Dr iCatpaci t yCoolfundn a®o nRee cntfioo ntsé d
He ad®hde@atr galn8ubj etc€emdbi ned Gravity L

Bi axiaaleDiaslpl acement s

By:
Eric M. Matzke
Rémy D. Lequesne
Carol K. Shield

Gustavo J. Parri¥lontesinos

July 2013



ACKNOWLEDGEMENTS

This research wasnade possible by financial support provided by the US National
Science Foundation, as part of the Network for Earthquake Engineering Simulation
(NEES) Program(Grant No. 0936519 the Charles Pankow Foundatjoand the
Concrete Research Council of the American Concrete Instirieo International
Corporation donated reinforcement and sctgpe mechanical couplers used in
Specimens Bl through BThe opiniongpresentedn this reportare those of the writer

anddo not necessarily express the views of the sponsors.

The writers would also like to thank the valuable comments provided by Dr. Randy
Poston from WDP & Associates, Inc., Professor Jack P. Moehle from the University of
California at Berkeley, and Mr. Ed Be from Nishkian and Dean. Thanks are also due to
Mr. David Fields from Magunsson Klemencic Associates, Mr. Cary Kopcyznksi, from
Cary Kopczynski & Companyand Professor Sharon L. Wood, from the University of

Texas at Austinwho served as advisors forgiproject.

The tests described herein could not have been completed without thestafiattthe
University of Minnesota NEE®MAST Laboratory, especially Paul Bergson, Rachel
Gaulke, Drew Daugherty, Rick Snyder, and Mitch Reier3dwe contributions ofeveral
undergraduate workers and paime staff, includingKevin Andrews, Eric Good, Ryan
Melhouse, Mounir Najm, Chris Nobach, Kevin Sarvela, and Marsha Swaiostalso

acknowledged



Table of Contents

Table of TabIES. ... .ot
Table Of FIQUIES. ....... e eeeeee] Vi
O 101§ o To [ 1 [ox {0 o APPSR 1
1.1. SlabColumn Connections in Flat Plate Frame Systems...........ccccccovveeeen. 1
1.2. Shear Reinforcement in SeisSmiC RegIONS...........ccooviiiiiiieiniiiiiiiieeeeeae 2.

1.3. Shear Design@visions for SlablColumn Connections with Headed Shear Stud

Reinforcement (2008 ACI Building Code)..........coooeiiiiiiiiieneieieiiiii e 4.

1.4. Research Motivation and ODBJeCtIVES...........ccuviiii i 6
2.  Experimental INVeStIgation...........c.uuuiiiiiiiiiiii e 8
2.1. Overall Specimen Configuration...........ccoveeiiiiiiiiieene e 8
2.2, SPECIMEN DESIGIL. .. eeieiiiii ettt et eeeenananns 9.
2.3.  Specimen INStrumMENtatiON. ...........uuiiiiiiiiiie e 13
2.3.1. SHraN GAUQES. .. .ceevunieiiiiieeeeii e e eeeie e et e e e et e e e et ae e e e eaaa e e e ataaeeeannan 13
2.3.2. Linear Variable Diferential Transformers (LVDTS).......cccccovevvvvneenens 14
2.3.3.  String POteNtIOMELELS.....ccuuuieeeiii e e e e ee e e 15
2.3. 4. TelEPIESEINCE. .. ciiii e eeee ettt 15
2.4. Material Properti€s.......ccouuiiiiiiiii e e e e e e 15
A T O 0] (o1 =] (=P 15
2.4.2. Reinforcing Steel.........cooveriiiiiii e 16
2.4.3. Shear Stud Reinforcement............ccooiiiiiiiiiiiein e 16
2.5, TSt ACHVILIES. ..vuuiieii it e e aaa s 16
2.5. 1. PreteSt ACHVILIES. .....oi ittt 16
2.5.2. Loading Methods..........ccoouiiiiiiiii e 17
2.5.3. Loading ProtoCQl...........cccuiiiiiiiiiiee e 19
3. EXperimentaReSUNRS...............oiiiiii e 22
3.1. Damage ProgreSSION......cccuuuieiiiiie e eitiee e e e e e e e e 22
3.1.1. SPECIMEN BL...ooiiiii e 22
3,12, SPECIMEN B2 .o 23
3.1.3. SPECIMEN B3 .o 24
3,14, SPECIMEN BA.. oo 25



3.2. Observations After Completion of TESHING...........oviieiiiiiiiiiiie e 26

3.2.1. SPECIMEN Bl ..o 26
3.2.2. SPECIMEN B2 ..ottt 27
3.2.3. SPECIMEN B3.. . i 28
3.2.4. SPECIMEN BA.. ..ot 28
3.3. Load Drift Response and Gravity Shear History..............ccccciiiienneeinnnns 29
3.3. 1. SPECIMEN Bl ..ot 30
3.3.2. SPECIMEN B2 ..ot 32
3.3.3. SPECIMEN B3 . i 33
3.3.4. SPECIMEN B4 ..o 35
3.4. Load versus Drift Envelope RESPONSE.........cccuvviiiiiiiiiiiiiiiieeeeeeeii e 36
3.5. Vertical Drop of Slab at Column..........ccooooiiiii s 38
3.6. Maximum Shear Stress Based on Eccentric Shear Model..................... 39
3.7. SlabColumn FlexuraRotations. ...........coooiiiiiiiiiiiieeee e 44
3.8, Shear StUd StraiNS ........coviiiiiiie et 44
3.8.1. Stud Rail Strain Profile............coooeiiiiiiiiiii e 44
3.8.2. SpeCIMEN BlL......oiiiiiii i 4D
3.8.3. SPECIMEN B2...cooeiiiii e DD
3.8.4. SPECIMEN B3.....covi i DD
3.8.5. SPECIMEN BA....ccoviiiie e BT
3.9. Slab Flexural Reinforcement Strain Readings............cccooeeevvveeneeennnn..... 48
3.9.1. Specimen Bl......ccocoiiiiiii e A8
3.9.2. SPECIMEN B2.. oo e 50
3.9.3. SPECIMEN B3 ..o 50
3.9.4. SPECIMEN B4 ..ooeeiiii e 51
3.10. Column Base ROtALIONS...........uuuiiieeiiiiiiiieee et e e s 52
3.11. Twist of Slab Relative to ColumN.............oiiiiiiiii s 53
4. Discussion of Failure Mechanisms and Recommendations for Design........ 55
4.1. Specimen PerformMancCe...........oiiiiiiii e e e 55
4110 GENEIAL. .. 55
4.1.2. SPECIMEN Bl ... 56



4.1.3. SPECIMEN B2....ooiiiiiiiiieii e 58

4.1.4. SPECIMEN B3.. .. o 61
4.1.5. SPECIMEN BA......oeiiieiiii e 64
4.2. Summary of Failure EVOIULIQN............oooiiiiiiiiieieee e 66
4.3. Shear Studsral Concrete ConfinemMent............ooovivviiiiiiienneiiieiieeeeeeenn 6.7
4.4. Recommendations for DESIGN.........coeiiiiiiiiiiieiieee e eeeeeeeees 69
4.4.1. Contribution of Concrete to Shear Capacity.............ccooeeeveireeninnnennn. 69
4.4.2. Minimum Shear Stud Reinforcement and Maximum Peripheral Shear Stud
SPACING -ttt eeees 70
4.4.3. Maximum Connection Shear Capacity..........ccccuuuuiiireiieeiiiiiiiieeeeeenns 71
4.5. Drift and GravityShear RatiQ............oooiiiiiiiiiiieieee e eeeeeeenns 71
5. Summary and CONCIUSIONS..........oiiiiiiiiiiiiee e 73
[T (] 1= 1 PP 7
TADIES. ... e 81
10 TP 114
Y 0] 01T Lo Lo > 231
A. Shear Stud Reinforcement DeSIgN...........oveviiiiiieiieie e e eeeeen 231
B. SlaBColumn ROTALIONS.......coiiiiiiiie e 235
C. Bottom Story ad Second Haltory Drift Ratios............ccceviiviiiiicveeiieeeee. 244



TABLE OF TABLES

Table 21: Slab and Connection Details for Each Specimen................oocovveeennnnnn. 81
Table 22: Strain Gauge LOCALIONS.........ccciiuriiieeeiiieeeiii et 82
Table 23: Average Concrete Cylinder Strengths [PSI]........uovveeiiiiiiiiiieieeeeeeiii. 83
Table 24: Strength bSteel Reinforcement [KSi]........ccoouvuiiiiiiiiiiici i) 34
Table 25: Applied Gravity Shear to CONNECLION...........coovviiiiiiiiieeeeeieee e 85
Table 26: Lateral Story Drift at Each CyCle..........ooooiiiiiii e 86
Table 31: Specimen Bl Peak Resultant Lateral Forces (in kips) Achieved throughout
IS PRSPPI 87
Table 32: Specimen B2 Peak Resltant Lateral Forces (in kips) Achieved throughout
IS PP TPPRPR 38
Table 33: Specimen B3 Peak Resultant Lateral Forces (in kips) Achieved throughout
IS PP TPPRPR 89
Table 34: Specimen B4 Peak Resultant Lateral Forces (in kips) Achieved throughout
LI PP 90
Table 35: Peak Lateral Forces Achieved throughout Tests..........ccccoeevvvvieeeeennnnn. 91
Table 36: Shear Stress at Critical Section for SpecimenBl............ccccoovevveennnn... 92
Table 37: Shear Stress at Critical Section for SpecimenB2.............ccccceevveennn.... 96
Table 38: Shear Stress at Critical Section for SpecimenB3..............cccceeeveeen. 100
Table 39: Shear Stress at Critical Section for SpecimenB4.............ccccoeveveeeen. 105
Table 310: Peak Shear Stresses on Critical Section..............ccouvvviveenieeeeeeiinnnnn. 110

Table 311: Design and Calculated Shear Capacity of Slabs and Peak Shear Stt&6ses



TABLE OF FIGURES

Figure T1: Stud Rail ASSEMDIY........cooiiii s 114
Figure 12: Orthogonal Stud Rail Arrangement............ccoeeevveiiiiieineeeeeeiiiie e 114
Figure 13: Shear Stud Reinforcement Shear Transfer Mechanism................... 115
Figure 14: Shear Reinforcement Provided in a Previously Regdo®&ear Stud
Reinforced Specimen (Cheng et al. 2009)...........ccovviiiiiieiniiiiie e 115

Figure 15: Lateral Load Versus Drift Response of Specimen with Shear Stud
(2010), with Cirahelichting
Development of a Punching Shear Failure..............oiiieenieiiiii 116

Reinforcement Reported in Cheng et al

Figure 16: Punching Shear Crack between First and Second Row of Shear Stud from

Specimen SB3 (Cheng et al. 201Q).........ccveviiiiiiiiiieireiii e 116
Figure 21: Elevation VIew Of SETUD..........oiiiiiiiiiiie e 117
Figure 22: 3D Model of Test Configuratian...............eeuvvrimiiiiiiee e 118
Figure 23: Detail of Ancillary Actuatoito-Slab Connection................cccvvveviinnnn... 119
Figure 24: Steel Tube Layout on Slab Perimeter...........c.ooovviiiivieeiiieveee e, 119
Figure 25: Specimen Elevation and Column Reinforcement Detalls.................. 120
Figure 26: Bottom Slab Reinforcement LayoOuL............cccovvvviiiieeeiiiiiieeeie e, 121
Figure 27: Top SlabReinforcement Layout.............cccoovviiiieiiiiieniecie e 122
Figure 28: Bottom Mat Reinforcement Serving as Integrity Steel (courtesy of Jack P.

MOEBRIR)....ceee e 123
Figure 29: Shear Reinforcement Details for Specimen.Bl...............ccoeeieeennnnn. 124
Figure 210: Shear Reinforcement Details for Specimen.B2.................cceeee. 125
Figure 211: Shear Reinforcement Details for Specimen B3................ccooveeeen 126
Figure 212: Shear Reinforcement Details for Specimen.B4.................c.coeeee 127
Figure 213: BaseBlock Dimensions and Reinforcement Details......................... 128
Figure 214: Top Block Dimensions and Reinforcement Details......................... 129
Figure 215: Stran Gauge Locations on Bottom Slab Reinforcing Bars............... 130
Figure 216: Strain Gauge Locations on Top Slab Reinforcing Bars................... 131
Figure 217: Strain Gauge Location KeY..........vvviiiiiiiiiiiieeec e 132
Figure 218: Location of Strain Gauges on Longitudinal Column Steel............... 132
Figure 219: Spetnen Bl Strain Gauge Layout for Shear Studs........................ 133

Vi



Figure 220: Specimen B2 Strain Gauge Layout for Shear Studs....................... 134

Figure 221: Sgecimen B3 Strain Gauge Layout for Shear Studs...........cccccc....... 135
Figure 222: Specimen B4 Strain Gauge Layout for Shear Studs....................... 136
Figure 223: LVDT Locations in Slab RegiQn............ccovvviiiiiiirieiieiii e 137
Figure 224: Column/Base LVDT LOCAIONS........ccccuuuuuiieeiiiiienniineeeeeeeiiinneeeeeenens 140
Figure 225: Location of LVDTs Measuring Base BloSlippage (AsViewed From
ADOVE). .. e 140
Figure 226: String Potentiometer LOCAtIONS. ...........uuuiiieiiiiiiiiiin e e 141
Figure 227: External Forces Applied tO&l.............coooiviiiiiiiiiiiii e 142
Figure 228: Intended Loading SEQUENCE............uiiiiiiiiiiiiiiee e 143
Figure 31: Specimen B1i Initiation of Punching Shear Damage at 1.85% Drift,
POINE 8. e 144
Figure 32: Specimen BI Connection Damage at 2.30% Drift, PoirbA4............... 144

Figure 33: Specimen B1 Diagonal,Radial Crack at Northeast Column Corner..145

Figure 34:. Specimen B2i Bottom Surface of SlaRolumn Connection Prior to

1= T P 145
Figure 35: Specimen B2Zi Initiation of Punching Shear Damage at 1.85% Drift,
POINE .. e 146
Figure 36: Specimen B2 Connection Damage at 2.30% Drift, PoirR2.1............... 146
Figure 37: Specimen B3i Initiation of Punching Shear Damage at 1.85% Drift,
POINT B e 147
Figure 38: Specimen B3 Connection Damage at30% Drift, Point 32................. 147
Figure 39: Specimen B4i Initiation of Punching Shear Damage at 1.85% Drift,
0 | PRSPPI 148
Figure 310: Specimen B4 Connection Damage at 2.30% Dirift, Point.8............. 148
Figure 311: Failure Surface of Connection Bl..............ccoooeiiiiiieeeiiiic e 149

Figure 312: Specimen Bli Bottom View of NorthEast Corner of Slaolumn
CONNECHION AfLEI TESL....euuiii et 150

Figure 313: Specimen B1 Void in Connection Region on East and South Faces of
CONNECLION ATLEI TES....ouuiiiiiiiie e 150

Figure 314: Specimen B1 Sound Concrete on North Face of Connection After T&%t

Vil



Figure 315: Schematic of Specimen Bilure Surface...............cccccceeiiiiiicciinnnnnn. 151
Figure 316: Specimen B2 Connection Region where Severely Degraded Concrete was

Removed by Hand After TeSL......couuuiiiiiiiieiiieee e 152
Figure 317: Specimen B2 Stud Weld Fracture and Dowel Action in Rails.......... 152
Figure 318: Specimen B3 Void in Connection Region after Loose Concrete was

REMOVEA ARLEI TSI . i 153
Figure 319: Specimen B3 Bending of Base Rail between First and Second Shear

10 11 o 153
Figure 320: Specimen B4 GravelLike Concretewithin Connection Region......... 154

Figure 321: Specimen B4 Void in Connection Region after Loose Concrete was

ReMOVEA ARLEI TOSE....u i e e e e e e 154
Figure 322: Specimen B4 Bending of Base Rail on Souffast Face of Column After
55 155
Figure 323: Y-Axis Drift for the First Story, Second Ha8tory, and Full Specimen of
S o= Tox 110 =7 o N - S PP 156
Figure 324: Specimen B1 Load versus Drift Response {¥irection).................... 157
Figure 325: Specimen B1 Load versus Drift Respse (Y-Direction).................... 157
Figure 326: Specimen B1 Resultant Load versus Drift Response..................... 158
Figure 3-27: Specimen Bli Relationshp Between Moments Transferred into the
Column About the Xand Y-AXES.........oiiiiiiiiiiiiiieeeieeeeiiie e eeaees 158
Figure 328: Specimen B1 Gravity Shear History..........ccccooovviiiiiiiiiceen e, 159
Figure 329: Specimen B2 Load versus Drift Response {B¥irection).................... 160
Figure 330: Specimen B2 Load versus Drift Response {¥irection) .................... 160
Figure 331: Specimen B2 Resultant Load versus Drift Response..................... 161
Figure 332: Specimen B2 Relationship Between Moments Transferred into the
Column About the Xand Y-AXES.........coiiiiiiiiiiiiieeeeeeeeeiie e eeiees 161
Figure 333: Specimen B2 Gravity Shear History...........cccooooiiiiiiiiiceen e, 162
Figure 334: Specimen BB Load versus Drift Response {B¥irection).................... 163
Figure 335: Specimen B8 Load versus Drift Response {¥irection).................... 163
Figure 336: Specimen B8 Resultant Load versus Driftdeponse.............c.......... 164

viii



Figure 337: Specimen B3 Relationship Between Moments Transferred into the

Column About the Xand Y-AXES.........uoii it 164
Figure 3-38: Specimen BB Gravity Shear HiStory...........cooovvvviiiiiiiineeiiiiie 165
Figure 339: Specimen B4 Load versus Drift Response {B¥irection).................... 166
Figure3-40: Specimen B4 Load versus Drift Response {I¥irection) .................... 166
Figure 341: Specimen B4 Resultant Load versus Drift Response..................... 167
Figure 342: Specimen B4 Relationship Between Moments Transferred into the

