly affected by
the removal of joint spiral. This correlates with the experimental findings of Group B. Consequently, it is

recommended to eliminate the joint spiral as a means of improving joint constructability.

Distribution of lateral reinforcement was most effective when bars were placed within the column core.
Furthermore, in the experimental program it was shown that a concentration of lateral bars at the beam-
column interface assisted in resisting yield penetration. Additional bars should be placed on the periphery
of the joint adjacent to the extreme column reinforcement. This assists in both resisting pullout along the
longitudinal column bar length and in improving confinement of the beam compression forces. An

effective distribution is shown in Table 8-1, Model E.

Based on a target displacement ductility of 6.0, the effectiveness of the joint was evaluated for different
levels of lateral reinforcement. Effectiveness was determined by evaluating the variation between the
internal and external shear strains using a quantitative characterization through a defined activation index
I;. Based on this criterion, it is suggested that 33% As.u.m, might be sufficient to use as lateral

reinforcement.

84 Vertical Transverse Reinforcement Requirements
The effect of the vertical joint reinforcement on joint damage is studied in this section. Damage is

evaluated using the magnitudes of the shear and principal tensile strain in the joint. Principal tensile strains
directly correlate to the amount of cracking, and thus provide a good criterion for damage.

Recommendations on the arrangement and quantity of vertical reinforcement are developed.
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Figure 8-8: Plan view of vertical joint reinforcement layout Model 1
To determine the sequence of the parametric investigation on vertical reinforcement, two variations of the
Caltrans prototype model are examined. The Caltrans prototype matches the design used for Subassembly
A2 (Chapter 5). The joint reinforcement used in this model contains an area of vertical reinforcement, Av
(Figure 8-8), horizontal reinforcement, Ah (Figure 8-1), and the continuation of the joint spiral from the
column plastic-hinge region. In the first variation, the joint spiral is removed to directly assess the benefit
of the spiral. The second variation looks at the response of the joint with no spiral, vertical, or horizontal
transverse reinforcement. This model relies only on the joint concrete and the longitudinal column and
beam reinforcement for lateral resistance. Consequently, the model bounds the ultimate level of damage

that could be expected for the prototype joint geometry.

As discussed previously, joint response is not significantly affected by the presence of the joint spiral. Joint
reinforcement reduces the average shear strain measured on the interior of the joint as expected, which
lends confidence to the analytical modeling techniques (Figure 8-9). The removal of the spiral from the
prototype reinforcement arrangement results in only 8% increase in the level of shear at the target
displacement. Similar behavior is observed in a comparison of the principal tensile strains measured on the
face of the joint (Figure 8-10). In this case, the removal of the joint spiral does not affect the level of
external tensile strain. It should be noted that the complete removal of joint transverse reinforcement
results in a progressive increase in the measured external principal tensile strain. This validates the
necessity of transverse joint reinforcement in reducing external joint damage. The greatest variation in
behavior occurs with the internal principal tensile strain (Figure 8-11). In this case, the tensile strain is
notably affected by the presence of the spiral. This can be attributed to the confinement action provided by
the spiral. While this action can be considered beneficial, the goal of this investigation is to find a means of
reducing damage, and improving constructability. Since the removal of the spiral is not detrimental to the
behavior (i.e., removal does not result in a progressive increase of strain), but results in only a marginal
increase of internal principal tensile strain (0.00202 to 0.00272 at the target displacement), the spiral is

recommended to be discontinued at the beam-column interface.
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Figure 8-9: Effect of joint reinforcement on interior joint shear strain
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Figure 8-11: Effect of joint reinforcement on interior joint principal tensile strain

8.4.1 Distribution of Vertical Reinforcement
The prototype is compared to the response of two variants (Table 8-3), one with all vertical reinforcement

placed on the exterior of the joint (Model 2), and the other with all reinforcement placed on the interior of

the joint (Model 3). The effect of the distribution variation on activation of the entire joint width and
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limiting damage are evaluated. In both cases, a constant level of horizontal transverse reinforcement equal

to the recommended level (Section 8.3) is used.

Table 8-3: Vertical joint reinforcement details (plan views)

] OO C—0O O— 0O OO i — ]
; () Or—CO) O—O ( ; ;; ;
i i — S S i
N [ 1 DI o 17U O O U1 O D
& = | = =,
| [ ] T lo 1o o o ol_o |
- [ | — - - -
00— 0oO—01— | i =
o oo o OO OO | 0= u
Vertical joint reinforcement, Model 2 Vertical joint reinforcement, Model 3

Distribution of vertical reinforcement has minimal effect on joint deformation. The placement of
reinforcement on the face (exterior) of the joint marginally increases the level of internal joint shear strain
from that of the distributed response. Interior placement of vertical bars provides the lowest measured
interior shear strain, however, the variation is not significant (Figure 8-12). At the target displacement of
7.8 in. (1,=6.0), the external joint shear strain is unaffected by vertical reinforcement distribution. Prior to
column yield, however, the removal of vertical reinforcement from the face of the joint notably increases
the magnitude of exterior joint shear strain. This can be attributed to the resulting decrease in the external
joint stiffness. This effect, nevertheless, is short lived. Continued yielding of the column results in a rapid
redistribution of the external shear strain. The principal tension strain in the joint is also marginally
affected by the distribution. As expected, the removal of the external vertical reinforcement increases the
external tensile strain, and removal of the interior vertical reinforcement increases the interior tensile

strains. The change in strain in both cases is small, on the order of 0.0003 (Figure 8-13).

Distribution of vertical reinforcement does not significantly affect either the level of joint shear strain or the
level of principal tensile strain measured at the center or exterior of the joint. Thus with the focus of
limiting deformation and damage, any distribution can be used. Although it is not directly addressed in this
study, a distributed arrangement (Model 1) is suggested. This will provide improved anchorage of the top

beam reinforcement, allowing development within the column core (Chapter 6).
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Figure 8-12: Effect of vertical joint reinforcement distribution on joint shear strain
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Figure 8-13: Effect of vertical joint reinforcement distribution on principal tensile strain
8.4.2 Quantity of Vertical Reinforcement
The quantity of vertical joint reinforcement affects the magnitude of damage on the interior of the joint.
Comparison of principal tensile strains, &/, for the cases of no vertical reinforcement, prototype
reinforcement distribution, and varying quantities of vertical reinforcement are presented (Figure 8-14). In
all cases, the recommended level of horizontal reinforcement is used (Section 8.3). Under these conditions

no significant variation in internal or external joint shear strain occurs.
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To evaluate the resistance of each level of reinforcement to joint degradation, a factor I, is developed. The
level of degradation is defined relative to the increase in the measured principal tensile strain, £/, between

subassembly yield and target displacements. The degradation factor is equal to

Is = (el target™ 'glyield) / gjyield (8-2)

where a degradation factor of zero is ideal. Comparison of the degradation factor relative to the level of
vertical joint reinforcement (AV/ASc,umn) 1S shown in Figure 8-15. Based on the trend of the relationship
(i.e., quick convergence to a degradation factor of 0.6) only a low level of vertical reinforcement is
necessary. From Figure 8-15 it is apparent that increase of A, beyond 25% As.um: has no effect in
reducing degradation of the joint. To provide the most effective use of vertical bars, it is suggested that

25% AS opumn might be used.
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Figure 8-15: Influence of vertical reinforcement on joint degradation
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8.4.3 Summary of Vertical Reinforcement Requirements
Joint response is not greatly affected by the distribution or quantity of vertical reinforcement. The

parametric finite element study performed showed that a nominal level of vertical reinforcement equal to
25% As onmn might be necessary to reduce degradation of the joint. Although distribution does not have
significant effect on the joint response, it is recommended to distribute the bars evenly in the column depth

and beam width. This will improve anchorage of the top beam longitudinal reinforcement.

8.5 Simplified Damage-Based Recommendations

The parametric study evaluated a typical joint configuration. For this prototype, the following observations

and recommendations are made:

e  The use of a joint spiral marginally improves the confinement of the core and decreases the principal
tensile strain.  This small improvement in joint behavior, however, does not justify the
constructability expense. It is recommended to eliminate the joint spiral as a means of improving

joint constructability.

e  No evidence was found to support the placement of joint transverse reinforcement outside of the

column depth.

e  Lateral reinforcement is most effective when bars are placed within the column core (column depth).
Furthermore, a concentration of lateral bars at the beam-column interface assisted in resisting yield
penetration. Additional bars should be placed on the periphery of the joint adjacent to the extreme
column reinforcement. This assists in both resisting pullout along the longitudinal column bar length
and in improving confinement of the beam compression forces. An effective distribution is shown in

Table 8-1, Model E.

e To effectively activate the entire joint width, (where effectiveness was determined by minimizing the
variation between the internal and external shear strains), it is suggested that 33% As_,jm, might be

sufficient to use as lateral reinforcement

e Although distribution of vertical reinforcement does not have significant effect on the joint response,
it is recommended to distribute the bars evenly in the joint zone (the area within the column depth and

beam width). This will improve anchorage of the top beam longitudinal reinforcement.

e  Joint response is not greatly affected by the quantity of vertical reinforcement. A nominal level of

vertical reinforcement equal to 25% As .., might be sufficient to limit degradation of the joint.
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9 Conclusions and Future Work

Investigations of the behavior of reinforced concrete bridge beam-column connections were carried out to
identify their behavior and to advance models for assessment and design. Three areas are investigated: the
evaluation of current bridge design requirements, investigation of methods for improving constructability,
and the development of a recommendation for joints based on limiting damage. These objectives were
achieved through both large-scale experimental investigations of bridge connections and three-dimensional

finite element analysis. This chapter summarizes the work and results of each phase.

9.1 Review of Experimental Research
The experimental test program consisted of cyclic quasi-static testing of large-scale (3/8scale) bridge

beam-column connections. The geometry of the specimens coincided with geometry typical of California
construction. A three-column reinforced concrete bridge bent with integral post-tensioned box-girder spans
was chosen as the base structure. The test subassembly included the interior column (full height) and half
the cap beam spans on each side; the box girder was not included. The test subassemblies were constructed
and tested in an inverted position. For clarity, all future references in this conclusion will be presented with
the assumption that the experimental subassemblies are in the true bridge orientation, i.e., the soffit is
considered the bottom of the cap beam. The subassemblies were tested under increasing levels of
displacement applied at the column base, parallel to the cap beam longitudinal axis (i.e., transverse to the
bridge span). A constant gravity load of 5% of the column axial capacity was applied. The specimens

were constructed using normal weight concrete and grade 60 reinforcement.