Column About the Xand Y-AXES........uuoiiiiiiiiiiiieeiieeeei e 167
Figure 343: Specimen B4 Gravity Shear HiStory..........ccoooviviiiiiiiiiiieciiie 168

Figure 344: Resultant Lateral Load versus Resultant Drift Envelopes at Corner Points on
Cloverleaf Cycle (Drift was Not Corrected For Base Slip).........cccooeeeeen. 169
Figure 345: Resultant Lateral Load versus Resultant Drift Envelopesiréctions on
Cloverleaf Cycle (Drift was Not Corrected For Base Slip).........cccooeeeeee. 170
Figure 346: Resultant Lateral Load versResultant Drift Envelopes in-Directions on
Cloverleaf Cycle (Drift was Not Corrected For Base Slip).........ccccoeeeeeen. 171
Figure 347: Schematic of Slab Drop Due to Diagonal Punching Shear Crack (left) and
Sliding Shear (right), with Reinforcement Omitted for Clarity................... 172
Figure 348: Specimen B2 Vertical Drop of Slab Bottom Relative to the Column at
Each Column COINEr.......cooiiiiiie e 173
Figure 349: Specimen B3 Vertical Drop of Slab Bottom Relative to the Column at
Each Column COIMEr.......cooiiiii e 174
Figure 350: Specimen B4 Vertical Drop of Shb Bottom Relative to the Column at
Each Column COIMEr.......cooiiiiiiie e 175
Figure 351: 2008 ACI Code Assumed Distribution of Shear Stresses in Square Interior
(@0 ] 1] 1o o USSP 176
Figure 352: Moment Transferred to Column Versus Slab Rotation at the North Column
Face of SPECIMEN B2.......coooiiiiiii e 177
Figure 353: Specimen B1 Profile of Strains in Studs dRails Placed Orthogonal to the
South and East Column FaCeS.........cooiiiiiiiiiiee e 178
Figure 354: Specimen B2 Profile of Strains in Studs on Rails Placed Orthogonal to the

COlUMN FACES . e e e e 179



Figure 355: Specimen B3 Profile of Strains in Studs on Rails Placed Orthogonal to the
(O] (U100 ] 0 I = o7 = PSPPI 180
Figure 356: Specimen B3 Strains RecordediStud RGSE2, Showing Large Increases
Before Points 7 and 10 When the Gravity Load on the Slab was Reload&81
Figure 357: Specimen B3 Profile of Strains in Studs on Rails Placed at 49rBes
From Column FACES ... .ccouuieiiii e e e 182
Figure 358: Specimen B4 Profile of Strains in Studs on Rails Placed Orthogonal to the
Column Faces Away from the Corners (Inner Orthogonal)..................... 183
Figure 359: Specimen B4 Profile of Strains in Studs on Rails Placed Orthogonal to the
Column Faces Near the Corners (Outer Orthogonal)...........c.ooeevvvivennenn. 184
Figure 360: Specimen B4 Profile of Strains in Studs on Rails Placed at 45 Degrees
From ColUumN FACES ... .ccoiiiiii i 185
Figure 361: Specimen B1 Profile of Strains in Top Mat Flexural Reinforcement Placed
in the XDirection atd/2 from Column Face..............cooovviiiiiiieiieiiiii 186

Figure 362: Specimen B1 Profile of Strains in Top Mat Flexural Reinforcement Placed

in the Y-Direction atd/2 from Column Face.............ocoovvviiiiiieieeiiiii 187
Figure 363: Specimen B1 Lateral Force versus Strain in Gauge TE2............... 188
Figure 364: Specimen B1 Lateral Force versus Strain in Gauge TE3................ 188
Figure 365: Specimen B1 Lateral Force versus Strain in Gauge TS3................ 189
Figure 366: Specimen B1 Lateral Force versus Sinan Gauge BS2................... 189
Figure 367: Specimen B1 Lateral Force versus Strain in Gauge BS3............... 190
Figure 368: Specimen B1 Lateral Force versus Strain in Gauge BS6................ 190
Figure 369: Specimen B1 Lateral Force versus Strain in Gauge BS7................ 191
Figure 370: Specima B11 Lateral Force versus Strain in Gauge BE7............... 191

Figure 371: Specimen B2 Profile of Strains in Flexural Reinforcement Placed in the X
Direction atd/2 from Column Face...........cooviiviiiiiiiiieiieeei e 192

Figure 372: Specimen B2 Profile of Strains in Flexural Reinforcement Placed in the Y

Direction atd/2 from Column Face..........cccooveiiiiiiiiiieieeee e 193
Figure 373: Speimen B2i Lateral Force versus Strain in Gauge TE2............... 194
Figure 374: Specimen B2 Lateral Force versus Strain in Gauge TE3................ 194
Figure 375: Specimen B2 Lateral Force versus Strain in Gauge TS2............... 195



Figure 376: Specimen B2 Lateral Force versus Strain in Gauge TS3................ 195

Figure 377: Specimen B2 Lateral Force versus Strain in Gauge TE4................ 196
Figure 378: Specimen B2 Lateral Force versus Strain in Gauge TS1............... 196
Figure 379: Specimen B2 Lateral Force versus Strain in Gauge TS4................ 197
Figure 380: Specimen B2 Lateral Force versus Strain in Gauge BE2............... 197
Figure 381: Specimen B2 Lateral Force versus Strain in Gauge BE3............... 198
Figure 382: Specimen B2 Lateral Force versus Strain in Gauge BS3............... 198

Figure 383: Specimen B3 Profile of Strains in Top Mat Flexural Reinforcement Placed
in the X-Direction atd/2 from Column Face..............cccoeviiiiiiiieiiiiii e 199
Figure 384: Specimen B3 Profile of Strains in Top Mat Flexural Reinforcement Placed

in the Y-Direction atd/2 from Column Face............cccoevivviiiiieeeriice e, 200
Figure 385: Specimen B3 Lateral Force versus Sinan Gauge TS2.................... 201
Figure 386: Specimen B3 Lateral Force versus Strain in Gauge TS3................ 201
Figure 387: Specimen BB Lateral Force versus Strain in Gauge TE2................ 202
Figure 388: Specimen BB Lateral Force versus Strain in Gauge TE3................ 202
Figure 389: Specima B31 Lateral Force versus Strain in Gauge TES8................ 203
Figure 390: Specimen BB Lateral Force versus Strain in Gauge BS3............... 203

Figure 391: Specimen B4 Profile of Strains in Top Mat Flexural Reinforcement Placed
in the X-Direction atd/2 from Column Face. Gauge TS3, Located 3 in. From the
Centerline of the Slab, was Damaged After the 1.85% Drift Cycle.......... 204

Figure 392: Specimen B4 Profile of Strains in Top Mat Flexural Reinforcement Placed
in the Y-Direction atd/2 from Column Face.............ocovvvvviiiiiinieiiiiiin, 205

Figure 393: Specima B41 Applied Lateral Force versus Strain in Gauge TEZ2...206

Figure 394: Specimen B4 Applied Lateral Force versus Strain in Gauge TS2...206

Figure 395: Specimen B4 Applied Lateral Force versus Strain in Gauge TS3...207

Figure 396: Specimen B4 Applied Lateral Force versus Strain in Gauge TS5...207

Figure 397: Specimen B4 Applied Lateral Force versus Strain in Gauge BE2...208

Figure 398: Specimen B4 Applied Lateral Force versus Strain inge BE3........ 208

Figure 399: Specimen B4 Applied Lateral Force versus Strain in Gauge BS3...209

Figure 3100: Specimen B1 Column Base Moment versus Rotation (AbowAXis) 210

Figure 3101: Specimen B1 Column Base Moment versus Rotation (AboufXis) 210

Xi



Figure 3102: Specimen BR Column Base Moment versus Rotation (AboufXis) 211
Figure 3103: Specimen BR Column Base Moment versus Rotation (Abouf\Xis) 211
Figure 3104: Specimen BB Column Base Moment versus Rotation (Abouf\Xis) 212
Figure 3105: Specimen BB Column Base Moment versus Rotation (Abouf\Xis) 212
Figure 3106: Specimen B# Column Base Moment versus Rotation (AboufXs) 213
Figure 3107: Specimen B# Column Bas Moment versus Rotation (AboutAkis) 213

Figure 3108: Specimen B1 Rotation About Vertical ZAXIS ...........cc.ueeiieeiiiiinnnne. 214
Figure 3109: Specime B2i Rotation About Vertical ZAXIS ...........cccceeiieeiiiiinnnne. 214
Figure 3110: Specimen BB Rotation About Vertical ZAXIS ............c.ceeiieeiiiiinnnne. 215
Figure 3111: Specime®4 i Rotation About Vertical ZAXIS ............ccuveiieeiiiiinnnnn. 215
Figure 41: Average Strain in the Bottom Face of the Slab of Specimen B1, Measured
Within One Effective Slab Depth of the Column Face..................ccooecees 216

Figure 42: Specimen Bl Strain from Gauge 1, Showing a Change in Slope and
Large Increase In Strain While Loading to Point 8 of 1.60% Drift Cycle..216
Figure 43: Specimen B1 Strain from Gauge 2, Indicating a Large Increase in Strain
Beyond Yield While Loading to Point 11 of 1.85% Drift Cycle................. 217
Figure 44: Specimen B1 Strain from Gauge F51, Indicating a Large Increase in Strain
Beyond Yield Followed by a Decrease in Strain While Loading to Point 2 of
2.30% DIift CYClE...ceveiieeii e e 217
Figure 45: Specimen B1li Strain fom Gauge BS52, Indicating a Shift from
Compression to Tension Strains While Loading to Point 2 of 2.30% Drift

Figure 46: Specimen B2 Strain from Gauge 1, the Only Instruented Stud to
Exhibit Strains Exceeding 0.0015 Prior to the Cycle to 1.85% Drift (1.60% Drift

CYClE IS BOI)....coee e 218
Figure 47: Specimen B2 Strain from Gauge RV1, Showing a Large Increase itr&n
During the 1.85% Drift Cycle as the Specimen Reached Point.5............ 219

Figure 48: Specimen B2 Strain from Gauge BS3, Showing a Shift from Flexural

Compression to Integrity Reinforcemehype Tension During the 1.85% Drift

Xil



Figure 49: Specimen B2 Strain from Gauge B&2, Showing a Decrease in Strain of

0.0006 While Loading to Point 8 of 1.85% Drift Cycle...........ccceviievennnnnn. 220
Figure 410: Specimen B2 Strain from Gauge T&9, Showing a Change in Slope
While Loading to Point 8 of 1.85% Dirift Cycle.............coviiviiiiiiiiieieees 220

Figure 4-11: Specimen B2 Strain from Gauge 1, Showing a Jump in Strain and
Increase Beyond Yield While Loading to Point 11 of 1.85% Drift Cycle..221
Figure 412: Specimen B3 Strain from Gauge @-SW2, Showing a Marked Increase in
Strain While Loading to Point 2 of 1.15% Drift Cycle............cccovvvirieinnne. 221
Figure 413: Specimen B3 Strain from Gauge RRIW1, Showing Large Strains But No
Clear Initiationof Cracking (Response versusD(ift is Similar) .................. 222
Figure 414: Specimen B3 Strain from Gauge RRIW6, Showing a Change in Slope

and Increase in Strain While Loading to Point 5 of 1.85% Dri................. 222
Figure 415: Specimen B3 Strain from Gauge RRIE1, Showing an Uncharacteristic
Negative Slope While Loading to 8 of 1.85% Drift...........ccooevvviieviennnnnnn. 223
Figure 416: Specimen B3 Strain from Gauge RGE1, Showing a Large Increase in
Strain While Loading to Point 11 of 1.85% Drift...........ccccoovvviiiiiveeiiinnens 223
Figure 417: Specimen BB Strain from Gauge ®-WS1, Showing Yielding and a Large
Increase in Strain While Loading to Point 4 of 2.30% Drift Cycle............ 224

Figure 418: Specimen B3 Strain from Gauge B&3, Showing Compressive Strains
Late inthe 1.85% Drift Cycle and Throughout the 2.30% Dirift Cycle....... 224

Figure 419: Specimen B4 Strain from Gauge OGE2, Showing an Uncharacteristic
Decline in Strain While Loading to Point 11 tie 1.40% and 1.60% Drift

CYCIBS . e 225
Figure 420: Specimen B4 Strain from Gauge G8W2, Showing a Steep Increase in
Strain While Loading to Point 11 of the 1.85% Drift Cycle...................... 225

Figure 421: Specimen B4 Strain from Gauge GWN2, Showing Strains Near Yield

(Circled) Followed by a Large Increase in Strain While Loading to Points 2 and 5

of the 2.30% Drift CYCIe.......ouuieiii e 226
Figure 422: Specimen B4 Strain from Gauge BS3, Showing a Very Large Increase
in Strain While Loading to Point 5 of the 2.30% Drift Cycle.................... 226

Xiii



Figure 423: Specimen B2 Connection Region where Damaged Concrete was Removed

Figure 424: Specimen B3 Void in Connection Region after Loose Concrete was

REMOVEM......ce e 227
Figure 425: Specimen B4 GravelLike Concrete within Connection Regian....... 228

Figure 426: Specimen B4 Void between Slab and Colunaiter Loose Concrete Had

BEEN REMOVEM. ... e e e e e 228

Figure 427: Schematic of Traditional Shear Failure Mechanism Governed by Diagonal

Shear Cracking Bridged by Shear Stud Reinforcement.......................... 229
Figure 428: Drift Capacity versus Gravity Shear Ratio from Various Researche?80
Figure A1: Shear Reinforcement Layout for Specimen.BLl..............oooevvvviennnnnn. 233
Figure A2: Shear Reinforcement Layout for SpecimenB2...............ccoovvviennennn. 234
Figure B1: Specimen BI1 SlabColumn Rotations in Direction...................cc..... 236
Figure B2: Specimen B1 SlabColumn Rotations in YDirection.......................... 237
Figure B3: Specimen B2 SlabColumn Rotations in »Direction.......................... 238
Figure B4: Specimen B2 SlabColumn Rotations in YDirection.......................... 239
Figure B5: Specimen B3 SlabColumn Rotations in »Direction.......................... 240
Figure B6: Specimen B3 SlabColumn Rotations in YDirection.......................... 241
Figure B7: Specimen B4 SlabColumn Rotationgn X-Direction.......................... 242
Figure B8: Specimen B4 SlabColumn Rotations in »Direction.......................... 243
Figure G1: Specimen B1 Load versus Fst Story Drift in XDirection................... 245
Figure G2: Specimen B1 Load versus Second H&#tory Drift in X-Direction....... 245
Figure G3: Secimen BIi Load versus First Story Drift in-Direction................... 246
Figure G4: Specimen B1 Load versus Second H&#tory Drift in Y-Direction....... 246
Figure G5: Specimen B2 Load versus First Story Drift in-Rirection................... 247
Figure G6: Specimen B2 Load versus Second H&#tory Drift in X-Direction....... 247
Figure G7: Specimen B2 Load versus First Story Drift in-Direction................... 248
Figure G8: Specimen B2 Load versus Second H&#tory Drift in Y-Direction....... 248
Figure G9: Specimen B3 Load versus First Story Drift in-Oirection................... 249

Figure G10: Specimen B3 Load versus Secortdalf-Story Drift in X-Direction......249

Figure G11: Specimen BB Load versus First Story Drift in-Direction................. 250

Xiv



Figure G12: Speimen B3i Load versus Second Heditory Drift in Y-Direction......250
Figure G13: Specimen B4 Load versus First Story Drift in-Birection................. 251
Figure G14: Specimen B4 Load versus Second Heditory Drift in X-Direction......251
Figure G15: Specimen B4 Load versus First Story Drift in-Direction................. 252
Figure G16: Specimen B4 Load versus Second Heditory Drift in Y-Direction......252
Figure G17: Specimen B1 First Story, Second Hatory, and FulSpecimen XAxis
3 1 253
Figure G18: Specimen B1 First Story, Second Hatory, and Full Specimen-¥xis
3 1 253
FigureC-19: Specimen B2 First Story, Second Hatory, and Full Specimen-Xxis
D 1 PRSPPI 254
Figure G20: Specimen B2 First Story, Second Hatory, and Full Specimen-¥xis
D 1 PRSPPI 254
Figure G21: Specimen B3 First Story, Second Hatory, and Full Specimen-Xxis
D) | SRS UPRPPPPP 255
Figure G22: Specimen B3 First Story, Secad HalfStory, and Full Specimen-¥xis
D )| SRR 255
Figure G23: Specimen B4 First Story, Second Hatory, and Full Specimen-X&xis
D) | SRS UPRPPPP 256
Figure G24: Specimen B4 First Story, Second Hatory, and Full Specimen-¥xis
D) { SRR UUPRPPPPP 256

XV



1. INTRODUCTION

1.1.Slab-Column Connectionsin Flat Plate Frame Systems

In reinforced concrete construction, flat glaframe systemgeature slabs supported

directly by columns without the use of beamsop panels, or column capitalat plates

are widely used anadften preferred due tceconomical, functional, and architectural

benefits Some of these advantages imtdu smplified formwork, which reduces

installationtime and material costspducedstory heightswhich decreases construction

costs;andgeneralestheti@appearance

When used in combination with a lateral force resisting systmh as a moment

resiging frameor shear wall, flat plates amometimesutilized in aeas of medium to

high seismicity Although flat plate frames are not designied contribute to lateral

resistance they still must exhibitsufficient ductility to support gravity loads while

undergang lateral displacementxperiencedy the structureluring a seismic event

There are two types of shear failures that must be accounted for in the desigiplatdlat

slabs: onevay ( o 1§ shédr &na twoeway shear A oneway shearfailure is
characterized byrainclined crack which extends the entire width of the slabgeneral,
however, the primargheardesign concerifor flat plate slabsis two-way shearwhich
occurs in slab regions where shear forces are transferredtfi®siab to supporting
columrs or where concentrated loads are applied on the Slalbs failing in tweway
shear typicallyexhibit an inclined crackoriented at20-45 degres to the horizontalslab
plane) aroundhe column, creating a failure surface that resemlasncategyramid
These failures are commonly r,ea$tieercolenn
appears to pundhrough the slab abe latterdrops away from the failure surfaasound

the column

Punching sheafailures result in a nearly corgte and suddenloss of shear capacity,
offering little warning to building occupant3o reduce the likelihood of partial or

progressive collapsdollowing a punching shear failurecontinuous slab bottom

reinforcement passing thrgh the column is ofterequired(ACI Committee 318 2008,

t

0
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ACI-ASCE Joint Committee 352 2011)his reinforcement ensurédse slab ancontinue
to transfer gravity loads to the column through catenary acHomvever, die to the
brittle nature of punching shear failuresynd the potential forpartial or total structural

collapse thesefailures musbe prevented in flat platructures

1.2.ShearReinforcementin Seismic Regions

Although slabcolumn frame systems are typically not assumerbturibute to the lateral
strength and stiffness of a structusdabcolumn connectionsnust be designed to
transfer shear from gravity loads as the structure underegréisquakenduced lateral
displacements. In addition to imposing large deformationslabcolumn connections,

these lateral displacementiead to slab moments that need to be transferred to the
columns. These moments cause an increase in connection shear stress which, combined
with the presence of large deformations, further increasepdtential for a punching

failure.