The experimental investigation was divided up into two phases: A and B. The first phase, Group A,
consisted of four specimens: two with a circular column configuration, A1 and A2, and two with a square
column configuration, A3 and A4. The cap beam and columns were designed according to Caltrans Bridge
Design Specification. Column longitudinal reinforcement was developed straight without hooks to the rear
of the joint and beam longitudinal reinforcement were continuous through the cap beam. The joints were
also designed using Caltrans requirements; however, for specimens A2 and A4 all conventional joint
reinforcement was replaced with headed reinforcement. Joint reinforcement consisted of vertical transverse
bars in the form of beam stirrups, horizontal transverse reinforcement in the form of hairpins (U-shaped
bars for the conventional design and straight bars with heads for the headed design) inserted on both
vertical faces of the cap beam, and the continuation of the column spiral into the joint. In this phase, the
state of current design, the use of headed reinforcement within the joint region, and force transfer
mechanisms were evaluated. In the second phase, Group B, two specimens were developed to investigate
the behavior of joints subjected to high demands and reduced joint reinforcement. To achieve a higher
demand on the joint, the specimens, B1 and B2, had a reduced beam depth and significantly higher column
strength from that of Group A. As was done in Group A, the column and cap beam were designed

according to Caltrans recommendations with column longitudinal reinforcement developed straight to the



rear of the joint. Specimen B1 joint reinforcement consisted of a nominal amount of vertical bars and an
array of horizontal bars oriented transverse and parallel to the beam axis. Specimen B2 joint reinforcement
consisted of a nominal amount of vertical bars and joint hoop reinforcement. These two designs

investigated the effect of the joint spiral and further evaluated joint force transfer mechanisms.

9.2 Experimental Findings

Experimental findings show that Caltrans design requirements produce a well-behaved joint. The full
capacity of the column was developed with little damage to the joint. The beam-column subassemblies
developed a displacement ductility greater than 5.0 with column flexural plastic hinging controlling
ultimate response. In these designs, joint damage was limited to a distributed array of small cracks. The
strain readings indicated that the joint reinforcement remained elastic, and, furthermore, produced a force
distribution that does not support the intended joint design mechanism. Consequently, reinforcement was

not efficiently used.

Headed joint transverse reinforcement was equally as effective (as the conventionally reinforced joints) in
transmitting joint forces and resisting shear deformation. Comparable levels of damage occurred in the
joint reinforced with headed bars and the joint reinforced with conventional bars. Headed longitudinal
column reinforcement reduced the measured slip of the column from the joint. This behavior was
noticeable in a comparison of the two circular column subassemblies of Group A. In both specimens the
column longitudinal bars were fully developed (development length >36 d;). Nevertheless, the headed
transverse reinforcement was activated leading to a greater degree of slip resistance than the conventional
reinforcement. Based upon these experimental observations, the use of headed transverse joint
reinforcement is recommended as a means of improving joint construction, and the use of longitudinal

headed bars is suggested for systems where excessive slip may be an issue.

The strain distribution in the beam longitudinal reinforcement was not significantly affected by the details
used in the joint. Nevertheless, the strain levels exceeded those predicted by conventional flexure theory
within the joint region. In the regions adjacent to the joint the measured strains exceeded the predicted
values on the top reinforcement (i.e., close to the bridge deck) and underestimated the strains on the
interface reinforcement outside the joint region. The square or circular column configuration did not
noticeably affect this distribution of the beam strain. In all cases, the development of the column tensile
forces resulted in a localized increase in the beam strain on the interface longitudinal bars, often resulting in

localized yielding.

The behavior of the vertical joint transverse reinforcement on the interior and exterior of the joint illustrates
the three-dimensional response of the joint system. The strain distribution on the vertical transverse
reinforcement was uniform on the face of the joint. On the interior of the joint, the strain distribution

varied decreasing from a peak strain at the tensile face to a minimum at the compressive column face.
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This behavior indicates that a shear panel mechanism may occur on the exterior of the joint, while at the

same time, a principal compression strut forms on the interior of the joint.

The Caltrans design method was based on a mechanism dependent on both the spiral and out-of-plane
transverse joint reinforcement. For the current details, dilation of the core occurred most significantly at
the interface (soffit) and top of the joint. The dilation of the overall joint was greatest at the mid-depth.
Note that the demands applied to the joints of Group A resulted in minimal joint damage. The elastic strain

levels measured indicate that for these joints the levels of reinforcement used may be overly conservative.

The investigation of higher joint demand levels (Group B) has provided several conclusions with regard to
reinforcement detailing. Horizontal joint hairpins, oriented perpendicular to the beam axis, are necessary to
activate the large cap beam widths used in current recommendations. Without hairpins, the joint core can
separate from the cap beam face, decreasing the effective joint width and increasing demand on the vertical
transverse joint reinforcement. This, in turn, decreases the capacity of the joint. In addition, the vertical
reinforcement is most highly activated within the core near the location of the extreme column tensile
reinforcement. Consequently, vertical reinforcement should be concentrated in the center of the cap beam
rather than on the face of the joint. Spiral joint reinforcement provides the best resistance to slip of the
column reinforcement. Nevertheless, a well-distributed array of horizontal transverse reinforcement is
expected to provide comparable levels of slip resistance. In addition, both horizontal transverse
reinforcement and spiral reinforcement provide comparable levels of shear resistance. Therefore, the joint
system may be constructed without the use of the joint spiral, thus allowing for a decrease in the quantity of

joint reinforcement, and improved constructability.

9.3 Review of Analytical Models

Finite element modeling techniques were utilized for investigating the bridge beam-column joints. This
study was intended to complement the experimental investigation. Trilinear concrete bricks and embedded
reinforcement were used to model the specimens. This allowed for the investigation of three-dimensional
effects. The use of embedded reinforcement, however, prescribed that the reinforcement has perfect bond
and does not slip relative to the concrete. This is the only major shortcoming in the model. Constitutive
properties were modeled using the measured response of the concrete and steel from material testing.
Varieties of yield criteria were investigated. Steel behavior modeled using Von Mises yield criteria and
concrete behavior modeled with the rotating-crack concept was found to produce good correlation with test
results. The constitutive relationships were not altered to artificially produce a better match. With these
rules, the behavior of both Group A and B specimens were investigated. The models were then used for

parametric investigation of reinforcement strategies.