Degradation of shear resistance attributed to concvgt@,e. aggregate interlock, dowel
action, and shear carried by the compression zarfé@xural members subjected to shear
reversals is well knowi(Wight and Sozen 1975, Scribner and Wight 1980jus, the

shear design of reinforced concrete beams is typically performed assuming the member
resists shear only through truss actioe. (V. = 0). However, preventing shear liaies in
reinforced concrete flexural members subjected to large shear reversals not only requires
the use of sufficient transverse reinforcement to resist the entire shear demand, but also of
transverse reinforcement capable of maintaining the integfityhe concrete through
confinement(Wight and Sozen 1975Although the use of shear reinforcement in slab
column connections in earthquageone regions has become common practice in the past
few years, most types of shearnfercement offer little or no confinement to the slab
concrete.This lack of confinement, combined with the fact that degradation of concrete
shear resisting mechanisms in stallumn connections is typically not accounted for in
design (ACI Committee 318 2008) increases the susceptibility of slablumn

connections to punching shear failures during earthquakes.



Currently the most popular form of shear reinforcemtemtslabsin the United States is
headed shear stud reinfoncent, alsaeferred toa s i s t Unstallatieniofshear stud
reinforcementis relatively simple; the base rails are nailed to the formwork prior to
placing the slab flexural reinforcemewt.typical stud rail assemblys shownin Figure

1-1 and consists osmooththin rods, each with &deadat one end andelded to a base

rail atthe other endin the United Statestud rails ardypically oriented perpendicularly

to each column facéen order to minimize interference witteinforcing barsor post
tensionng strandsas shown irFigure1-2. In Europerails aremore commonlyplacedin

a radial pattern aroundthe column facgBroms 20073) which allows amore even
distribution of reinforcement around the column compared to the orthogonal stud rail

layout shown irFigurel1-2.

As illustrated inFigure 1-3, shear stud reinforcement is intewdé prevent punching
shear failures bynterceping inclined shear cracksas thg form around thecolumn
Because hie stud shnks aregenerallysmooth, load in the studs is developed entirely
throughmechanical anchorage provided by the head and therdseesting has shown
that in order to reach the full yield strength of gtedprior to crushing the concrete, the
bearing area of the head must be at least 10 times the area of the vert{€algerdand
Ghali 1981) A minimum head area of ten times the shank area is specified in the ACI
Building Code(ACI Committee 318 2008)urthermoreshear stud reinforcemeahall
extend as close as possible to the top and bottom slab surfaces inooirttzease its

effectiveness in resisting shear.

Other forms of reinforcement have also been found to be effective at increasing punching
shear strength and rotational capacity of wlalumn connectionfRobertsoretal. 2002)
however,shear stud reinfeementremains the most popular form, as the installation of
othertypes of shear reinforcemestich as stirrups and shearheads tends to be difficult

and labor intensive.



1.3.Shear Design Provisions for SlafColumn Connections with Headed Shear Stud
Reinforcement (2008 ACI Building Code)

Design provisions for headed shear stud reinforcement were first introduced to the ACI

Building Code in 2008ACI Committee 318 2008)rhe nominal punching shear strength

of slabcolumn connectionsy,, is taken equal to thesummation of aconcrete

contribution,v;, and a steel reinforcement contributiag, In connections with headed

shear stud reinforcement the concrete contribution to shear strength is takemoequal

o "Q (psi), which is 50% greater than the strength value used for connections with any

otherbartype shear reinforcememtin the commentary for Section 11.11.5 in the 2008

ACI Code, the use of a greater strength value in connections with headedtsidsais

attributed to a better reinforcement anchorage of shear studs compared to single leg

stirrups, which | eads to Asmaller [reinfor

Similarly, the maximum nominal shear stress in connections with heglear stud

reinforcement isy "Q (psi), 1/3 greater thanthat used for othetbartype shear

reinforcemers (¢ "Q [psi]).

Contribution of shear stud reinforcement to shear strength is calculated as for other bar

type shear reinforcements as follows,
0 — 1.9

where A, is the area of headed stud reinforcement in a single peripheral line of
reinforcementfy is the yield strength of the headed stud reinforcenteistthe spacing
between peripheral lines of reinforcement, apds the perimeer of the critical section.

The amount of shear reinforcement provided must be suchst®at "Q (psi), while the

spacing is limited to &4 for connections with a shear stresaipftog@ "Q (psi) and to
d/2 for higher shear stressédso, a spacing limit of @ is specified between studs in the

first peripheral lineof shear reinforcement

For slabcolumn connectionsf structures located in areas designated as seismic design

categories D, E, and &nd not part of the seismiforce-ressting system, in addition to



gravity load design considerations, Chapter 21 of the 2008 ACI Building Code requires
O o® 'Q (psi) over atleast four times the slab thickness from the column faces,
unless either 1) the shear stress demand due to gravity shear and rmanséetred in

the connectiorat the design lateral displacemeoalculated accordintp the eccentric
shear stress model in Chapter Hbes not exceed the design shear strength of the
connection, or 2) the design drift does not exceed the larger of 0.005 and-[0.035
0.05/,¢/(f V)], where vyq is the shear stress due to gravity load a&nd 0.75. ACI
Committee 318 recently approved the elimination of the combined shear stress check for
design of slaflrolumn connectionsiot part of the seismiforceresisting system in
seismic design categories D, E and F. Assuming this change is publistygpraged in

the 2014 ACI Building Code, slatblumn connections of these structures that do not
satisfy item 2) above would be requiredhave shear reinforcement proportiorsacth

thatt  o® "Q(psi).

Typical practice in the United States for connections with square or rectangular columns
consists of laying studs in a cruciform pattern, with stud rails perpendicular to each
column face. While the maximum spacing betweardstwithin a peripheral line of
reinforcement increases as the peripheral linerihda from the column (governed by
distance between studs in rails framing into adjacent, perpendicular column taes)
layout is possible becausethe 2008 ACI Cod@eripheral stud spacing only required

to be checkedor the firststudperipheral lineln recently released recommendations by
ACI Committee 352 (2011howeverthe A peripheral spacing limialso appliego the
second peripheral line. Further, th€ACode spacing provisions contrast with those in
the Eurocode Gomité Européen de Normalisation, 200dhere a maximum spacing
limit of 1.5d is applied to several peripheral lines of studs, and a limit is also imposed to
the width of the slab engaged liye shear studs. The result is thus a more uniform
distribution of shear reinforcement around the column compared to that obtained

following a cruciform pattern.



1.4.Research Motivationand Objectives

As reported in Cheng et al. (2010) three largescale slalcolumn connection
subassembliesvere previously testedunder combined gravityoad and biaxial lateral
displacementsThe slab tensile reinforcement ratio in the column strip was 0.6% based
on the slab overall thickss and 0.7% based on the slab average effective deimplar
reinforcement for wo of the specimenswas provided in the form ofdiscontinuous
hooked steel fiberswhereasthe connection of the thirédpecimen was reinforced with
shear stud reinforcemeribr comparison. The specimen reinforced wghear stud
reinforcement Specimen SB3yas desined according to ACI 3188 (ACI Committee

318 2008)to resist shear stresses the critical sectiordue toconcentric shear and
momenttransferred between the slab and coluftransfermomentof 1500 kipin. was

used to design the shear studs because that was approximately the transfer moment
exhibited by the fiber reinforced concrete specimens at 2% Argtavity shear ratio of
appoximately50% was maintained throughout the teStavity shear ratio is defined as
the ratio of shear induced by gravity loads, calculated at a critical sectié? fabm the
column faces, to the nominal punching shear strength of the connection, dhikettee
average slab effective deptilhe shear reinforcement consisted of two shear stud rail
assemblieplacedperpendiculato eachcolumn face witheight 3/8 in. diameter shear

studson each raispaced at 0.45(3.5 in.) This connection detail ishownin Figure1-4.

Specimen SB3xhibited surprisingly poor performanceAs shown inFigure 1-5, the
connection failed in punchinghile being cycledat a drift of 115% in each principal
loading direcbn (1.65% resultandrift due to biaxial displacementsThis was an
unexpectedlylow inter-story drift that could reasonably be exceedddring a strong
earthquakeAs can be seein Figure 1-6, which shows part of the failureudace in
Specimen SB3, a steep crack that crosseddhendperipheralrow of studsled to the
failure of the specimerOnce this diagonal crack developed, the studs were not capable
of bridging this crack as a breakout failure of the concrete occureadt. shear stress due

to direct shearand momentiransfer between the slab and the coluomthe critical
perimeter calculated according to the ACI Building Co@Cl Committee 318 2008)

was 3.97 "Q (psi) and 4.29 "Q (psi) in each pricipal lateral loading directioriThese



stressesre similarto the nominal shear stress capacityA€l 31808 for connections
with the geometry tested amb shear reinforcement (4Q [psi]). Based orthe failure

mode exhibited bySpecimen SB3it appeas the providedshear stud reinforcemedid
not contribute teeithershearstrengthor drift capacity of the connection.

The performance o$pecimen SB3eported inChenget al. (2010) hasraised serious
concerns about the effectivenesssbéar stud reinforcementhen used in amounts near
the minimum specified in the 2008 and 2011 ACI Building Gode cases in which a
combined shear stress check is perfatnaad consequentlyhe vulnerability ofa large
number of slalwolumn connectios with headed shear reinforcemeio the writer§
knowledge, prior to theesearchreported hereinSpecimen SB3vas the first and only
test of a slalwolumn connection wittshear stud reinforcemestubjected tocombined
gravity load andiaxial lateral displacement$he other connection tests wshear stud
reinforcementunder bixial lateral displacementsnkwn to the writers, reported Gyan
and Teng 2005,ncluded a supmprting element with an spect ratio of 5, which
corresponds more to a wall than a column. There is thus need for experimental data on
the behavior of slalbolumn connections withvarious configurations othear stud
reinforcementin order to better evaluatthe adequacy of th&Cl Building Code
requirements for the design of slablumn connections that are not part of the lateral

forceresistingsystem in structures assigned to Seismic Design Categories D, E, and F.

The objective of tb researchreported herein was therefore to investigate the
effectiveness ofarious configurations adhear stud reinforcemeat increasinghe drift
capacityof slabcolumn connections in structures subjected to ground motibas this
purpose, four largecale slalrolumn connectionswere testecunder combined gravity
load and haxial lateral displacements. With the exception of the shear reinforcement
used in the slalbolumn connection region,aeh specimenwas nominally identical to
Specimen SB3 (Cheng et al. 2010)d testedusing the sameexperimentaket up and

following the samdoadng protocol



2. EXPERIMENTAL INVESTIGATION

2.1.Overall SpecimenConfiguration

Four nearly fullscale slalcolumn subassemblies with identical geometry were tested
under combined gravity &ding and biaxial lateral displacemerspecimen design was
based ora previousexperimental investigatiofCheng et al2010) Elevation views of

the specime@reshown inFigure2-1 andFigure2-2. Ead specimen consisted of a #7
square in. thick slab supported on tay a ull-story 16 in. squareolumnwith a clear
heightof 10 ft-3 in. The column extendesl ft above the slablrhecolumn basevasfixed

to a 63in. x 63in. x 32in. heavily reinbrcedconcretebase blockA 42in. x 42in. x 16

in. top block was cast monolithicallpn top of thesecond half-story column for
application of lateral displacements point of inflection wascontrolledat the top of the

top block.

The clear spato-depth ratio of the slab, 31.3, dose to33, the limit defined in Table
9.5(c) of the 2008 ACI Building Codfar two-way slabs not checked for deflections.
Further, data obtained from Cary Kopcyznski & Company indicate that this ratio is
consistent withtypical clear spasto-depth ratios for slabs designed by that offitas
therefore believed the specinseare representative of typical reinforced concrete two
way slab constructianlt should be mentioned, however, thaetdimensions of the
specimensvere not intended to represeptestressed (e.gopsttensionedl slabs, which

are generally more slender

The slab was vertically supported by hydraulic actuators at each cbéhaeconnection

detail between each vertical actuator and the slab is showigume 2-3. In order to

reduce slab edge vertical deflections and thus make the slab edge support conditions
closer to a continuous roller support, steel tube sections were fastened to the slab along its
perimeter with two rows d#/4 in. threaded rods spaced at 12 in., as showigire2-4.

Even though it was not possible to realistically simulate the boundary conditions along

the slab perimeter, the slab dimensions were large enough (distance froradgaeof



steel tube to closest column face was equal to 12.7 slab thicknesses or 76 in.) to minimize

any significant effect on connection behavior.

2.2.Specimen Design

The slabcolumn connection in the test specimens was designed assuming it is not part of
the seismidorceresisting system. The magnitudes of dead and live loads used in design
were determined such that the average shear stmesthe critical section of the

connection (atl/2 from the column faces) wasjual toc "Q (psi) (gravityshear ratio of

0.50) for a ratio between dead and live load of 2. The load combination used for
calculation of the gravity shear stress (and gravity shear ratio) wastA2., as
specified inSection 21.13.6 of ACI 3188 (ACI Committee 318 2008jor structures

ot her than Agarages, areas occupiedisas pl a
greater than 10(b/ft°>. &or design purposes, the compressive strength of concrete and
yield strength of the reinforcement wexgssumed to be 5,000 psi and 60 ksi, respectively.
Moments used in the slab design were determined based on the calculated dead and live
load intensities using the Direct Design Method outlined in Section 13.6 of AC0818

(ACI Committee 318 2008)The reinforcement layouts were nominally identical in each
principal direction with an average effective depth,of 4.75 in. The reinforcement
design resulted iNo. 4 bars spaced at 6 in. in the column strip, which corresponded to
tensle reinforcement ratio of 0.6%ase& on the slab overall thickness ahd% based on

the slab averageffective depthThis is close to design datar reinforced concrete two

way slabsobtained from Cary Kopczynski & Company, in which tension metégment

ratios ranging between 0.0065 and 0.Q0¥&sed on the slab thicknessyve been used.

An elevation view of the specimen reinforceménshownin Figure 2-5 andthe slab

bottom and top reinforcement layouts are shownFigure 2-6 and Figure 2-7,

respectively.

Per Section 13.3.8.5 of ACI 3488 (ACI Committee 318 2008}he slabs were provided
with two continwus bottom bars in each direction that passed through the column core.

These bars are referred to as islebgtasetygr i ty



loads to the column after punching occurs at the connection to preeetml or
progressive allapse. As illustrated ifrigure2-8, after the slab drops, this reinforcement
allows gravity loads to be resisted through catenary action.

The test specimens were nominally identical except for the shear reinforcement design at
the slabcolumn connections. The reinforcemefiteach specimen, along with other slab
propertiesjs summarized imable2-1.

All four connections were designed to resist shear stresses on the critical perimeter
induced by graty loads (corresponding to a 50% gravity shear ratio) and expected
moment transferred into the column{sca | | ed A un b alaacordirgdocACImo me nt
31808 Section 21.13.6(a). A moment transfer of 140Cikipvas assumed for design

based on results fro Specimen SB3eported inCheng et al(2010) which was a

reinforced concrete sladolumn connection with the same flexural reinforcement layout

The calculations for shear reinforcement design in Specimens B1 and B2 can be found in
Appendix A. Stud rails for Specimens B1 and B2 were arranged in a cruciform pattern,
with rails placed orthogonally to each column face. This is the arrangement typically used
in the United States to minimize interference with slab flexural resefoent. Both
connections had twelve 3/8 in. diameter studs in each peripheral row of shear
reinforcement (three rails per column face). On each column face, adjacent rails were
equally spaced, with two placed at the outer edges of the column, and theingmeil

placed at the center of the column face. The design for Specimen B1 was based on the
assumption of zero concrete contribution to shear capagity Q), resulting in a shear

stud spacing perpendicular to each column face ofi, 0% 2-3/8 in. It should be
mentioned that at the time the test specimens were desigguhtchanges to code
design provisions hadot yet been adopte@ee Section 1.3)The connection and stud

rail assembly details for Specimen B1 are shé&wgure2-9.

Specimen B2 was provided with shear reinforcement such vthat o® "Q (psi)
extending at leastt¥(24 in.) away from the column face. This is theaimum amount of
shear reinforcemerthat isrequired by Section 21316 of the ACI Building Cod€ACI

Committee 318 2008) no shear stress or drift capacity check is performed as outlined in
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Section 21.13.6(a) and (b), respectively. This resulted in a shear stud spacing
perpendicular to eaatolumn face of 0.7& or 31/2 in. Complete connection details for
Specimen B2 are shown fgure2-10.

Specimen B3 was reinforced with the same number of stud rails with the same stud
spacing as Specimen Bl (twe rails with 3/8 in. diameter studs spaced atdf.5
however, four of the twelve stud rails were placed at the column corners, oriented at a 45
degree angle to the column fac@$eother eight rails werplacedperpendicular to the
column faces (two petolumn face). This type of rail configuration is often utilized in
European constructio(Broms 2007a) The orthogonal rails on each column face were
placedsuch thastuds in the second peripheral row of shear reinforcemerespaced at
approximatelyl.5d around the perimeter of the columihe concept of this arrangement
was to increasthe size of the shear reinforced area in the connection region and limit the
maximum stud spacing in each peripheral row of shear remfieent. The maximum

stud spacing was kept belovd th the first three peripheral rows of shear studs. Full

connection details for Specimen B3 are showhigure2-11.

A total of 20shear stucdissemblies were usaudthe connection of Specimen BRBigure

2-12) with sixteenshear studassemblies placed orthogonally to the column faces. Of
those sixteen, eight were placed (two per column face) &prrt,centered on eachda

of the column. The other eight orthogonally oriented réig per column facejvere

placed 15 inapart,centered on the colunface(1/2 in. away from the column corners).
These rails were also placed such that the first stud on each assemblylimasvith the
second peripheral row of shear reinforcement. As in Specimen B3, one rail was placed at
each column corner at a-4fegree angle tthe faces of the columnin order to minimize

interference with slabeinforcementthe stud spacing on thesalially placed assemblies

was increased by a factor B, so that the studs would lie on an orthogonal gfiitie
concept of this connection was to further decrease the maximum stud spacing in each
peripheral row of studs compared to that in SpecimenlB&pecimen B4, the fourth
peripheral row of shear studs was the last row to have a maximum stud spacing less than
2d.

11



Stud railsusedin Specimens B1 and B2 wepgovidedby the samesupplier During a
posttest inspection of Specimen B2, several studevi@und to have fractured from the
base rail at the weld, which led tse of a different supplier for thstud rais used in
Specimens B3 and B4 here were minor differences in the asseesbprovided by each
suppliet The cross sections of base r&itsmthe first and second suppliesgre 1/4 in. x
1-1/4 in. and 3/16 in. x 1 in., respectively, while the stud dimensie@nsidentical.

The column was designed to resist all anticipated axial loads and bending moments. An
axial load of approximately 20Kips was assumed throughout the test: 140 kips applied

to the top of the specimen by the crosshead to simulate weight from the stories above for
a first story column in a typical structure, and 60 kips of gravity shear being transferred
from the slab to tb column. The total applied axial load amounted to approximately
0.15Af:0 whereAy is the gross cross sectional area of the column. The flexural demands
on the columrwerepreviouslyestimated Cheng and Parrilontesinos 2009) based on a

2-D slabcolumnframe model constructed following the recommendatinrtdueste and

Wight (1999) Flexural demands in this new series of tests, however, were obtained from
the results of testeported inCheng et al. (2010).

The coumnwas designed with Br es s(Breskerdl860)Reci pr oc
resulting longitudinal reinforcement consisted of twelve No. 6 bars withe@@ee hooks

at each endHigure 2-5). Transverse ieforcement consisted of No. 3 closkdop
stirrups spaced at 3 in. in accordance with ACI-888Section 21.6.4ACI Committee

318 2008) The longitudinal columnreinforcementin each specimewas splicedusing
mechanicakplicesshown tosatisfy Type 2 seismic splice requirementa Specimens

B1, B2, and B3threaded screwype mechanical splices were used to spdizecolumn

bars 3ft below the bottom of the slab atite othersix bars 5ft below the bottom of the
slab.In Specimen B4, six bars were spliced 6 ft below the bottom of the slab and six bars
were spliced? ft below the bottonof the slab.Column reinforcement in Specimen B4
was spliced using bdock type mechanical couplerélthough it is unusual to splice
column reinforcement below the slab, this was done to simplify specimen construction

and was not expected to alter the behavior of the specimen.

12



There were problems with consolidation of the concrete in fifg#-story column of
Specimen B4To address the heycombing evident after removal of the formwork, all

of the concrete in the first story of the column was removed using hand tools and
jackhammers. Special care was taken to avoid damaging the column reinforcement. The

column concrete was then-cast

The base and top blocks were designed to resist loads corresponding to the specimen
reaching its capacity. The reinforcement designs for the base and top blocks are shown in

Figure2-13 andFigure2-14, respectively.

2.3.Specimen Instrumentation

2.3.1. Strain Gauges

A total of 74 straingauges were applied tdlexural reinforcing barsn the slab Figure

2-15 and Figure 2-16 showthe straingaugelayouts in thetop and bottom mats aflab
reinforcement Gaugs wea e |l abel ed such gaugsaon topimat r ef e
reinforcement, gaugedon bdt@n materéirforcemeriite second

character indicatethe direction the bars laid Gaugs wi t h a second <char
on bars laid longitudinally in the EastVest, orY, directiongaugs wi t h aom ASO0
reinforcing barslaid longitudinally in the NortkSouth, orX, direction The specific

locations ofindividual gauge ontop and bottom mat reinforcement can be described by

two distancest and| (Figure 2-17). The variablet is the transverse distance (in the X
direction f ogauga) dnHirdtheX4wd r é BE® on f ocgaugeddF S6 and
the individual barffrom the center of the column, ahihdicates the location of gauge

on an individual baas measured from the center of tadumn inthedirection parallel to

the bar Gauges were applied toseveralbars in both the top and bottomat of
reinforcement in one dive bar locations], equal to0 in., £(b+d)/2 (x10-3/8 in.) and

+(b+5d)/2 (+x19-7/8in.), whae b is defined as the width of the colunit6 in). Top and

bottom strairgaugelayouts were identical in each principal directi®he coordinatest

and| (with subscripts indicating the direction of each measurenfengachgaugeare

listed inTable2-2.
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Straingauges werealso placed orthe northwest and southwestrnerlongitudinalbars
of each colum 1 in. and 7in. from the baseKigure 2-18). These gauges allowed for
yielding of the reinforcement at the column base, which was expected to occur during the

later cycles of the tests) be monitored.

Strain gauges were placedn the shankf several shear studs in each specin@n
instrumented studglaugs were placed 2 ifrom the top of the base rail (approximately
mid-height on the stydio measure théongitudinal strain in the studEach connection
had a slightly diférent shear stud rail arrangement; therefore, the instrumentation plan
for the railsweredifferent as wellInstrumentation plans fdgpecimers B1, B2, B3, and

B4 can be foundrespectivelyin Figure 2-19 to Figure 2-22, where instrumentesdtuds

are marked by black dots

2.3.2. Linear Variable Differential Transformers (LVDTS)

Slab deformations acrosléstance of 1d and 21 from the column facevere measured by
LVDTs located as shown iRigure2-23. The slabrotation at eaclsection relative to the
column rotation,was calculated in radians by taking the difference in displacement
between top and bottornorizontal LVDTs, and dividing it by the vertical distance

between the two instruamts.

In Specimers B2, B3, and B4, an LVDT was mounteertically in the corner of each
face of the column on the underside of the sldiese LVDT were used to monitor the
vertical drop of theslab throughout the tesll locationsof LVDTSs in the slalregionare
shown inFigure 2-23. Specimen B1 did not have LVDTSs labeleeZL(i.e., LVDTs to

measure slab drop)

Columnbase otations14 in. (approximately theeffectivedepth of the column) from the
top of thebaseblock were calkculated from dataollected with LVDTsmounted on each
face of the columnas shown inFigure 2-24. Column base rotations (in radians) were
calculated by dividing the difference thsplacement measured by LVDTsapéd on

opposite column facdsy the distance between LVIBT
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For all specimenstwo LVDTs were mounted to the strong floor to mongtpping of
the base blockas shown irFigure2-25.

2.3.3. String Potentiometers

Onthe north and west faseo f t he | a b or a fourstying potestibnreters g
were mountedt mid-slab heighandconnected to the negative X and Y faces of the slab
String poentiometeravere used to measure the lateral displacemetitecflab edgse in

the X and Y directiog as shown irFigure2-26.

2.3.4. Telepresence

Photograph of the top and bottom of the connection regwere collectedby four
telepresence towers placed at the corners of the testingPéui@tas were takeat corner
points on the cloverleaff eachloadingcycle (Figure2-28) and also upon the completion
of a drift cycle.

2.4.Material Properties

2.4.1. Concrete

Concrete for all specimens was suppliedadgcal readymix supplier The samenixture
design was used throughout the prajethe concrete was specified to have a

compressive strength of 5008ipa slump of 6 in.and maximum aggregate size of 3/8

in. The resulting mixture proportions by weight of cement, water, sand, and 3/8 in.

bedrock aggregate were 1:0.48:2.05:2.5, respectively.

The minimum slump of 6 in. was verified on site prior to placing the concrete to ensure

sufficient workability and flow. The measured compressive strength of the concrete used

on various locations of eh specimen was taken as the average of three 4 in. x 8 in.
concrete cylinders tested accordingA8TM C39 (ASTM Standard C39 2012)The

results are shown ifable2-3. Three cylinders cast with comte used in each slab were

wa l

tested one day prior to the testing of each connection to determine the load required to

induce a 50% gravity shear ratio in the connection. The other concrete cylinders were

tested after the specimen test and approximately 96 dfier the day of castindll
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cylinders werekeptin their molds at room temperatunext tothe slab specimens until
testing.

2.4.2. Ranforcing Steel

The reinforcingbars for each specimen, except for kvegitudinal steel in the column,
werepurchased frm a local supplierThe longitudinal steeh columnwas mechanically
spliced within the first story, as discussed in Sectoa All reinforcing bars were
uncoated Grade 60 steevmpliant with ASTM A615, Type 2, requiremenfASTM
Standard A615 2009)The yield and ultimate strengths of the reinforcing bars used in
each specimen werdetermined tlough tess of three 2ft long bars of each size in
accordance withPASTM A370 (ASTM Standard A370 2012Reinforcement coupons
were tested without modification or removal of deformatiofise average yield and
ultimate strengths calculated from each set of three test bars are litedler2-4. For
Specimens Bl and B2, no adadiital pieces of No. 3 and No. 5 reinforcing bars were

available for testing; therefore the yield and ultimate strengths are not listatle®-4.

2.4.3. Shear Stud Reinforcement

For Specimens Bl and B2, shear stud reinforcement wasided by VSL Post
Tensioning The studs were made with steel specified to have a minimum yield strength
of 55 ksi. This value was not verified independently, but documentation provided by VSL
indicated the yield and ultimate stress of the steel studs Wei@ and 79.8 ksi,
respectively.A different vendor, SRL Industries, donated shear stud reinforcement for
Specimens B3 and B4 after failure of several of ¢helwelds in Specimen B2 were
discoveredThe steel used to manufacture the studs provided hyligRistries, and used

in Specimens B3 and B4, was specified to have a minimum yield strength of 3hiksi

value wasot verified.

2.5.TestActivities
2.5.1. Pretest Activities
Upon moving the test specimen to its final location on the laboratory strong fla6t, a

in. thick layer of grout was placed between the base block and strong floor to ensure an
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even contact surface between the specimen and the strong floor prior to pretensioning the
specimen down to the floor. After 24 hours, the specimen was anchotkd strong
floor using twelve 1.5 in. diameter threaded rods posttensioned to 100 kips.

Approximately one week before testing, a 1/4 in. thick layer of groupleaedbetween

the top block and crosshead. The grout was given 24 hours to cure befopedinees

top block was fastened to the crosshead with sixteen 1.5 in. diameter threaded rods
posttensioned to 75 kips.

One day prior to testing, all four ancillary actuators were connected to the specimen at
each slab corner with four 0.75 in. threaded rffeigure 2-3) tensioned with a spud

wrench.

2.5.2. Loading Methods

Loads and displacements at the top of t ho
crosshead connected to the specimen top bldague 2-1 and Figure 2-2). The

crosshead was driven by four horizontal actuators (two in each principal direction), and

four vertical actuators. Vertical actuators attached to the crosshead are only shown in
Figure 2-2. The system operates with a six degoééreedom control system, and is

capable of applying up to 1320 kips of vertical force, and nearlyk§®0f horizontal

force in each principal direction. In addition, four ancillary actuators were installed on the

strong floor and connected to the underside of all four corners of thd-giaipe2-1).

A constantslab gravity load (in addition to the selfveight of the slabwas simulated
with four prestressing stand$/2 in. diameter, Gade 270, #vire, low-relaxationstrand}
pulling down at midpoints on each side of the slaBeneath the slabtrands were
fastenedwith strand chucks bearing on the undersifidbracketsinstalled on the strong
floor located directly beloveachstrand On top of the slab, each strand passed through a
hydraulic jack and was fastened with a strand chagzking on the top &f load cell that
rested on top ofhe jack All hydraulic jacks werded by the same pumj achieve a

uniform pressure in each jacthus an equal tension in each straakkvation and plan
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views showing the location oéll of the appliedslab loadsare shown inFigure 2-27.
Ancillary actuators forces are labeled Al, A2, A3, and A4.

As in any test of a strinaral component, the test setup used in this study was not a perfect
representation of structures found in practice. In particular, use of actuators to support the
boundary of the slab prevented the sagging of the slab expected in a real structure as
connetion damage progresses. However, given the large distance between the center of
the slab supports and the column face (i3whereh is the slab thickness), and because
care was taken to impose realistic shear and moment demands on the connection, it is
believed the effect of the slab edge support on connection deformation demands was

minimal.

The method used for simulating gravity load in the test program reported herein was
substantially different than ¢iseused inmany previougest programs of slatolumn
connectionsparticularly thosen slabswith shear stud reinforcemeror comparisonijn

most previous tests of slab connections reinforced with shear duelsjesired
connection shear was generated by jacking dblemn while the slab boundary as
restrained While convenient,the jacking method has important drawback¥hese
includean unrealistic momerghear relationship in the slab and the need to fujtogr

the column to maintain gravity shear, which could lead to connedgformationsfar

from those expected mstructure subjected to earthquakduced lateral displacements.
Information on test setups used by various investigators can be found in Cheng and Parra
Montesinos (2009).

Maintaining a constant gravity shefarce throughouthe test wasmportant; thus, the
force in each strand was closely monitotsihgthe followingredundant measurements
(listed in order ofprecision) 1) Load cells- At each strand location a load cell was
fastenedbetween the strand chuck and hydrajdick 2) Straingauges - Prior to testing,
three straimgauge were placed on separate widdshe strandspproximately five feet
from the bottom end of the stranthe loadstrain relationshigor each strairgaugewas
found by cycling each strand seaktimes between 8 and 20 kips (the anticipated load

range for testing)The strand force was taken to be the avefagee calculated from all
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threegauge for each strand3.) Pressurgauge- While pumping the hydraulic jacks, the

total applied gravityforce was determined as a function of fwemppressureThe pump
pressure reading was only accessible while pumping, and was lost after valves on the
pump were closedCycling would only proceed ithe load cells, straigauge, and
pressureggaugereportel similarstrand load values

2.5.3. Loading Protocol

With the crosshea and Y degrees of freedomocked in displacement controln axial
load of 140 kips(approximately0.10Asf ;pwas applied to the columihis load was
intended to simulate the weight of te®ries above a typical firstory column During
the application of the column axial lgaancillary actuatorfcated at the corners of the
slabwere held in load control azero kips and were allowed tadisplacewith the slab
After applying axial lod to the column ancillary actuatorswere switched to
displacementontrol to maintain a constarglevationat the corners othe slabfor the

remainder of the tesGravity loadin addition to the slab selfeightwas then applied to

the slabsuch that m averageshear stressf@ "Q (psi) (gravity shear rati@f 50%) was
attained on the critical sectiorof the connection (atd/2 from each column face)
Equilibrium was used to calculatBe concentric shear stress acting on the connection.
The value ofQ used for calalating the target shear stress was tase theaverage
compressivestrengthof three 4in. x 8 in. concretecylindersbrokenon the day prior to
slabtesting as discussed in Secti@¥.1 The required applied gravity loadsr each
specimencorrespondingo a 50% gravity shear rati@re shown inrable 2-5. Prior to
undergoingthe first drift cycle, the momestat the top blockabout the X and Y axes
were locked in load control at zero kip for the remainder of the tesb simulate an

inflection pointatthe topof the columntop block

Lateral dsplacements werghen applied at the topblock through the crosshead he
displacement patfor each drift cycldfollowed a clover leaf patteras shownn Figure
2-28. Target drifts for each cycle are listed Trable 2-6 and plotted inFigure 2-28.
Maximum resultant drifts due to biaxial effects occurred at corner points on the

cloverleaf.

19



The lateral intesstory drift ratio is defined as the relative lateral displacement of floor
slabs in consecutive stories in a building as a percentage of the height of the respective
story. The ACI Building Code defines the design story diatio as the larger of the story

drift ratios of adjacent stories above and below the-stdibmn connection(ACI
Committee 318 2011)n thisstudy, the primary measure of drif{, was taken as the drift

of the entire 1.5 stories of the specim&his was calculated as
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where te height of the specimen was taken as 2Q5aiculated as the total height of
the subassembly (237 in.), minus the heighttlod foundation block (32 in.)For
comparison, the drift experienced over the top-ktdfy, a,, and bottom storyds, were

also calculated as follows:
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The total applied displacement wegntrolledby the maement of the crossheaitihe
slab displacement used for calculation InnEq2.2) was taken as the average
measurement of two string potentiometers monitoring lateral displacements la¢igtitl
of the slab in each principal loaudj direction (see Sectior2.3.3 and Figure 2-26). A
value of 79 in. was used as tderond hakstoryheight calculated as the sum of one half
of the slab thickness (8.), the height of the secosstbry column (60 in.), and the height
of the top block (16 in.)The height of the first storfd26 in.)was taken as the sum of the
height of the first story column (123 in.) and one half of the slab thickness.(3 in.)

Throughout each drift cycle, a steadt relatively small decrease in the applied gravity
load was observed (due to specimen damage, slab settlement, and/or strand relaxation).