9.4 Analytical Findings
Analytical models were developed to expand understanding of the joint behavior measured in the

experimental program. The models provided reliable estimation of the joint response. For Group A
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specimens, the models predicted a transfer mechanism consisting primarily of a compression strut in the
interior of the joint. The strut is confined within the column core; however, additional tension ties occur
outside the joint to anchor the localized pullout of the column tensile reinforcement. The width of the strut
indicated that the placement of vertical reinforcement would be most effective within the joint core and not
on the face of the joint. The demand levels for specimens Al and A2 models, however, are below the
compressive capacity, with maximum principal compressive stresses on the order of 2.0 ksi. Under these
conditions, the joint is well behaved, and the joint reinforcement is elastic. To determine the behavior of

the joint under significantly higher demand, Group B specimens were analyzed.

Analytical investigation of Group B indicated that the use of the spiral alone decreases the effectiveness of
the joint. Large tensile strains occurred adjacent to the confined core indicating delamination of the cap
beam. This was supported by a lower amount of principal compressive stress measured on the face of the
joint. The use of lateral joint reinforcement increased the activation of the joint width, increased the
compression forces on the face of the joint, and decreased the delamination of the cap beam. The inability

of the modeling techniques to capture slip prevented complete evaluation of the shear failure mechanism.

The finite element modeling techniques used are reliable in predicting the global and local behavior of
beam-column systems where slip of reinforcement is minimal. Both global load displacements, as well as
joint shear strain response were comparable to the experimental findings. Accordingly, the used finite
element techniques provide a viable tool for evaluating joint design strategies and conducting parametric

studies.

9.5 Parametric Investigation Results
The parametric study evaluated a typical joint configuration. For this bridge beam-column prototype joint,

the following observations are made:

e The use of a joint spiral marginally improves the confinement of the core and decreases the
principal tensile strain. This small improvement in joint behavior, however, does not justify the
constructability expense. Removal of the joint spiral may be used as a means of easing joint

construction without significant impact to the joint behavior.

e No evidence was found to support the placement of vertical joint transverse reinforcement along

the cap beam on each side of the column core.

e Horizontal joint transverse reinforcement is most effective when bars are placed within the column
core (column depth). Furthermore, a concentration of lateral bars at the beam-column interface
assisted in resisting yield penetration. Additional bars should be placed inside the core on the
periphery of the joint adjacent to the extreme column reinforcement. This assists in both resisting
pullout along the longitudinal column bar length and in improving confinement of the beam

compression forces.
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e To effectively activate the entire joint width (where effectiveness was determined by minimizing
the variation between the internal and external shear strains), a quantity of lateral reinforcement
equal to 33% Ascoumn could be used (where As.op,m, i equal to the total area of column longitudinal

reinforcement).

e Joint response is not greatly affected by the quantity of vertical reinforcement. A nominal level of

vertical reinforcement equal to 25% AS om, could be used to limit degradation of the joint.

e Though distribution of vertical reinforcement does not have significant effect on the joint
response, it is recommended to distribute the bars evenly in the joint zone (the area within the
column depth and beam width). This will improve anchorage of the top beam longitudinal

reinforcement.

With the preceding requirements, a well-behaved constructable joint is expected.

9.6 Future Work
While the presented research has provided good insights, additional work should be conducted to provide a

comprehensive understanding of reinforced concrete bridge beam-column joints. This should consist of
both analytical and experimental research. Further parametric studies focusing on different geometry and
column demand levels should be conducted to complement the recommendations developed in Chapter 8.
Extension of the analytical models to include longitudinal reinforcement slip should be carried out both to
investigate the behavior of older joint systems where slip is a significant issue and to identify any

shortcomings with the presented evaluations.

Testing of Group A subassemblies resulted in an elastic joint response and inefficient use of reinforcement,
while testing of Group B resulted in inelastic joint response and high activation of reinforcement. Further
study should be conducted to bridge these results. The test program should consist of beam-column
subassemblies with Group A geometry and lower joint reinforcement quantities, as well as subassemblies
with Group B geometry and increased quantities of joint reinforcement and headed column longitudinal

reinforcement to eliminate the issue of slip.

Finally, experimental investigation of the joint system under bidirectional response should be evaluated.
This should include the box-girder span to properly determine the force transfer mechanisms under
longitudinal as well as combined longitudinal and transverse bridge response. This will provide improved
understanding of the joint behavior by addressing the formation of joint mechanisms under bidirectional

loading.

203



Appendix A

To determine a geometry and reinforcement arrangement typical of California construction, detailed
evaluations of 16 bridges were conducted (Table A-1).
techniques used in bridge bent construction. The bridges studied include two-span overpasses and long-
span viaducts. This appendix summarizes the details used in these bridges. All pertinent information was

included: the bridge geometry, the column-to-footing connection, and the quantity of secondary positive

beam longitudinal reinforcement. Unless noted, units are in kips and inches.

California Bridge Parameter Investigation

The investigation focused primarily on newer

Table A-1: Bridges studied

Bridge Name Original or |Caltrans Bridge ID| Year Approved
replacement #
bridge
East 20th St. Overcrossing Original 12-109 1963
Crow Canyon Road Undercrossing Original 33-233 R/L 1982
Crenshaw Boulevard Undercrossing Original 53-2519 1985
52nd Place Overcrossing Replacement 53-1094 1988
Imperial Highway Overcrossing Replacement 53-941 1989
McFadden Street Overcrossing Original 55-392 1990
Castro Valley Blvd. Undercrossing Original 33-202R 1991
Cottonwood Creek Bridge Original 50-47 1991
Port of Oakland Connection Viaduct Original 33-612E 1993
Gavin Canyon UC Replacement 53-2790 R/L 1994
Fairfax — Washington Undercrossing Original 53-2792 1994
Bull Creek Canyon Channel Bridge Replacement 53-2794R 1994
La Cienega — Venice Separation Original 53-2791 1994
Mission — Gothic Undercrossing Replacement 53-2793 R 1994
"CL" Line - 5" & 6th Street Viaduct Original 33-0616L 1994
North Connector Overcrossing Original 53-2796F 1994

The following pages tabulate the results of the investigation. A legend is included at the end.
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Appendix B Material Testing Methods and Results

Extensive material testing was conducted as part of the experimental research program. This appendix

summarizes the methods used and results compiled during the test program.

B.1 Concrete Testing
Concrete testing was conducted with the goal of establishing detailed constitutive relationships. Five

separate tests were performed to get an overall view of the concrete response: compressive strength,
compressive stress-strain under load control, compressive stress-strain under displacement control,
modulus of rupture, splitting tension strength, and fracture energy. This section summarizes the testing

methods used.

B.1.1 Compressive Concrete Response
Compressive response was measured using three testing protocols: compressive strength, hardening

response, and softening response. Compressive strength tests were conducted to monitor the strength gain
over time. These test were conducted on 6 in. by 12 in. cylinders taken during each pour. Note all concrete
cylinders used for material testing were made according to ASTM C31 with full size cylinders measuring 6
in. in diameter and 12 in. in height. Cylinders were cured along the side of the specimen. Strength gain
was measured in accordance with ASTM C39, (Standard test method for compressive strength of cylinder
cores). Cylinders were capped using a sulfur compound and tested in compression with a calibrated

universal testing machine at a rate of 35 psi/sec (Figure B-1).

Fig-l-ife B-1: Corﬁpréséive str_ength testing ‘machine Figure B-2: Compression hardening test setup

To model compression hardening, the stress-strain response was evaluated by applying load (at a rate of 35
psi) and measuring the average external deformation. The external deformation was measured using two
linear voltage displacement transducers (LVDT) placed on opposite sides of the cylinder. A gage length of

8 in. was used (Figure B-2). Strain was computed by averaging the measured displacements recorded on



each LVDT and dividing by the gage length. The elastic modulus, Ec, was computed from the resulting
stress-strain response. Ec was assumed to equal the secant stiffness of the concrete stress-strain response at

a strain of 0.0005.

Compression softening was measured by displacement control testing of cylinders (Figure B-3). As was
done in the preceding method, cylinders were capped with a sulfur compound and instrumented with two
LVDTs (Figure B-4). Since the displacement of the machine piston could not be directly controlled, open
loop feedback was used. The testing machine piston was moved such that the average displacement

measured on the LVDT changed at a rate of 0.00022 in./sec.; the corresponding load was recorded.

Figure B-3: Compression softening response testing Figure B-4: Compression softening test setup

B.1.2  Tensile Concrete Response
The concrete tensile regime was defined with three tests: modulus of rupture, splitting tensile strength and

fracture energy. Modulus of rupture was used to evaluate the tensile response of the concrete when it is
dominated by a flexural tension action such as that occurring in a cantilevered column subjected to lateral
loading. Splitting tension was used to evaluate the response of the concrete when dominated by pure axial
tension. This test provided a lower bound on the expected tensile concrete strength. Fracture energy tests
were conducted to evaluate the amount of energy released as a result of cracking. The results were used in

the finite element investigation (Chapter 4).

Modulus of rupture was determined using ASTM C293-94 Standard test method for flexural strength of
concrete. The test specimens consisted of 3 in. by 3 in. by 11 in. beams. The tests were conducted using
simply supported conditions with center point loading (Figure B-5). A span length, L, of 9 in. was used.
The load, P, was applied at a constant rate of 300 Ibs./min. to the breaking point. Modulus of rupture, fr,

was computed with the relationship

fr=3PL/2bd’ (B-1)
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Where b is the average width and d is the average depth of the beam at the location of fracture. Unless

noted the presented results represent the average of three tests.

Splitting tension strength was determined using ASTM C496-96 Standard test method for splitting tensile
strength of cylindrical concrete specimens. Testing consisted of subjecting concrete cylinders to
diametrical compressive stress, applied along its length, until failure was achieved (Figure B-6). Load was
applied at a rate of 150 psi/minute. The ultimate load, P, was recorded and converted to splitting tension

strength, f¢, according to

ft=2P/nid (B-2)

Where [ is equal to the specimen length and d is equal to the specimen diameter, measured prior to testing.

The splitting strengths reported are the average of three tests.