At the end of each drift cycle, the strands were reloaded to forces corresponding to the
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target gravity shear rati In the higher drift cycles, however, when a substantial amount

of the gravity shear had diminished (approximately 20% of the target gravity shear) as the
slab accumulated more damage throughout a cycle, the cycle was paused and loads in the
strands weradjusted to reestablish the target gravity shear ratio before resuming the test.
The test was terminated when significant damage had developed in the slab at the
connection. Inthe case ofSpecimens Bl and B2, the test was terminated when the
gravity loadcould no longer be transferred through the ®lalbmn connectionThe test

of Specimen B3 was terminated when extensive connection damage led to significant
twisting of the slab relative to the column. TestofgSpecimen B4 was terminated after

the slab had dropped considerably relative to the column @sdiled in an unrealistic

shift of applied gravity loads to the slab boundary supports.
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3. EXPERIMENTAL RESULTS

Results from experiments performed on four lasgale slalcolumn subassemblies,
Specimes B1, B2, B3, and B4, are discussed in this chapter. Each section is focused on a
specific specimenmesponse, described using data collected from instrumentation and
photographs taken throughout the test.

In Section3.1, a discussion of visual damage progression of each specimen throughout
the test is provided. Visually observed failure surface of each specimen, and any other
details uncovered after completion of testing that explained specimen behavior, are

discussed in SectioB.2

The following five sections (Sectior3.3 through 3.11) deal with interpretation and
discussion ofdata collected from instrumentation, related in particular with specimen
hysteresis behavior, gravity shear history, peak shear stress on connection critical section,

and strains in shear studs and slab flexural bars.

3.1.DamageProgression

3.1.1. Specimen Bl

Narow flexural cracks were first observed on top of the slab during the 0.25% drift
cycle very close to the west face of the colurdfter completion of the 0.45% drift
cycle flexural cracks were visible near all sides of the colugmall cracks extending

from the column corners wardsthe slab cornersapproximately @ in length, also
formedduring the 0.45% drift cycleBy the end of the 0.90% drift cycle, flexural cracks

on each side of the connection had become much wider. Crack widths, however, could

not be measured throughout the test because of safety concerns.

During the 1.15% drift cycle, small cracks began to form underneath the slab, extending
orthogonally from the faces of the column. Through 1t@&0%drift cycle, cracking on

top of the slab écame more widespread in regions farther away from the connection
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(>2d), especially in the southwest corner of the connection. The first punching shear
related crack was observed on the east face of the slab during the 1.85% drift cycle at
Point 8 in the loverleaf load pattern, as shownHkigure 3-1. At Point 5 of the 2.30%

drift cycle, punching shear related damage had propagated along the west, south and east
faces of the connection. After returning #ero lateral displacementhe test was
terminated because the specimen could no longer support gravity loads. A photograph of
the southwest side of the connection at this loading stage is shoviigure 3-2. An
approximately 1 in. vertical settlemerittbe slab was also observed. In the northeast and
northwest corners of the connection, long cracks were obseribd slakthat extended

from the column corners approximately 36 in. toward their respective corners of the slab.
The punching shear failuthat developed around the west, south and east faces of the
column did not develop in the north portion of the slab. North of the column, only the
bottom cover of the slab dropped relative to the column (see Se&cfidhfor further
discussion).The inclined crack on the northeast corner of the face of the connection is

shown inFigure3-3.

3.1.2. Specimen B2

Flexural cracks in the slab of Specimen B2 were first observed near theoklain
interface durig the 0.25% drift cycle. During the 0.70% drift cycle, crafckenedon top

of the slab, emanating from the column corners and extending toward the corners of the
slab. These cracks were approximatedyir2 length. Damage on the bottom of the slab
was firga noticed during the 0.90% drift cycle, which consisted of narrow cracks
extending orthogonally from the west face of the column. On the bottom surface of the
slab, cover concrete at the sladlumn interface also began to spall on all faces. After the
1.40% drift cycle had been completed, the bottom surface of the slab was observed to
have dropped approximately 1/8 in. relative to the column. This estimation was based on
the position of the slab relative to lines drawn on the column surface prior tatastin

di stances of 1/ 4, 1/ 2, 3/ 4, ande&iguksdd).bel ow
Cracks on the top of the slab had also become significantly wider during the 1.40% drift

cycle.
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The first cracks associated with punchawyeloped during the 1.85% drift cycle at Point
8, and can be seen kgure 3-5 on the north east face of the connection. By the end of
the 1.85% drift cyle, the bottom of the slab hattoppedapproximately 0.25 in. down
the coumn. The failure surface appeared to have formed around the petimeter of

the connection

While moving from Point 1 to Point 2 at the 2.30% drift cycle, the slab dropped abruptly.
Upon reaching Point 2, the bottom of the slab had dropped approxir3&ein. on the

south and west sides of the connection. The failure surface at this point is shown in
Figure3-6. There was a significant decrease in applied gravity load as a consequence of
the slab dropping, releasing somelwd force in the prestressing strands. At this point, an
attempt was made to reload the prestressing strands to attain the target gravity shear into
the connection prior to resuming lateral displacements. While loading the slab, the
bottom of the slab began drop in the north and east regions, resulting in a total drop of
3/4 in. around the entire perimeter of the connectidter returning the specimen aero

lateral displacementhe test was terminated

3.1.3. Specimen B3

By the end of the 0.25% drift cycilemposed on Specimen B3, flexural cracks near the
column were observed on all faces of the connection on the top side of the slab. During
the 0.45% drift cycle, cracks approximatelg B length developed in the slab, which
emanated from each column corrard extended towards their respective slab corners.
Cracking beneath the slab was first noticed while loading at the 0.90% drift cycle.

Flexural cracks on the top of the slab had also begun to widen in this drift cycle.

During the 1.40% drift cycle, condee cover began to spall from the bottom surface of
the slab at the column interface. Punching shear related cracking first appeared on the
west face of the connection, approximatetya@vay from the column face after loading

to Point 2 during the 1.85% ¢iricycle. Figure 3-7 shows the damage on the newtbst

corner of the connection at Point 5 of the loading cycle to 1.85% drift. During the cycle
to 2.30% drift, punching sheaelated damage was severe and extended nearly tlhe ent

connection perimetefF{gure3-8) There was also a nearly 1/4 in. vertical drop of the slab
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observed on the underside of the connection. The slab continued to slide down the
column during the remainder of the cycle, resuliimg total drop oimore thanl in. by

the end of the 2.30% drift cyclélso during the2.30%(drift cycle, the slab began to twist
around the axis of the column as damage accumulated in the connection. At the end of
the 2.30%drift cycle, the slab had rated 1.5 radians about the vertical axis, relative to
the column.The cycle to Z5% drift was initiated, but the test was terminated after
reaching Point 4 due to excessive relative twisting between the slab and the column

(approximately 11 radians at teination of the test).

3.1.4. Specimen B4

As observed during the tests of Specimens B1, B2, and B3, flexural cracking was first
observed in Specimen B4 during the 0.25% drift cycle. Cracks approximately 3
length, extending from each column corner towardéatpective slab corner, formed in

the 0.45% drift cycle. Underneath the slab, small cracks orthogonal to the column faces
formed during the 0.90% drift cycle. At Point 11 of the 1.15% drift cycle, cover had
begun to spall from the bottom of the slab onrtbeth and west sides of the slablumn
interface. Flexural cracks located withid @f the column face began to widen during the
1.60% drift cycle.

The first punching sheaelated cracks where observed when loading to Point 11 during
the 1.85% drift cyd, located approximatelydfrom the west and south column faces
(Figure3-9). As shown inFigure3-10, after loading to Point 8 of the ensuing 2.30% drift
cycle, punching sheaelated damage had exteddaround the entire perimeter of the
column. By the end of this cycle, the slab had dropped a total of approximately 1 in. from
its original position. Specimen B4 was cycled at the 2.70% drift level to investigate the
postpunching behavior of the connewmti Throughout the cycle, the slab dropped

approximately 1 additional inch (2 in. total).
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3.2.0bservationsAfter Completion of Testing
After completion of each test, the loose concrete was removed from the connection in
order to better inspect the conditiof the connections. Observations made during the

posttest inspection of each connection are discussed in the following sections.

3.2.1. Specimen B1

Failure of Specimen B1 was caused by a combination of severe concrete degradation in
the region adjacent to the ste south and east column faces, and two long diagonal
cracks that initiated at the northest and nortteast column corners and extended
approximately 36 in. toward their respective corner of the slab, as illustratgdure

3-11. A photograph showing one of these inclined cracks is showhigare 3-3.
Sectional slab views of the slaalso shownin Figure 3-11, showmore details of the
damage in the connectiaf Specimen Blin Figure 3-11, section cuts AA and BB

show how the inclined crack at the nortlest corner of the connection penetrated
through the depth of the slab and continued below the bottom flexural reinforcement
alongthe north column face. As can be seerfFigure 3-11, the inclined cracks at the
northwest and nortfeast corners of the column split the slab into two pieces. The entire
slab piece south of the inclined cracks and the coverretnérom the north piece slid

down the column, while the north slab piece did hotigure3-12, it is shownthat the

stud rail orthogonal to the east face of the column dropped approximately 1 in., while the
stud rail orthogoal to the north face did not drdap a measurable exterBecause only

stud rails orthogonal to each column face were used in Specimen B1, shear studs on the

north side of the connection were not engaged by the failure surface.

Severe concrete degradatismms observed on the east, south and west regions of the
connection. InFigure 3-13, the east face of the connection is shown after all loose
concrete was removed following completion of the test. The north section of the
connectdbn, meanwhile, was relatively solidFigure 3-14), as the inclined cracks
emanating from the nortwest and norte ast corners of the col un
the portion of the slab framing directly into the north column fdte severe concrete
degradation observed on the east, southveest sides of the connection indicates that

the shear studs, while potentially being active in bridging diagonal cracks, did not
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provide the confinememtecessaryo maintain the integrity ahe concretat the column
faces to allow shedransferthrough diagonal stratandthe slab compression zonés
shown inFigure 3-13, the studs omhe eastside of the connection were lgrcapable of
maintaining the integrity fathe concrete in between and immediately adjacent to the stud
heads, while the concrete regions in between stud rails showed severe degradation.
cases where the head of the first stu@ach orthogonal rowested directly on top of a
slab bar Figure3-13), it was observed that the slab bar effectively anchored the stud and
prevented significant drop of the slab at that particular location. Insteadficant
bending of the supporting rail drshear stud wasften observe@dsadjacent studs away
from flexural bars dropped with theasl (inFigure3-13, stud head rotation can be seen in
the first stud visible on the south face of the column).

3.2.2. Specimen B2

A sketch of the damage distrifion in the connection of Specimen B2 is showiigure

3-15. The region shaded in grey on the east and north faces of the connection represents
an area where the slab concrete was found to be severely degraded during-tés post
investigation. This concrete had a loose grdikel consistency and was easily removed

by hand after the test had been completed. Once all loose concrete was removed, what
remained was a traditional punching shear failure surface on the west andasestbf

the connection, and a completely void area within a distdrfoem the column facen

the north and east faces of the connection (the region shaded in gfeguo3-15), as

shown inFigure 3-16. As in Specimen B1, such degradation of concrete is indicative of

the lack of adequate confinement provided by the shear studs.

Several studs were also found to have fractured from the tzlat the weld. These
studs are indicted by il dots inFigure3-15. In Figure3-17, a view of the bottom slab
surfaceon the west face of the connection highlights damage to seskealr stud
assemblies, including a severely bent base rail between the firsteaond shear studs
on the centeshear stuchssembly, and a stud that fractured from its base rail due to a
weld failure. The head of the first stud on the bent i@hownin Figure 3-17) was

located within 1 inch o& top matreinforcing bar, but was not resting directly on it.
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The severe concrete degradation in the connection of Specimen B2 at the end of the test
did not allow an effective shear transfer mechanism between the slab and the column to
develop, resulting in the &amn punching through the slab. As the slab dropped, all rail
assemblies dropped with the slab with the exception of the center rail on the west face
(also the rail with the only engaged stud in the first peripheral row of studs), where the
rail dowelled letween the first and second stud.

3.2.3. Specimen B3

The failure of Specimen B3 included severely degraded concrete in the slab within the
first two rows of studsd from the column face) surrounding the column perimeter.
Similar to SpecimenBl and B2, the degded concrete had a loose gralied
consistency. After all loose concrete was removed, there was a void space between the
slab and the column that penetrated through the entire depth of the slab. This void region
encircled the entire connection. A cormérthe connection that was cleaned out of loose
concrete is shown iRigure3-18. As can be seen figure3-18, only the concrete within

the diameter of the head of a few studs remained which, as aing&pes B1 and B2, is

indicative of the poor confinement offered by the shear studs.

For the most part, rail assemblies dropped away from the connection along with the outer
slab region. The exception was a rail assembly whose first stud was anchoredaby one
the slab bars passing through the column. In this particular case, the base rail dowelled
between the first and second shear stud, as showigtme 3-19. Unlike the otheshear
studassemblies, this rail likely contributeesr resistance even after the slab had begun

to drop significantly.

3.2.4. Specimen B4

Similar to the other test specimens, the failure of Specimen B4 included looseligeavel
concrete in the slab surrounding the column perimetefidare 3-20 and Figure 3-21,

the north face of the connection is shown before and after all loose concrete had been
cleaned out of the section. The removal of concrete around this connection was more

difficult than in the three qgvious specimens, indicating more sound concrete at the end
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of the test. This was likely due to the increased number and overall tighter spacing of
shear studs, which provided superior confinement to the concrete.

At the end of the test of Specimen BHe tslab had dropped approximately 3 in. from its
original position. All but one of thehear studssemblies completely dropped away from

the column with the outer portion of the slab. The stud rail that stayed in place was
orthogonally placed to the southice of the column and is shown kigure 3-22. This

stud rail dowelled between the first and second shear stud much like the assembly from
Specimen B3 shown iRigure 3-19. As in the other specimens,diwas due to the first
shear stud being anchored by top mat flexural reinforcement that passed through the
column. It is again probable that unlike the other stud rails, sthesar stucassembly

contributed to shear resistance even after the slab had tegdwp significantly.

3.3.Load Drift Response and Gravity Shear History
The load versus drift responséeach specimen is plotted for each perpendidakting
direction. Also plotted is the resultant foreersusresultant drift due to biaxial loading.

Resultant driftak and resultant forcEr were calculated throughout the test as,

1 T (3.1)

0 0 O 32

Principal loaihg directions, X and Y, are defined with positive and negative X
corresponding with south and north, respectively, and positive and negative Y
corresponding with east and west, respectively. The same coordinate system was used for

each experiment.

As discussed in SectioR.5.3 the primary measure of drift used in théportis the drift
that wasimposed on the entire 1.5 stories of the specimdnch wascalculated using
Egn. (2.1). For each specian, he drift of the first story andecondhalf-story of the

specimen weralsocalculatedusing Eqs(2.2) and(2.3). The drift calculated for the first
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and secondhalf-stories of Specimen B2 are pledt in Figure 3-23 along with the drift
calculated forthe full 1.5 story specimen. The trends shown are typicatheffour
specimens tested. First story drift was approximately 20% less thanlitrspecimen

drift throughout theéess, whereas secorthlf-story drift was approximatel0% greater.

In an attempt to approximate interstory drift, defined as the drift between column
inflection points,the location of the inflectiopoint in the columrwas estimated using
equilibriumof forces applied to the specimen. The column inflection point was estimated
to be within£20 inches of the bottom of the slatball four specimensbut vared widely
within and between loading cycles. Due to the high variation, the estimated interstory
drift is not shown. However, given the approximate inflection point location, the
calculated interstory drift was more similar second halstory drift than the drift
calculated for either the first story or full specimeaad versus driftesponses bageon

first storyandsecond haistory drift are reported in Appendik

As described in Section 2.1, the reinforced concrete slabs in these spewerens
relatively slender (clear span-depth ratio of 31.3, which is close the limit defined in

Table 9.5(c) of the 2008 ACI Building Coder two-way slabs not checked for
deflections(33) and consistent with slenderness values used in design of reinforced
concrete flat platgs Because the slenderness of the slabs is repgegsenof typical
reinforced concrete slab construction, and the columns are stiff relative to the slabs, it is
believed that slab deformations in tb@nnection region of the tespecimens at given

drift level are similar tahoseexpected in a structe at similarlateral displacementst

should be emphasized that the tgstcimens were not intended to repregeastrassed

(e.g., posttensionell slabs, which are typically more slender than reinforced concrete

slabs.

3.3.1. Specimen Bl

Specimen Bl was tesd over a tweday period. After completion of the 1.15% drift
cycle, the slab was fully unloaded and all but 25 kips of the axial load was removed from
the column. At the beginning of the second day of testing, the column and slab were

reloaded following he same procedure described in Seci&n3
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Hysteresis plots for loading in the X and Y directions for Specimen B1 are shown in
Figure3-24 andFigure 3-25, respectively. Hysteresis plots with resultant forces and drifts
are plotted inFigure 3-26. Also, the relationshifpetween the slab moments transferred

into the columnabout the X and Y-axesis plotted inFigure 3-27, with the portions of

the response representing the drift cycles tdb%.8and 2.30% drift highlighted. As
discussed in Chapter 3, a gravity shear ratio of 50% was targeted throughout each test. A
time history of the gravity leear ratio and the imposed lateral drifts in the X and Y
directions is plotted for the entire test Fiigure 3-28. For reference, the target gravity
shear ratio of 50% is also plottedRigure3-28 with a dashed line.

Hysteresis behavior in both the X and Y directions remained relatively linear through the
end of the 0.90% drift cycleF{gure 3-24 and Figure 3-25). The peak force exhibited
during the cytes to 1.15%, 1.40%, 1.60%, and 1.85% drift was nearly equal. The
maximum lateral force for the entire test was achieved at Point 7 of the 1.15% drift cycle
in the X-direction Figure 3-24), and Point 2 of the 1.60% drift cycle the Y-direction
(Figure3-25).