Figure B-5: Modulus of rupture test setup Figure B-6: Splitting tensile test setup

Fracture energy tests were conducted according to the European recommendation 50-FMC Determination
of the fracture of mortar and concrete by means of three-point bend tests on notched beams. The tests were
carried out on notched beams with overall length, L, of 33 in., depth, d, of 4 in., and width, b, of 4 in.
Notches were cast into the test specimens using wooden inserts. The area of the ligament above the notch,
Ay, was approximately half of the full cross section. The test was conducted under displacement control at
a rate of approximately 0.001 in./minute. Load was applied at the center of the simply supported beam
(Figure B-7). A span length, I, of approximately 31 in. was used in all tests. The load-displacement
relationship was measured up to failure. Fracture energy, Gf, was computed with the following

relationship:

Gf = (W, + (m; + 2m3)g6,)/Ajig (B-3)

Where W, is equal to the area under the load-displacement curve, m; is equal to the weight of the specimen
between supports, m, is equal to the weight of the loading arrangement not attached to the testing machine,

and g is equal to the acceleration due to gravity.
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' Figure B-7: Fracture energy specimen and test setup

B.2 Reinforcement Testing
All reinforcement used in construction was tested in tension in accordance with ASTM E8-98 Standard

testing method for tension testing of metallic materials. The reinforcement coupons were fabricated to 24-
in. lengths with a 3.5-in. section of deformations removed from the center of the bar. The bar was then
marked with indentations at a 2-in. gage length for determination of fracture strain. A clip gage was

installed and the coupon was pulled in tension until failure (Figure B-8 and Figure B-9).
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Figure B-8: Tension test setup for #2 reinforcement ~ Figure B-9: Tension test setup for #3 reinforcement
and greater, (#6 shown)
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Reinforcement properties were derived from the measured stress-strain response of each bar. Elastic
modulus was determined by taking the initial tangent stiffness of the stress-strain response. Yield and
ultimate stresses and strains were determined in accordance with standard methods. If a well-defined yield

plateau did not occur, yield was determined using a 0.2% offset of the initial stiffness.

B.3 Summary Material Properties

B.3.1 Concrete Properties

Normal weight concrete was used with a maximum aggregate size of 3/8 inch. The concrete constituents
and typical batch weights are summarized in Table B-1. Concrete was supplied by a local ready-mix plant.
Concrete was placed by pump using a 3-in. diameter hose. Following casting, all exposed concrete

surfaces were covered with wet burlap and plastic. The concrete was kept moist for one week after casting.

Table B-1: Typical concrete batch weights for one cubic yard
Absolute Saturated Surface Dry

Material Volume Weights

[ft.’] [bs.]
3/8 in. X #8 (Specific gravity 2.68) 7.47 1250
Regular top sand (Specific gravity 2.67) 8.25 1374
Blend sand (Specific Gravity 2.60) 3.21 521
Cement-ASTM C150 Type 2 2.87 564
Water (36 gallons) 4.79 299
Water reducing admixture-ASTM C494 Type A 11.3 FL. OZ.
Retarder-ASTM C494 Type D 41 10.9 FL. OZ.
Total: 27 4008

The same mix design was used in all specimens. Variations in measured properties can be attributed to
changes in water content brought on by variability in weather or batching conditions. Nevertheless, the
measured material properties were comparable throughout the test program (Table B-2, Table B-3, and

Figure B-10).

Table B-2: Column concrete material properties

Test subassembly Al A2 A3 A4 Bl B2
Compressive strength f'c 5.51 5.81 5.34 5.54 4.22 4.38
Corresponding strain  geu 0.00294 0.00297 0.00280 0.00295 0.00231 0.00238
Tension strength [ 0.540 0.425 0.503 0.465 0.364 0.441
Modulus of rupture  fr N.A. N.A. N.A. N.A. 0.609 0.739
Young's modulus steel Ec 3360 3470 3280 3290 3260 3350
Fracture energy Gf 0.00098 0.00077 0.00092 0.00085 0.00053 0.00070
Age at testing days 77 105 116 129 30 37
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Table B-3: Beam concrete material properties

Test subassembly Al A2 A3 A4 Bl B2
Compressive strength  f'c 5.29 5.53 5.97 5.99 5.23 5.44
Corresponding strain  geu 0.00296 0.00294 0.00279 0.00289 0.00244 0.00249
Tension strength ft 0.563 0.544 0.578 0.432 0.471 0.481
Modulus of rupture  fr N.A. N.A. N.A. N.A. 711 708
Young's modulus steel Ec 3310 3480 3800 3680 3500 3690
Fracture energy Gf 0.00103 0.00099 0.00105 0.00079 0.00103 0.00099
Age at testing days 91 119 130 143 36 43
5;75’//—5———5
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Figure B-10: Concrete strength gain

The concrete constitutive relationship for each specimen was derived by combining the average hardening

response (Figure B-11) with the average softening response (Figure B-12). The final relationships are

presented in Figure B-13 through Figure B-16.

5000 T
Z 4000 | R
2 i
Z 3000 ¢
> I
% 2000 —%¢ Column cylinder #43 |—
g i —— Column cylinder #44
S 1000 . ]
© [ —©— Column cylinder #45

O T !
0 0.0005 0.001 0.0015 0.002 0.0025

Strain

Figure B-11: Typical concrete compression hardening response (Subassembly B1 shown)
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Figure B-12: Typical concrete compression softening response
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Figure B-13: Concrete compressive stress-strain
relationship Subassembly Al
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Figure B-14: Concrete compressive stress-strain
relationship Subassembly A2
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Figure B-15: Concrete compressive stress-strain
relationship Subassembly B1

B.3.2 Reinforcement Properties

Figure B-16: Concrete compressive stress-strain
relationship Subassembly B2

Three types of reinforcement were used. Primary longitudinal bars consisted of reinforcement meeting the

requirements of ASTM A706. Due to the limited availability of A706 for bars of small diameter,
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transverse bars consisted of ASTM A615 material. To model the scaled column ties in specimens A3 and

A4, #2 deformed reinforcement was used. This size of bar, at the time of writing, was no longer

commercially produced. Consequently, the #2 reinforcement consists of ungraded material acquired from

the University of California at Berkeley stockpile.

including mill specifications where available, are summarized in Table B-4 and Table B-5.