The plot of moment transferred between the slab and column for trend Y-axes
shows some interdependenttyoughout the early drift cycles. For example, after the
specimen was displaced to Poinin the cloverleaf loading pattern, where the moment
about the Xaxis was positive and the moment about Yhexis was nearly zerg the
specimen was displaced in thegative X-direction while the Ydisplacement was held
constant. This displacemealbngthe X-axiscaused a reduction the moment about the
X-axis that was relatively consistent throughout the early drift cycles. A similar
relationship is evident between momeaibout the Yaxis andY-axis drift. These
relationships (slopes) were relativetpnstant until the specimen was displaced from
Point 1 to Point 2 of the 2.30% drift cycle, where displacement in the negative X
direction caused a large decrease in momabbut the Xaxis This increased
interdependence between Xnd Y-axis moments sees to indicate that membrane

action played a significant role by the end of the test.
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Moving from Point 1 to Point 2 during the 2.30% drift cycle, there was a steep decline in
gravity shear ratipas shown irFigure 3-28, and als a flattening in the hysteresis plots
(Figure3-24 andFigure 3-25). Through Point 4, the gravity shear ratio continued to drop
rapidly to a value of 37%. This substantial decrease in gravity sheamagiassociated

with extensive punching sheeglated damagé@-igure 3-2) and a large drop of the slab
relative to the column. The vertical settlement of the slab resulted in a reduction in the
tension in each prestressing strawthjch led to a decrease in the appheitical force

on the slab. At Point 4, the target gravity shear in the connection was reestablished by
reloading the slab. At Point 5, another substantial drop in gravity shear occurred. The Y
direction hysteresislpt also showed a large decrease in lateral stiffnEggi(e 3-25).

Before moving to Point 6, the gravity shear ratio was again brought back to 50% by
further tensioning of the prestressing strands. As the specimen was didpldt@dt 6

during the cycle at 2.30% drift, the gravity shear ratio dropped significantly again;
however, the attempt to reload to the target gravity shear ratio was unsuccessful as the
slab continued to slide down the column with little increase in grashiear Figure

3-28).

3.3.2. Specimen B2

Specimen B2 was the only test to be completed in one day; thus, the slab and column
were never fully unloaded for the duration of the test. Hysteresis plots from the X and Y
loading directions fo Specimen B2 are shown iRigure 3-29 and Figure 3-30,
respectively. InFigure 3-31, the hysteresis response is plotted using resultant load and

drift values.

The hysteresis pte show that peak forcémited by the flexural capacity of the slatas
relatively constant during the cycles to 1.15%, 1.40%, 1.60%, and 1.85%Hilyifire

3-29 and Figure 3-30). During the cycle t®.30% drift, however, a substantial reduction

in peak lateral force occurred for both loading directions as a punching shear failure

developed in the specimen.

Similar to Specimen B1, results from Specimen B2 showed a consistent relationship

betweenmomens transferred between the slab and the column abow-thed Y-axes
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throughout the early drift cyclesFigure 3-32). These relationships (slopes) were
relatively constant untithe specimen was displaced from Point 10 to Poinbfithe

1.85% cycle;at which pointdisplacement in the negative-dfrection caused a large
decrease in momendabou the Y-axis As mentioned earlier, thenarease in the
interdependence betweemments about the-Xand Y-axes is believed to be indicative

of the membrane action in the slab. Shortly after this increased interdependence, the slab
failed between Points 1 and 2 of th&0%drift cycle.

A time history of the gravity shear ratio and applied lateral drifts is pldiigure 3-33.

The gravity shear ratio remained within 10% of the target gravity shear during the cycles
between 0.45% and 1.60% driffigure 3-33). The slightly higher drop in gravity shear
throughout the first drift cycle (0.25%iff) was likely caused by initial cracking in the
slab.

Throughout the 1.85% drift cycle, it was not possible to maintain a stable gravity shear
ratio, especially beyond Point 7 on the load path, as a punching shear failure began to
develop. As the slabegan to drop down the column, tension dropped in the prestressing

strands and loads were redistributed to the actuators supporting the slab corners.

When loading from Point 1 to Point 2 in the 2.30% drift cycle, there was a severe drop in
the gravity skar Figure 3-33). This event was associated with a slight but sudden drop

in applied lateral load in the X directiard an overall decrease in lateral stiffnessd
strength during the ensuing lateral displacements (see patidiysteresis response
highlighted in black inFigure 3-29). The sudden drop in lateral force was likely caused

by the fracture of several studs, as discussed in S&@02 These stud fractures,oaly

with the severe concrete degradation in the connection region, led to a severe loss of

stiffness and gravity load capacity of the specimen. As a result, the test was terminated.

3.3.3. Specimen B3

Testing of Specimen B3 was completed over two days. Day faestong ended after the
completion of the 1.60% drift cycle. Hysteresis plots in the X and Y directions for
Specimen B3 are shown kigure3-34 andFigure 3-35, respectively, while the specimen

hysterasis response using resultant load and drift values is showigure 3-36. The
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hysteresis behavior of Specimen B3 was stable throughout the cycles up to 1.85% drift,
with a relatively constant peak forcémited by flexural yiedling, during the cycles
between 0.90% and 1.85% drift. During tlwycle to 1.85% drift, however, an
approximately 15% drop in gravity shear occurrédis led to a pause in the test at zero
lateral displacement between Points 6 and 7 on the loading pétfther tension the

strands in order to restore the gravity shear in the conneé€ligur € 3-38).

During the 2.30% driftycle, a large decrease in lateral stiffness from the previous 1.85%
drift cycle was obseed while the specimen was displaced from Point 1 to Point 2. The
gravity shear ratio also became very unstable throughout the 2.30% drift cycle as
punching related damage developed and the slab dropped down the déiiguna 3-8).

As indicated m Figure 3-38, the slab was reloadetiring the 2.30% drift cyclat zero
displacement in X and Y directions, when loading from Point 3 to 4, Point 6 to Point 7,
and Point 9 to Point 10 on the loading path. Eacle,ta gravity shear ratio of 50% was
successfully reestablished in the connection. In contrast to the previous specimens, this
connection was capable of supporting gisaloads and could be cycleadter significant

punching shear damage was observed.

A substantial loss of torsional stiffness in the connection was also observed during the
2.30% drift cycle, resulting in the slab rotating relative to the column about the column
longitudinal axis. This was unrealistic behavior for a-fil@b frame system.hE test was
terminated #ier loading to Points 1 and 2 of the723% drift cycle, when significant
twisting about the column was observed and dfterslab had dropped well over 1 in.

down the column.

The relationship between timoments in theslababoutthe X- and Y-axes argplottedin

Figure 3-37. Similar to Specimens B1 and B2, results from Specimen B3 showed a
consistent relationship betweenr Znd Y-axis slab moments throughout the early drift
cycles, with a slightly increasl interdependence during the 1.85% drift cycle. A sudden
increase in this interdependence was observed when the specimen was displaced from
Point 1 to Point 2 of the 2.30% cyclat which pointdisplacement in the negative- X

direction caused a large dease in momentabout the Xaxis This increased
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interdependence of moments in both directions was believed to be the result of membrane
action in the slab in the connection regitrat developedas a consequence of the
substantial deterioration of the slabncrete. Shortly after this change in slope, while
loading to Points 5 and 6 of the 2.30% drift cycle, the flexural strength of the slab
degraded to near zero.

3.3.4. Specimen B4

Testing of Specimen B4 was completed over two days. Day one of testing endéaeafter
completion of the 1.60% drift cycle. Hysteresis plots in the X and Y loading directions
for Specimen B4 are shown kigure 3-39 and Figure 3-40 respectively. IrFigure 3-41,

the hysteresis response is plotted using resultant load and drift values.

Specimen B4 exhibited a stable response throughout the cycles up to 1.85% drift, with
relatively constant peak force for the cycledvieen 0.90% and 1.85% drifthe peak

force capacity of Specimen B4 was controlled by flexural yielding, as in the other
specimensAt Point 5 in the 2.30% drift cycle, the first substantial decrease in peak
lateral force relative to the previous cyclesnabservedKigure 3-40). From this point

forward in the test, the hysteresis loops showed a large decrease in specimen stiffness and
strength. The connection gravity shear also became very unstable beyond nhis poi
requiring the slab to be reloaded for the first time in the middle of a cycle. This was done

at zero displacement while loading from Point 9 to Point 10, as indicakegure3-43.

In Figure3-42, the relationship between the moments in the slab aboii-taed Y-axes

is plotted. Similar to the previous specimens, results from Specimen B4 showed a
consistent relationship between And Y-axis slab moments throughodtet early drift

cycles. These relationships were relatively consistent until the 2.30% drift cycle, where
an increased interdependence was observed. This interdependence increased modestly
while loading from Point 1 to Point ZZhe moments became stronglyrielated while

loading from Point 4 to Point 5. By the time the specimasloaded to Point 9 of the

2.30% cycle, the connection had exhibited a substantial loss of moment capacity.

Although the slab had dropped a substantial amount (more than 1 ting leynd of the

2.30% drift cycle, the connection was still capable of holding the required gravity shear
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The specimen was subjected to a full cycle at 2.75% @nifting the 2.75% drift cycle,

the slab waseloaded to the target gravity shesnen it wa at zero displacement prior to
loading to Points 4, 7, and 10. When reloading the slab prior to Point 7, the slab corners
were lowered to increase the amount of simulated gravity load attracted to the
connection After the last quarter cycle to 2.75% dyithe specimen was still capable of
suppating the required gravity sheatdowever,the test was terminated becauseslad
hadsustained severe damage andpped more than 2 in.

3.4.Load versusDrift Envelope Response

Tabulated inTable3-1 to Table3-4 are the values of peak resultant lateral force that were
recorded at each of the thirteen points on the cloverleaf loading path at each drift level.
The maximum resultanialeral force achieved at each of the points in the cloverleaf
loading pattern during the each test is marked on the table with an asterisk. Connections
exhibiting ductile performance should exhibitgaod strength and stiffness retention
capacity throughdrge drift levels. InTable 3-1 to Table 3-4, values exceeding at least
90% of the maximum lateral load recorded at the respective loading point, prior to and
after reachig the peak force, are bolded. To facilitate specimen comparisons, the
maximum resultant force (the value with an asterisk in eathmn inTable3-1 to Table

3-4) and corresponding drifevel for each respective loading point are recorderthinle

3-5.

Figure3-44to Figure3-46 show load versus drift envelope curves correspantineach

of the thirteen points in the cloverleaf loading pattenownin Figure 2-28 (the values

for a particular curve are associated with a column ficahle 3-1 to Table 3-4). The
corner points on the loading path are plotte&igure 3-44 andthe points on the loading

path associated with drifts in only the X or Y direction are plotted, respectivetjgume

3-45 and Figure 3-46. Each plot contains curves corresponding to the four specimens
tested in this investigation (Specimens Bl through B4), as well as Specimen SB3 (with
shear stud reinforcement) testada previous studydheng et al2009. For comparison,

the resultant lateral force and resultant drift values were used in each set of plots.
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The slopes of the envelope plotsHigure 3-44 to Figure 3-46 show that the stiffness of

each of the specimens tested in the current stashg that ofC h e n ghéas stud
reinforcedspecimerwerenearly identical in the elastic range. The drift level at which the
maximum lateral loadsgoverned by flexural yieldingyere achieved generally varied
from 1.15% to 1.60% for every loading point, while lateral forces exceeding at least 90%
of the peak force at each respective loading point were often reached in the 0.90% to
1.85% drift cycles. Specimens B1, B3, and B4 shared a similar pattern of betdnaoe,

a large decrease in peak lateral force was not observed until the 2.30% drift cycle (3.25%
resultant drift). During this cycle, substantially lower lateral forces were reached at each
loading point relative to the previous drift cycleiqure 3-44 to Figure 3-46). The first
significant drop in peak lateral force for Specimen B1 occurred at Point 2, where the peak
resultant force dropped to 12.5 kips, approximately etua@0% of the peak resultant
lateral force of 17.4 kips reached at the 1.15% drift cycle. Similarly for Specimen B3, at
Point 3 of the 2.30% drift cycle the peak resultant lateral force was approximately 70% of
the maximum force that was reached at pust during the 1.40% drift leveT@ble3-3,

Figure 3-45). For Specimen B4, at Point 6, the peak force of 8.6 kips was 70% of the
peak value of 12.3 kips reached at thaint during the 1.40% drift cycleTable 3-4,

Figure 3-46). The decrease in peak force measured during the cycle to 2.30% drift in
Specimens Bl, B3 and B4 was due to astadtial loss of stiffness and strength caused

by the formation of punching shear cracks around the column perimeter, as well as the

severe degradation of slab concrete adjacent to the column faces.

Specimen B2 displayed nearly identical behavior to SpawnB1, B3, and B4, attaining
lateral forces that were at least 90% of the maximum force recorded at each cloverleaf
loading point in the 0.90% drift cycle, and maintaining relatively similar peak forces
through the 1.85% drift cycleTable 3-2). While loading to Point 1 of the 2.30% drift
cycle, a reduction irY-axis specimen stiffness was observed that led to a peak lateral
force of 10.6 kip, 22% less than the peak force previously imposed at Point 1. The peak
resultant force redned while loading to Point 2 of the 2.30% drift cycle was 7.1, kips
approximately 60%ess thanthe maximum force reached at Point 2pireviousdrift

cycles In contrast with the other test specimens, where no sudden drop in lateral force

occurred, a snibut suddendrop in the applied lateral force occurred when Specimen
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B2 was displaed from Point 1 to Point 2, as highlightedFigure 3-29. As mentioned
earlier, this sudden load drop is believed to have beendchysehe frature of several
shear studs in the connection. The response immediately after this load drop indicated a

substantial decrease in lateral stiffness of the specimen.

There was a sharp contrast in behavior between the specimens tested in this investigation
and Specimen SB&ported inCheng etal. (2010) All four test specimens in the current
study behaved very similarly in regards to load versus drift response for drift levels up to
1.85%. The behavior throughout thesmding cycles was stable, with only gradual
decreases in stiffness and strength. Specimen(SB&ng et al2010) designed to have

the minimumamountof shear studsequired by théACI Building Code(ACI Committee

318 2008) showed a sudden and substantial drop in appéiertal force during the cycle

to 1.15% drift Eigure 3-44 to Figure 3-46). The substantially lower drift capacity
exhibited by this specimen can be explditg the fact that the shear stud reinforcement
was not capable of bridging the critical diagonal punching shear crack once it formed,
leading to a behavior similar to that expected for a connection unreinforced in shear. The
much larger amount of shearuds provided in the four specimens tested in this
investigation prevented a connection failwiendiagonal cracking initiated, and forced
other failure modes to develop. These other failure mddeslved a substantial

degradation of slab concrete adjac® the column faces.

3.5.Vertical Drop of Slab at Column

The downward vertical displacement of the bottom of the slab relative to the column
(Aslab dropo) can be taken as a measure of
between the slab and theolumn. These vertical displacements result from either
diagonal punching shear cracking in the slaBlimling shear displacements near the face

of the column if a traditional punching failure is prevented by reinforcement (a schematic

of these mechanisms shown inFigure 3-47). Slab drop in Specimens B2, B3 and B4

was measured by eight Linedariable Differential Transformers (LVDTSs) fixed to the

column below the slab, as shownkigure2-23. The average slab drop measured by the
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two LVDTs closest to each column corner is plottedrigure 3-48 throughFigure 3-50
for these three specimens. Slab drop around the perimeter of the codsmot recorded

for Specimen B1.

In Specimens B2 through B4, slab drop was shown to exhibit two trends: 1) the average
drop of the slab gradually increased as the number of cycles and drift level increased, and
2) within each drift cycle, the slab drag each of the column corners varied as the
direction and magnitude of drifts imposed on the specimen varied. The first of these
observations is evidence that cracking and deterioration of the slab concrete gradually
reduced the shear stiffness of the @wtion, as expected. The second observation, that
slab drop varied among the cloverleaf pattern corners within a drift cycle, demonstrates
the ability of the slab to partially recover the slab drop when unloaded (and loaded in the
opposite direction). Thestrends appeared stable until, in later cycles, the slab drop
approached 1/4 in. Once the average slab drop reached approximately 1/4 in. in each of
the specimens, the slab drop began to increase rapidly with continued cycling. This rapid
increase in thaverage slab drop began during the 1.85%, 1.85%, and 2.3% drift cycles

for Specimens B2, B3, and B4, respectively.

3.6.Maximum Shear Stress Based o&ccentric Shear Model

The nominal shear stressj,, on each face of the critical perimeter due to directigrav
shear,V,and moment transferred to the col umn,
moment, My, in each principaldirection wvasc al cul at ed wusing the
model 0 specified in the A& CoBiniitee 818 20§8) Co d e ,
The direct gravity shear was calculatsithe net sum of all vertical forces on the slab
outside of the critical perimeter, i.e., weight of the slab and perimeter steel tubes, forces
applied by prestressing strands, and dsrapplied by vertical ancillary actuators at the

slab corners. The moment transferred between the slab and the column in each principal
direction was calculated as the resultant of all moments about therglaal section

centroid caused by externahlds applied directly to the slab. All applied slab forces and

their respective moment arms to the connection centroid are shown in the plan view of
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Figure 2-27. Forces Ali A4 represent loads applied by ancillary actuators; thigin
convention is taken such that positive loads represent an upward force on the slab. Strand
loads are labeled north, south, east, and west according to their location relative to the
connection. The sign convention of strand loads is taken such tls@tvg@oloads
represent a downward force on the slab. Using the labels and moment arms shown in
Figure2-27, the following equations were used to calculate unbalanced moment in each
principal direction, where the forces are expeéess kips and the momerabout the X

and Y-axes,Mupx andMypy, have units of kipinches.
0 6 0 0 0 wiE "Yoi ®eE QYOI wE @0 (3.3)
0 6 0 0 0 wiE "YoiI ®&Q YOI ®wE Qr D¢ (3.4

Following Commentary Section R11.11.7.2tbé ACI Building Codg/ACI Committee

318 2008) for square interior columns the shefress distribution due to gty shear is
assumed to be uniform on the critical section, as showigire3-51A. The shear stress
distribution dugo moment transferred through eccentric shear is assumed to vary linearly
about the critical section, as show Figure3-51B. With VV and the correspondingpx

and Mypy, the maximum shear stresses and vy were taken as the largest value
calculated by,

w [0 o
6 0 (35
w 0 W
6 0 (3.6)

In Egns.(3.5) and(3.6), Ac is defined as the area of the critical section/atfrom the
column faces, equal h,, whered is the average slab effective depth (4.75 in.) layid
the lengthof the critical perimeter (83 in.). The area of the critical sectigrfior the
connection of each specimen waaculated a894.25 in’. The termg, is an empirical

constant that represents the fraction of moment transferred to the column through

eccentic shear about the critical section. This value is calculated as,

40



(3.7)

P
0 cfo oTo (38)

In Egn. (3.7), g is the fraction of moment to be transferred through flexure over the
effective width. For a rectangular column, the dimendipis the width of the column
faces parallel to the direction about which moment is beiagsterred, whild, is the
width of the perpendicular column faces. For the square columns used in thib stigy

= b= 16 in; thereforeaccording to this modefy = 0.60 and the corresponding fraction

of moment transferred through eccentric sheawas 0.40

Thec, andcy variables represent the distance from the geometric centroid of the column
to the failure plane oriented parallel to the Xnd Y-axes, respectivelyand were
calculated using Eqg. 3.9Because the columns ieach testwere gjuare,® @
p®xBI

w Q

0 o — (3.9
C

The propertyl; is analogous to the polar moment of inertia of the critical section about its

centroid. For interior columns, it is takas,

Qd Q & Q20 Qd Qb Q (310
¢ ¢ S

The 16 inchsquare column used in this stubdgd a calculatedvalue ofJ. for moment

transfer about both axes the connection equal to 28,662.in

Using the properties listed above, the maximum shear stress for moment transfer about
either the X or Y axisvascalculated for each point on the cloverleaf for each drift level
using Egns(3.5) and(3.6). The maximum shear stress at a corner point on the critical
perimeter was also calculateeven though this check is not explicitly required in the
ACI Building Code This wascalculatedby taking the maximum vaéuobtained when

using the following equation,
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(3.11)

®w rd o rHv w
0 0 0
For each specimen, the maximum shear stresses on tbal seiction in each direction at
each loading point throughout the test can be foundaiole 3-6 to Table 3-9, where
maximum values attained throughout the test are boael.maximum &lues of shear

stressvy, W, andvyy recorded throughout each test for Specimens B1 through B4, and
Specimen SB3eported inCheng et al(2010) are showrin Table 3-10. Shearstresses

are normalized by "Q (psi) taking'Q as the compressive strength of cylinders made from

the slab concrete tested on the day prior to the test of each respective specimen.

The strength of each specimen, and therefore the sheas stmposed on the critical
section in the slabs,aglimited by the flexural strength of the slab (Sections 3.3 and 3.9).
The peak shear stress on the critical section in each principal loading direction was

similar in the four specimens of the current dfy with values that ranged from 4.1

(psi) to 4.4 "Q (psi) in either principal loading directionT&ble 3-10). These values are

also very similar to the peak shear stresses reached by Specimen SB3 (specimen with

stud railsreported in Cheng et &010)of 4.0 "Q (psi) and 4.3 "Q (psi) in the X and Y
loading directions, respectivefCheng and Parflontesinos 2009)The peak shear

stress at any point on the critical section due to biaxial bengingwas also nearly
identical with values ranging from 5.8 (psi) to 6.2 "Q (psi). These values again were

comparable with the peak shear stress repamt€theng et al(2009)of 5.7 "Q (psi.

As discussed in Sectidh3, the main difference between each of the specimens was the

drift level at which a substantial loss of lateral strength and stiffness, and more
importantly a loss of gravity shear transfer capabitween the slab and the column,
occurred. The decline in peak shear stres:
1.15% drift cycle, whereas the specimens in the current study dicexp®rience

significant drops in critical perimeter shear stresses tihe 1.8%6 to 2.3@% drift cycles.

The same drift levels were associated with a loss of gravity shear transfer capacity

between the slab and the colufion Specimens B1 and B2, whereas Specimens B3 and
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B4 continued to transfer gravity shear after losihg ability to transfer moments
between the slab and column

Using the'Q measured on the day prior to specimen testiimg) the specified yield stress

of the studs of 55 ksiSpecimens B1 and B2 had nominal shst@aess apacities of

6.8 "Q (psi) and 5.6 "Q (psi), respectivelycalculatedaccording toACI Building Code
Section 11.11.5ACI Committee 318 2008)Although a different shear stud layout was
used in Specimen B3, with one stud rail at each column corner oriented at 45 degrees
from each column faceghe same numbeof shear studss assumed to contribute to
punching shear capacitgs in Specimen B1The nominal shear stress capacity for

Specimen B3vas6.9 "Q (psi). The nominal shear stress capacity of the connection of

Specimen B4 was governed by the upper shear stress limit & @si) for sections
provided withshear stud reinforcemeper Section 11.11.5 of ACI 31&Cl Committee
318 2008)

The nominal shear stress capacities of all four connections were considerably greater than
the peak shear stress attained during the tests for moment transigremthe X or Y
directionbecause flexural yielding coolled the strength of the specimelghenbiaxial
moment transfers consideredthe peak shear stressesculatedusing Eq.(3.11) were

lower thanor equal tothe nominal shear stress capacity $gecimens B1, B3, and B4
(Table 3-11). Furthermorethe nominal shear stress capacity attributed to the shear stud
reinforcement \i;) in these specimensas greater than the calculated stress demand for
moment transfer in either the X or Y direction. In theecas Specimen B4, the nominal
shear stress capacity attributed to the shear stud reinforcement was approx3fmtely
greater tharthe peak shear stress calculated for biaxial moment tramsfére test of

Specimen B2although the nominal shear stresparty exceeded the peak shear stress
in either the X or Y loading directions by approximately 25% (5B[psi] compared to
4.4 "Q [psi]), the peakbiaxial shear stress of 6.2Q (psi) exceeded the calculated

nominal sheastres capacity of 5.6 "Q (psi). Recallthat several studs in Specimen B2

fractured from the base rail at the weld before yielding of the instrumented studs
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occurred. Thus, the potential stress capacity of the fractured studs was likely less than the

design yield stress.

3.7.Slab-Column Flexural Rotations

LVDTs were fixed to the top and bottom of the slab at lwbamd 21 from each column
face so that flexurabtationsin the slalcould be calculatedséeSection2.3.2andFigure
2-23). In generalall four specimens exhibited a similar behavior in terms of connection
flexural rotationsPrior to evidence of slab punching becoming visually appatering
testing peak calculatedflexural rotations vere between 0.005 and 0.01 radiainsthe
positive directionand-0.03 and-0.04 radiansn the negative directio(where negative
rotation indicates larger tension strains at the extreme top fibers of thg Jlabse
calculated rotations are believed lbe representative of the rotations that develop in
connections oftypical reinforced concrete twway slab systemsat similar lateral

displacement levelsecause of thelenderness ratio and scale of the slabs tested

Figure3-52 showsthe slab momenabout the Yaxis plottedversusrotations calculated

and 21 from the north column face of Specimen Bhe similaritybetween the two plots

in terms of peak rotations calculated for each loading cycle and the shape of the
hysteresigndicatesthat very little change in rotatiowas exhibited by the slaieyondd

from the column faceThis observation is typical of all four column fadesall four
specimensand indicates that most or all inelastic flexural deformations concentrated
within d from the column facesSee Appendix B for plots of slab moment versus rotation

for all of the specimens.

3.8.Shear Stud Strains

3.8.1. Stud Rail Strain Profile

The axial strain in the stud shanks was monitored in several shear studs in each specimen.
Due b varying shear reinforcement details between specimens, the instrumentation plan

differed accordingly for each tedtigure 2-19 to Figure2-22). In Figure 3-53 to Figure
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3-60 strain profiles of individual stud rails are plotted throughout the test. Each data point
represents the maximum strain observed in a given stud during the drift cycle plotted
versus the stud distance to the column face. For stmgisected to rails placed at a 45
degree angle with respect to the column faces, strains are plotted versus the distance from
the column corner to the respective stud.

Several shear stud strain gauges were damaged in the late stages of the test ask&ide cra
opened up and gauge wires were severed. Data were therefore not available for all
instrumented studs through the end of each test. Data points with hollow markers indicate
that either the gauge was not functional for the entire cycle or the entieewegsl not
completed.

3.8.2. Specimen B1

The first five shear studs were instrumented on the center stud rails placed orthogonal to
the south and east faces of the coluigyre 2-19). The strain profile of these rails is
shown inFigure3-53. Beyond 1.8 (7-1/8 in.)from the column periphery, strain readings
were relatively low in all instrumented shear studs throughout the test. This agrees with
photographs of the specimen showing a majority of the crackibg taithin a distance

(4-3/4 in.) of the column face.

In the 0.90% drift cycle, there was a relatively large increase in strain in the second and
third studs of the instrumented stud rail on the east column face. A similar strain increase
was observed ithe second stud of the instrumented rail on the south column face during

the 1.15% drift cycle. At this stage of the test the peak shear stress on the critical

perimeter was approximately 2Q (psi) (Table 3-6). Based orthese observations, it is

likely two-way shear cracks initiated during the 0.90% and 1.15% drift cycles.

In the 1.40% through the 1.85% drift cycles, the peak strains in the first three rows of
shear studs on the south and east face of the connectadilystixcreased in each
subsequent drift cycle; however, the corresponding moment transferred into the column
remained relatively constant. This suggests a shift in connection shear resistance from the
so-called concrete shear mechanisms to the sheatamsgsmechanism associated with

the shear stud reinforcement. Maximum measured stud strain was slightly lower than
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0.003 in the second stud of the instrumented rail on the east column face. This strain was

measured during the cycle at 1.85% drift.

3.8.3. SpecimerB2

The first five shear studs on the center stud rails placed orthogonally to each face of the
column of Specimen B2 were instrument&ay(re2-20). The strain profile of these rails

is shown inFigure 3-54. Similar to Specimen B1, strain values remained relatively low
throughout the entire test beyondbd (beyond the third row of shear studs) from the

column periphery.

Two-way shear cracks likely formed during the 0.90% and 1.15% drift cycles, a&s larg
increases in strain were observed in the first and second rows of studs on the north, south,
and east faces of the connection. Following the formation of diagonal shear cracks,
strains increased steadily throughout the remainder of the test. At theftifadure

during the 2.30% drift cycle, where it is likely that studs fractured from the base rail,
readings from many of the gauges were lost; however, in several studs near the
connection, strain readings decreased significantly. As in Specimen Blmeeskired

stud strain was slightly below 0.00Bhe first stud closest to the south face of the column

on the center rail was the only stud instrumented with a strain gauge that also fractured
from its base rail due to a weld failure. The maximum strasondged in this stud was
approximately 0.0027and occurredh the 1.85% drift cycleRigure3-54).

3.8.4. Specimen B3

The strain profiles of stud rails placed orthogonally on each face of the column of
Specimen B3 are plotted Figure3-55. Strain profiles for stud rails placed at the corners

of the column and oriented 45 degrees from the column faces are ploRediia3-57.

A number of strain readings for Specimen B3 were omitbedhe 1.40% drift cycle due

to a malfunction of the data acquisition system (DAQ), which led to unreliable data
recorded in several of the DAQ channels. The DAQ was restarted after the completion of
the 1.40% drift cycle and it functioned properly theteaf

As observed in the other tests, shear stud strain readings were only large within a distance

of 1.5d from the column face. The substantial increase in stud strain between the 0.90%
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and 1.60% drift levels indicated the formation of diagonal shear €rdaking these
stages of the test. In general, strain data from studs on the rails placed at the corners of
the column were lower than those of studs on orthogonally placed rails during the cycles
to 1.85%drift and higher. An explanation for this behavimay be related to biaxial
bending at the connection. The highest stress levels on the critical perimeter due to
biaxial bending occur near the column corners. The higher stresses in these areas may
have contributed to a more rapid degradation of concreseilting in a less efficient

engagement of the shear studs.

In the 2.30% drift cycle, significant punching shealated damage developed in the
connection of Specimen B3 as the slab concrete degraded. Many of the studs lost
anchorage and dropped wittetblab. However, a large increase in strain was observed in
the second shear stud on the south face of the column in the 2.30% drift cycle, raaching
strain of approximately 0.086(Figure 3-55 and Figure 3-56). After the test, a kink was
found in this rail between the first and second stidure 3-19). It was also found that

the head of thdirst shear studvas anchored by top mat flexural reinforcement that
passed through trmlumn. The strain readings and the kink in the rail show that the bar
provided anchorage to the shear stud after the concrete had become loose and the slab
dropped. In the ensuing 2.75% drift cycle, the maximum recorded strain level in this stud
was sigificantly less than in the 2.30% drift cycle. After the test, the stud was not found
to be anchored by any flexural reinforcement. Thus, it is likely that this decrease in strain
was due to the stud slipping off the bar and losing anchorage at some giwviaeeh the
2.30% and 2.75% drift cycles.

3.8.5. Specimen B4

The strain profiles of orthogonally placed stud rails on each face of the column of
Specimen B4 are plotted iRigure 3-58 and Figure 3-59. Strain profies of stud rails

oriented at 45 degrees from each column face are plotteidune 3-60. The data for the

rail profiles inFigure3-58ar e | abel ed Ainner orthogonal,
strain eadings from stud rails that were placed closer to the center of the column face
(Figure 2-22). Similarly, the data for the rail profiles fhigure3-59ar e | abel ed fiq
orthogonal , 0 adwith swwanrreadingsofrons rails placédebetween inner
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orthogonal rails and rails at the column corners oriented at 45 degrees from the column

faces Figure2-22).

As in Specimens B1, B2 and B3, the increase in the strain ofedesteds in the 0.90%

and 1.15% drift cycles indicated the development of diagonal shear cracks at the
connection. Specimen B4 contained eight more rails than the other specimens. Due to the
greater number of shear studs, less load was required to diedgser stud after diagonal
cracks had formed, resulting in lower strains per stud as well. Peak strains in the first and
second rows of studs in Specimen B4 ranged mostly from 0.001 to 0.B@L5e@-58

and Figure 3-59), in contrast to the other specimens, where measured peak strains were
approximately 0.003 for Specimens B1 arf] Bnd 0.005 for Specimen B3.

3.9.Slab Flexural ReinforcementStrain Readings

3.9.1. Specimen Bl

The strain gauge layout for slakexural reinforcement is shown iRigure 2-15 and
Figure 2-16. The strain gauge locations were defined by coordinafparallel) andt
(transverse) with respect to the column cenfggure2-17). Strain gauges were applied
to flexural reinforcement placed at several distaidesm the column center and at five
distanced, equal tot(b+d)/2 (+10.375 in.),x(b+5d)/2 (£19.875 in.), and O in. from the

center of the column. Codinated andt for each strain gauge are listedTiable2-2.

Strain profiles of flexural reinforcement laid along the X and Y axes of the slab were
plotted for each specimen of the current study, and are shown for SpecimeFRiBare

3-61 and Figure 3-62, respectively. The strain profile for bars laid in thedikection
shows the strains recordbg gauges TS3, TS7, TS9, TS11, TS12, and TS13 at Point 4 of
each drift cycle (itwas found that strains were generally maximum in these gauges at
Point 4). These gauges were located at the same positi@iot-d)/2 in the Xdirection,

on separate bars placed at distanges,-3 in.,-15 in.,-27 in.,-39 in.,-57 in., and-81 in.

from the center of the column in thedifection Figure 2-16). Similarly, the strain
profile for bars laid along the-direction is shown for strains recorded at Point 7 for each
drift cycle by gauges TE2, TE6, TE10, TE11l, TE12d &E13. These gauges were
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located in the same position in thed¥ection, I=(b+d)/2, on separate bars placed at
distancest, of -3 in., -15 in.,-27 in.,-39 in.,-57 in., and-81 in. from the center of the
slab in the Xdirection Figure2-16).

In Specimen B1wo gauges in the top mat of reinforcement (gauges TS1 and TS2 shown
in Figure2-16) were damaged during the casting of the slab and did not provide reliable
data.

Theyield strainof 0.00233, dtermined from coupon testsasvexceeded in instrumented
bars at=+(b+d)/2 within a 30 in. (B) slab section centered on both the X and Y faces of
the column, as shown in the strain profilesHigure 3-61 and Figure 3-62. Strains
remained below yielding in all of the gauges located on the top reinforceméant at

® UQj ¢ in either direction.

Figure 3-63 and Figure 3-64 show plots ofthe applied lateral load in the-direction
versus the strain in gauges TE2 and TES3, respectively, throughout the esitir€hie
onset of yielding is highlighted in each plot by a sudden jump in strain in the 0.90% drift
cycle. In the Xdirection, yielding was observed at the 1.15% drift level in gauge TS3, as
highlighted inFigure3-65. This yieldng coincides witta change in the slope of the lead

drift plots discussed in Section 3.4.

The bottom mat of reinforcement remained elastic prior to punching in the 2.30% drift
cycle. As the south slab region began to drop relative to the column, largases in

strain occurred in bottom slab reinforcement. In particular, this occurred in bars that
passed through the column suppamtisenedas integrity steel. This is highlighted in the

strain history for gauges BS2 and BS3 shownFigure 3-66 and Figure 3-67,
respectively. Large strain increases were also observed in gauges BS6, BS7, and BE7, as
shown inFigure 3-68 to Figure 3-70. These gauges wepaced in the region where the
inclined cracks formed in the northwest slab region, as illustratédgimre 3-11. It is

likely that bars in this location acted as hangers similar to integrity steel passing through
the column suport (Figure 2-8) as the south piece of slab began to drop relative to the

north piece, as described in Sect®A.1
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3.9.2. Specimen B2
For Specimen B2, strain gauges BS4 and TS10 were broken during gpecime
construction and strain data could not be collected at either location. Strain profile plots

in the X and Y directions are shownkigure3-71 andFigure3-72.