The measured reinforcement material properties,

Table B-4: Group A reinforcement material properties
Bar Use Ties A3 and | skin, and | Headed | TCR | Headed | Comventiona
Ad spiral transverse {ransverse longitudinal | longitudinal
Bar size #2 #3 #4 #4 #0 #0
Yield stress (o 76.0 77.0 74.0 71.0 72.5 68.0
Yield strain gy 0.00260 0.00270 0.00260 0.00245 0.00250 0.00250
Elastic modulus Es 29231 28519 28462 28980 29000 27200
Plateau strain €yp 0.032 N.A. 0.013 0.011 0.020 0.012
Ultimate stress G, 104.0 122.5 109.0 113.0 98.5 102.0
Ultimate strain g, 0.111 0.192 0.131 0.117 0.140 0.139
Fracture strain & 0.165 0.250 0.220 0.210 0.240 0.240
Heat Number N.A. 310696 N.A. 74141 N.A. 70769
Manufacturer N.A. Cascade N.A. Tamco N.A. Tamco
ASTM Specification Unknown A615 A706 A706 A706 A706
Yield N.A. 65 N.A. 67.000 N.A. 66.0
Tensile N.A. 103 N.A. 93.000 N.A. 93.5
Elongation N.A. 11 N.A. 15.500 N.A. 17
C N.A. 0.38 N.A. 0.300 N.A. 0.28
Mn N.A. 1.08 N.A. 0.760 N.A. 1.04
Cu N.A. N.A. N.A. N.A. N.A. 0.42
Ni N.A. N.A. N.A. N.A. N.A. 0.17
Cr N.A. N.A. N.A. N.A. N.A. 0.18
Mo N.A. N.A. N.A. N.A. N.A. 0.02
\Y% N.A. 0.002 N.A. N.A. N.A. 0.23
Carbon Equivalent N.A. 0.58 N.A. 0.460 N.A. 0.49

The constitutive relationships used for the reinforcement used in Group A finite element models are

presented in Figure B-17 through Figure B-20. Applications of these models are presented in chapters 4, 6,

and 8.
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Stress (ksi)
Stress (ksi)
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Figure B-19: Group A #6 headed longitudinal Figure B-20: Group A #6 conventional longitudinal

The constitutive relationships used for the reinforcement used in Group B finite element models are
presented in Table B-5 and in Figure B-21 through Figure B-26. Applications of these models are
presented in Chapter 7.

Table B-5: Group B reinforcement material properties

Bar Use Skin and Column Beam Ho.rlz.ﬁ?tal V.erF:lctal Primary
Joint hoops spiral transverse Jol Jol longitudinal
transverse | transverse

Bar Size #3 #3 #3 #3 #4 #6
Yield stress oy 67163 61790 84606 67178 74478 69076
Yield strain gy 0.002526 0.00424 0.005176 | 0.002536 | 0.002962 | 0.002485
Elastic modulus Es 26592 27965 26436 26490 25142 27797
Plateau stress Gyp 67409 No Plateau | No Plateau 67880 75337 69647
Plateau strain €yp 0.01206 | No Plateau | No Plateau | 0.01123 0.01421 0.00963
Ultimate stress Gy 105862 108936 112237 107440 103067 103582
Ultimate strain € 0.1287 0.09460 0.0853 0.1212 0.1338 0.1229
Fracture stress Or 97558 N.A. 105635 97363 70987 85299
Fracture strain & 0.1533 N.A. 0.0954 0.1502 0.2462 0.2453
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Table B-5 (continued): Group B reinforcement material properties

Bar Use Skin and Col}lmn Beam Hojri)ziﬁ?tal Vje(ﬁ:lctal Pri’mar.y
Joint hoops spiral transverse transverse | transverse longitudinal
Heat number 96998 167249 6-6096 N.A. N.A. 80992
Manufacturer Cascade Nucor CF&l N.A. N.A. Tamco
ASTM Specification A615M A615-94 A615 A615 A706 A706
Yield 64 65.636 62.2 N.A. N.A. 67.5
Tensile 100 104.091 100.909 N.A. N.A. 97.5
Elongation 14 14 13.6 N.A. N.A. 15
C 0.37 0.36 0.44 N.A. N.A. 0.26
Mn 1.08 1.19 0.81 N.A. N.A. 1.06
Cu N.A. N.A. 0.2 N.A. N.A. 0.35
Ni N.A. N.A. 0.09 N.A. N.A. 0.18
Cr N.A. N.A. 0.07 N.A. N.A. 0.24
Mo N.A. N.A. 0.021 N.A. N.A. 0.03
v N.A. N.A. 0 N.A. N.A. 0.022
Carbon Equivalent 0.55 0.56 0.58 N.A. N.A. 0.48
125 A ; ;
= 2= 100+ = IR
< 2oL
A R e
“ 25 | |
0 | |
0.00 0.0 0.10 0.15

Stress (ksi)

Figure B-23: Group B #3 beam transverse

Strain

Figure B-22: Group B #3 column spiral

Stress (ksi)

Figure B-24: Group B #6 primary longitudinal
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Figure B-26: Group B #4 vertical joint transverse

Figure B-25: Group B #3 horizontal joint transverse
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Appendix C Joint Design Study

To compare the effectiveness of code requirements an investigation was performed on the current
recommendations used for beam-column joint design. A standard geometry and arrangement of
longitudinal reinforcement was chosen (Figure C-1). The development requirements of each design varies;
for illustration, the column bars are shown as hooked. Starting with a typical column longitudinal
reinforcement ratio, p, of 2.2% and assuming that column plastic hinge formation controls the strength, the

remaining components were designed. The resulting moment capacities are tabulated.

‘ i ]'-8" i
S R B kL
giuj W ﬁ\\\ LIS-#14
8
6'_8"
i oooooooooooooooooo 718_#14
3%"Typ-JA
S~ Beam Section

Joint Elevation

Material Properties

f'c =4500 psi

fy = 60 ksi

Column

Mn = 239600 k-in

Mn = 275100 k-in (w/ fs = 1.25fy)
Mult = 381000 k-in

Beam

Mnpos = 188700 k-in
Mnneg = 339600 k-in

‘ 6'-8" | Cover assumed as 2" to #6
transverse reinforcement.

Column Section

Figure C-1: Prototype joint geometry and longitudinal reinforcement

The joint recommendations listed in Table C-1 were evaluated.

Table C-1: Joint details

Design Method Joint Detail

ACI 352 using column transverse reinforcement for confinement A
ACI 352 using beam transverse reinforcement for confinement
Architectural Institute of Japan (AlJ)

California Transportation Bridge Design Specification

New Zealand-NZS 3101 — 1982

New Zealand-NZS 3101 — 1995

Applied Technology Council — ATC 32

Qmmoaow




The following details illustrate the amount of reinforcement required by each of the design specifications.
This includes the amount of vertical and horizontal transverse reinforcement needed for joint shear or
tension resistance, and the amount of horizontal spiral or hoops required for joint confinement. The level
of transverse reinforcement needed to resist shear and/or to provide confinement in the beam and column
outside the joint has not been investigated and is not included in the following details.

A) ACI 352 - Case 1 B) ACI 352 - Case 2

/

#6 @ 2.25-in.

E

#6 @ 2.5-in.

|

©coo000000O0OODOOO0OGOQDOO O

©coo00000000DO0OO0O0OQGOQDOGO ©o0o0o0goooooofoooo

©0000000000000000O

Section A - A Section B - B
Figure C-2: Joint details (A) and (B)

Two arrangements of reinforcement were evaluated for ACI 352 (Figure C-2). The first assumes that
horizontal transverse bars consisting of a spiral around the developed column reinforcement provide the
joint reinforcement. The second case assumes that vertical transverse bars in the form of beam stirrups
provide the joint reinforcement. In both cases the joint requirements do not consider the effects of axial
load. Note that the column longitudinal reinforcement is extended to the far side of the joint and terminated
with 90-degree hooks. As shown, both cases result in high quantities of joint reinforcement with detail A

lending itself more to construction. To alleviate the congestion present in detail B, larger bars should be
used for the joint stirrups. Due to the required bending involved it would be prudent to limit these bars to

#8. For comparative reasons, however, these bars were kept as #6.

To provide shear resistance and to assist in confining the joint, AIJ requires that transverse joint
reinforcement be placed perpendicular to the yielding member (Figure C-3 (C)). The bond limitations for
the beam reinforcement requires that the #14 longitudinal bars be developed a minimum of 51 in. within
the joint, the 80-in. joint depth was more than adequate. Note that since the bars terminate within the joint,

they are to be extended to the far side of the joint and hooked to improve force transfer.
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Caltrans BDS requires a considerable amount of joint reinforcement. Continuation of the column spiral
into the joint is required to assist in confining the joint and improving anchorage of the longitudinal column
reinforcement. To assist in the transfer of forces from the column to the cap beam, horizontal hairpins in
combination with a concentration of beam transverse reinforcement are required outside the column core.
In addition, skin reinforcement is required on both vertical faces of the cap beam to improve cracking

resistance to large vertical accelerations.

New Zealand specifications require that the joint be reinforced to provide confinement of the core and
resistance to shear forces. This is accomplished through the continuation of the column spiral into the joint
region and the use of horizontal and vertical joint shear reinforcement in the form of beam stirrups (Figure
C-4). As discussed in Chapter 2, an increase in the assumed capacity of the concrete compression strut

leads to a considerable decrease in the required amount of horizontal joint reinforcement.

C) AlJ D) CALTRANS BDS
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Section C - C Section D - D
Figure C-3: Joint details (C) and (D)
ATC 32 requires that a spiral be provided in the joint to confine the column longitudinal reinforcement and
to assist in carrying tension stresses in the joint. The code allows for a straight termination of the column
bars with a development length of at least 43 in. To provide an added level of safety, the column bars are

extended to the far side of the joint, directly below the top beam reinforcement (Figure C-5). Due to the
high level of principal tension stress, 6.3/ f’c , additional transverse reinforcement is required for force

transfer. It should be noted that the corresponding level of principal compressive stress, 0.14f"c, meets the
allowable value of 0.25fc. The additional reinforcement required by the ATC to effectively transfer forces
is very excessive. The code requires forty-two vertical #6 bars on each face of the column core and four
additional #14 beam longitudinal bars on the bottom of the cap beam to transfer tension generated by

hinging of the column. Twenty-one vertical #6 bars are required within the column core to restrain the top
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beam longitudinal reinforcement from buckling. The code also requires a significant amount of spiral
reinforcement in the joint to resist the thrust from the internal compression struts developed during hinging
of the column. The code requires that a #6 spiral be used at 13/16 inch. This value is clearly unacceptable
from a construction view since getting concrete to flow through a 1/16 in. clear spacing will not be
possible. To alleviate this, the spiral was increased to a #8, resulting in 3/8 in. clear spacing. Increasing the
spiral any larger may lead to other issues such as difficulties with handling and bending. Though the other
requirements posed by this design will not produce any significant constructability issues, the required

spiral spacing makes this design strategy unfavorable.
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Figure C-4: Joint details (E) and (F)
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Figure C-5: Joint detail (G)
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