Flexural yielding was concentrated wittime central 30 in. (3 of the slab for loading in

the X direction, as shown by the strain profile across the slab width for gauges located at
d/2 from the column face on bars parallel to the Y akigyre 3-71). Yielding for
loading in the Y direction concentrated over a somewhat narrower region, as indicated by
the strain profile shown ifigure 3-72, obtained from strain gauges locatedl@ from

the column face on bars parallel to the X axis (logdmthe Y direction).

Strain gauges TE2 and TE3 indicated flexural yielding for loading in the Y direction
during the 0.70% drift cycle, as highlightedRigure 3-73 andFigure 3-74, respectively.
Flexural yielding for loading in the X direction also occurred during this cycle, as
indicated by the strains measured through strain gauge TS2. On the opposite side of the
connection, however, strains greater than the yield strain were measured by gauge TS3
during the 0.90% drift cycleRigure3-76). All of these strain gauges were placed on bars
at a @ 'Qjc. During the 1.85% drift cycle, yielding was indicated by readings
from gauges TE4, TS1, and TS4. These were placedreamforcing bars G

@ UQjc from the column center, as highlighted Figure 3-77 to Figure 3-79,
respectively. Specimen B2 was the only specimen to show yielding in any flexural bar at

a ® vQjc.

Bottom reinforcement remained elastic throughout the entire test prior to punching in the
2.30% drift cycle. After e column punched, large strain increases in bottom bars
passing through the column occurred, as shown by the strain histories of gauges BE2,
BE3, and BS3Kigure3-80to Figure3-82).

3.9.3. Specimen B3
Strainprofile plots in the X and Y directions for Specimen B3 are showfigare 3-83
andFigure3-84. Flexural reinforcement in the slab remained elastic until the 0.70% drift

cycle, when reinforcement laiah ithe Xdirection att=3 in, andl=x(b+d)/2 indicated
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yielding, as shown by the lateral load versus strain plots for gauges TS2 and TS3 in
Figure 3-85 and Figure 3-86, respectively. During the ensuing 0% drift cycle, bars
placed in the Ydirection showed signs of yielding &t+(b+d)/2, as indicated by the
strain history of gauges TE2 and TE3 shown Figure 3-87 and Figure 3-88,

respectively.

In profile plots Figure3-83 andFigure 3-84, it is shown thatheyield strainof 0.00223,
determined from coupon tests, wasceededby measurements takeon flexural
reinforcement at a distance @® from the column face. None of the lateral force versus
drift plots of gauges placed at @.5om the column face indicated yielding throughout
the test.

In the bottom mat of reinforcement, strain gauge B&6& damaged during specimen
construction. Behavior of bimm reinforcement was mostly elastic through the end of the
1.85% drift cycle although yielding was spreading in the top mat of reinforcement
(Figure 3-89). As in the previous specimens, increases in bottom bar strains were
obsewed during the 2.30% drift cycle as a punching shear failure developed and the slab
dropped significantly with respect to the coluniig(ire 3-90). These increased strains

indicate that these bars had begun to act as integrnitipreement through the column.

3.9.4. Specimen B4

Strain profile plots in the X and Y directions for Specimen B4 are showigure3-91

and Figure 3-92. In the top mat of reinforcing bars, strain gauge TE3 da®maged
during specimen constructiand TS3 was damaged after the cycle to 1.85%. driife

initial yield of flexural reinforcement dt= -3 in. anda ® Qj ¢ occurred at much
higher drift levels than in the other three specimens. For loading in the Y direction, gauge
TEZ2 recorded yielding during the 1.40% drift cycleshewnin Figure3-93. For loading

in the X-direction, strain gauges TS2 and TS3 initially showed yielding during the 0.90%
and 1.85% drift cycles, respectivelfFigure 3-94 and Figure 3-95). In the previous
specimens, gauges in these locations indicgtelding during the cycles at 0.70% to

1.15% drift. The reason for this different yielding pattern is uncl&rain gauge TS5,
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located att = -15 in. (2.%1) and& @ Qj ¢, showed inelastic behavior during the
1.85% drift cycle Figure3-96).

In the strain profile plots shown iRigure3-91 andFigure3-92, it can be seen that peak
reinforcing bar strains at the latter drift cycles were greater than or approximately equal
to the yield strairof 0.00232, determined from coupon test&hin a 30 in. () slab
section centered on both the X and Y faces of the column. Yield straingxeseded on
flexural reinforcement at a distanae ® ULQj ¢; however, none of the lateral force
versus strain plots of gauges at this distance indicated inelastic behavior at any point
throughout the test.

In the bottom mat of reinforcement, strain gauge BS2 was damaged during specimen
construction During the 2.30% drift cycle, strain gauges on bars passing through the
column recorded a change in behavior and inelastic deformations in some cases, which
was likely associated with the slab beginning to drop relative to the column. Lateral load
versusstrain histories for gauges BE2, BE3, and BS3, showkigare 3-97 to Figure

3-99, respectively, highlight this behavior. Strain readings on all other bottom mat

reinforcement showed elastic behaviaotlghout the entire test.

3.10. Column Base Rotations

The base of the first story columwas expected to undergo inelastiiexural
deformationgight abovethe specimerbase blockseeFigure 2-5 for specimen layo(t
As shown inFigure2-24, LVDTs were fixed to each face of the column 14 in. from the
base blockso that columnii h i nrgtaians could be calculatedhé assumed hinge
length of14 in. is equal to the effectiviiexural depth of the 16 in. squareolumn) The
relationship between moment at the base of the columncaledlated flexural hinge
rotationsis plotted inFigure3-100throughFigure3-107. The moments in the base of the
column about th&- and Y-axes,0 and0 , werecalculatedusing Eq.(3.12), where™O,
"0, and™O are the forces applied to the top block alongXheY-, and Zaxes,Ois the
height of the specimen (205 in)), and) are the moments transferred from

the slab to the column about the Xnd Y-axes,w is thenet vertical force transferred
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from the slab to the column, asdand3-  are the horizontal displacements measured
at the top of the specimendat the slab, respectively. Batand3s-  were adjusted to

account for slip of the base block.

0 00 O B Oz

o o~ “ , » A2
U 00 v s Oz (312
In Eq. (3.12), a positive direction fd¥lgap corresponds to the same direction of the
moment generated by a positive lateral force (eithét or FH). In general, however,

the direction ofMgap is Opposite to the direction dhe moment caused by the lateral
force. Positive direction foMx and My, on the other hand, is opposite to the positive

direction for the moment generated by the lateral force.

The columns were subjected daial forces of approximately 200 kip, o0 "Q, and

shear stresses of approximately 0Q (psi), whered is the crossectional area of the

column and™Q is the cylinder compressive strength of the concrelde hysteresis
relationshipsof the columnswere similar for the four specimensnd both loading
directions.All of the curves show evidence of yiihg at arotation of approximately

0.005 rad.Peak moment at the column basecurred at a column rotation of
approximately 0.007 radlhe greatest difference beten thehysteresis responsesms

the maximum calculated rotation in each of the specimens, which rapgeoximately

from 0.0@ to 0.0%6 rad. Peak rotations were similar for Specimens Bl through B3
(between 0.008 and 0.011 raayhile the column base ofp8cimen B4 underwent the
largest rotations (approximately 0®fad), as this specimen was subjected to the largest
lateral displacement. No major damage was observed in the columns by the end of the

tests.

3.11. Twist of Slab Relative to Column
As shown inFigure 2-26, four LVDTs were placed in the plane of the slab to measure

relative displacements between the slab and the reaction wall along both dahd X
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axes Data from these LVDTs were also used to calculate rotation ofdbeablout the
(vertical) Zaxis. Because column rotations about thexis were restrained at the bottom

and top of the column, the measured slab rotation about-thesZan be considered to

be the same as the twist of the slab relative to the columrdisésssed in Sectiod.3,

such twisting of the slab is not representative of typical-stdbbmn deformations and
should be minimized during tests of slkedlumn connectionsFigure 3-108 through
Figure3-111 show the twist of the slab calculated for Specimens B1 through B4. Except
for very small twists calculated near the end of the tests, the slab of Specimens B1, B2,
and B4 essentially did not twist relative to the colurihe slab in Specimen B3,
however, did twist relative to the column starting during the cycle at 2.30% fekis
rotations exceeded 0.10 rad by the end of the test of Specimen B3. Tpenphing
behavior of Specimen B3 was not affected by this twgsthowever, as it began once a
punching shear failure started to develop. As discussed previously, the connection of
Specimen B3 substantially degraded during the cycles to 1.85% and 2.3% drift, yet slab
twists remained below 0.015 rad up to the end ofal89% drift cycle. Significant
twisting of the slab and unrealistic deformation demands did develop during the cycle to
2.75% drift
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4. DISCUSSION OFFAILURE MECHANISMS AND RECOMMENDATIONS
FOR DESIGN

4.1.Specimen Performance

The results from the test of easpecimen were closely examined in an effort to identify
the mechanissicontrolling ther behavior and failureln particular, the degradation of
slab moment capacity, verticdtlownward) displacement of the slab relative to the
column face, and the relatiships between reinforcement straind imposed specimen
drift were examined.The findings for each specimen and disaus®f the implications
for reinforced concretgdnonprestressedflat-plate slabdesign are presented in the

following sections

4.1.1. Genesrl

The performances of the four specimens to initial application of gravity loads and to
lateral displacements up to approximately 1% drift were very similar. As shokigure

4-1, data from LVDTs indicate that initial applicati of the gravity load caused
compression on the bottom surface of the slab adjacent to the column. The data plotted in
Figure4-1, taken from Specimen B1, are typicaltbé four specimens. Measurements
taken on top of the slabear the column faces indicate that gravity load application
caused top surface tension strains to develop, as expdstadity load application
resulted in strains of approximately 0.0005, 0.0004, 0.0004, and 0.00035 on the top mat
of reinforcement appramately 2 in. from the column faces in Specimens B1 through
B4, respectively.Lateral displacements caused the slab strains to vary with enough
magnitude that tension strains sufficient to cause cracking were measured on the bottom
of the slab starting ithe first drift cycle (to 0.25% drift). It should be mentioned that

initial strains resulting from the selfeight of the slab were not measured.

Tensile strains exceeding the reinforcement yield strain were first measured in the top
mat reinforcement nedhe face of the columrat approximately0.7% drift. In all four
specimensstrain gauges placed on the top mat of reinforcement at the column face had

developed strains exceedi@d@05 with results fromone gaugen Specimen B2eaching
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0.00% beforethe 0.90%drift cycle had been completeBy 1% drift, extensiveyielding

in the top mat of reinforcement (withe associated wide cragkand tensile strains large
enough to crack the compression zone on the bottom of théadabeen observedhis
yielding of the top mat of reinfeement controlled the strength capaafyeach of the
specimenswhereas sheaelated concrete degradation and punching controlled the drift
capacities

4.1.2. Specimen B1

Discussion of the performance of Specimen B1 is more liniltad that of the other
specimens for two reasons: 1) vertical drop of the slab, an indicator of punching, was not
measured on all four column faces in this specimen, and 2) several of the strain gauges
failed to record strains through to the end of thée (i@sluding 13 out of 16 strain gauges
mounted on studs). Damage suchdabonding ofstrain gauge and severing of strain
gauge wires, particularly if it developed in a pattern consistent with expected cracking,
could be an indicator of new cracking orcieased crack width. Where it may be
informative, the occurrence of new damage to gaugescluded in the following

discussion.

Specimen Blwas reinforced with studs designed to satisfy the ACI Building Code
requirementsieglectingthe concrete contrittion to sheastrength(seeFigure 2-19 for

the layout of studs and location of instrumented stadd)arranged so that the maximum
stud spacingin the first three peripheral rows of studs was$d, 1.6d, and 2d,
respectively Specimen Blperformedin a stabldlexurally-dominatedmannerfor several
cycles beyond 1% driffThis finding is supported by strain gauge data, which showed no
indication of diagonal shear cracking until late in the 1.6% drift cycle, and hysteresis
behavia, which showed relatively wide loops with a nearly constaatnent capacity

controlled by flexural yieldinguntil earlyin the2.30% drift cycle (Figure3-27).

There is some indication that diagonal crackinthi& connection began late in the ®6
drift cycle. Data from gauge-E1, located on a stud 1.5 in. from the center of the east
column face, showed a change in slapéhe relationshifpetween strain and drift and an

increase in strain from 0.0008 to 015 while loading to Point 8, the soutest corner
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of the loading sequencé&igure 4-2). Given he stud strain of 0.0008 at Point 7, it is
likely that at this point this particular stud was crossed by a nearly vertical (flexural
crack) and that thgradual rather than sudden increase in st@i®.0015 when loading

to Point 8 was caused by the turning of this crack into a flexural shear crack.

As Specimen B was subsequently loaded to Points 10 anthXte cycle to 1.60% drift

the northwest corner of the loading sequence, three gauges on studs were damaged (R
S3, RS5, and RW3). Two of the three damaged gauges were located south of the
column where shear stresses were expected to be greatest. It is possible these damaged
gawes indicate that diagonal cracking began to spread towards the south of the column
as the direction of loading changed.

During the cycle to 1.85% drift, several strain gauges were damaged. Nearly all of the
damaged gauges were located where shear sr@sserding to the eccentric shear model
were highest at the time of gauge failure. Gaug&'R located west of the column, failed
while loading to Point 2, the norast corner of the loading sequence. Gaughi? Rnd
R-N3, located north of the colummgiled while loading to Point 5, the sotghst corner

of the loading sequence. While loading to Point 7, west of the column, gaugd,BS
located approximately 9 in. (dPeast of the column on the bottom mat of reinforcement,
failed. As discusseth Secton 3.1.1, visual evidence of a punching failure developing
was first notedn the east side of the connection when loading to Poirinally, while
displacing the specimen to Points 10, 11, and 12, locateth-west in the loading
sequence, gaugesB2, RE3, RE5, RS4, and BSS3, located south and east of the

column, were all damaged.

The timing and location of each of the gauge failures are consistent with, but not clear
evidence of, punching sheerduceal diagonal cracking developing and extending around
the column as the location of maximum shear streskasgedwith the direction of
loading. The increase in strain from 0.0016 to 0.0028 in gard?, mounted on a stud
located 4 in. (approximately @Bfrom the center of the east column fadeges suggest

the development of diagonal cracking as the specim@nloaded towards Point 11 of the

1.85% drift cycle Figure4-3). Despitethe evidence that punching shealated damage
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began to develop during this loading cycle, hystena@sis (Figure3-24 and Figure 3-25)
show that the specimen performance remained stable through the end of the 1.85% drift
cycle. This is an indicain that the shear studs were effectively delaying punching shear

failure of the slab.

The connection of Specimen B1 failed early in the cycle to 2.3% drift. While loading
towards Point 2, located nor#ast in the loading sequence, strain data from gaugg, R
which was mounted on a stud 1.5 in. from the south face of the column, indicated a
sudden change in behavior with a strain increase from 0.002 to 0.0029 followeed by
decrease to 0.0028igure4-4). Simultaneously, data frogauge BSS2, mounted on the
bottom mat of reinforcement at the south column face, showed a shift from a
compression strain of 0.0009 to a tension strain of 0.0Bigure 4-5). This seems to
indicate that the bottom mat of reind@ment started to act as integrity reinforcement
through the column as the slab began to drop significantly due to the development of a
punching shear failurdézigure 3-24 and Figure 3-25 show that whildoading to Point 2,

the lateral capacity of the specimen decreased to less than 50% of itsapaaky. This

lateral strength loss was accompanied by a significant reduction in gravity shear, as can

be seen irigure3-28.

After punching had developed in the slab, subsequent loading was attempted but the

connection proved unable tansfer the required gravity shear

4.1.3. Specimen B2

Specimen B2 had shear stud reinforcement designed to satisfy the minimum amount in
Section 21.13.@®f the 2008 ACI Building Code when a shear stress or drift capacity
check is not performed. These studs were arranged in a cruciform layout with a
maximum stud spacing of.6d, 1.8, and 2.9d in the first three peripheral rows

respectively(seeFigure2-20 for stud layout and location of instrumented studs).

Specimen B2 behaved in a stable flexuraldminated manner up to the cycle &6
drift (inclusive) After initiation of flexural yielding in the slab anguo this drift level
lateral load capacity remained relatively const&igyre 3-32), none of the data from

strain gauges placed on flexural reinforcement exhibitedharacteristicchanges in
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slope, and the slab had dropped, on averags, tltem approximately 1/8 irfFigure

3-48). Furthermore, of the nineteen shear studs instrumented with strain gauges, eighteen
studs showed strains below 0.0015 with most studs showing strains below 0.001. The
only exception washe stud located 2 in. (@%from the east face of the column, which
developed strains exceeding 0.002 during thé%.@rift cycle Figure4-6).

The performance of the connection in Specimen B2 degraded during the cycle to 1.85%
drift, asindicated by both the slab drop and the interaction betweeanX Y-axis slab
moments. Duringhis drift cycle, the average slab drop increased approximately from 1/8

in. to 1/3 in., an increase of nearly threefokig(re 3-48). Also, the X% and Y-axis
moments transferred into the column became more interdependent during the cycle to
1.85% drift, a sign that membrane action became more dominant as the slab concrete
degraded.

Data from strain gauges show that diagonacking of the slab initiated when the
specimen was loaded from Point 4 to Point 5 in the cycle to 1.85% drift (where Point 5 is
the second of four corners in the loading pattern and oriented-asasttof the column).

The three instrumented studs clogesthe north and west column faces (within two slab
depths of the column face), showed significant increases in strain between Points 4 and 5
and while holding the specimen at PointThis includes gauge-R/1, located on the

stud 2 in. (0.4) from the ceter of the west face of the column, which showed an
increase in strain from 0.0008 to 0.002g(re 4-7). Furthermore, data from a strain
gauge placed on one of the bottom slab bars passing through the column showed a
change froma compression strain of 0.001 to a tension strain of 0.0005 between Points 4
and 5 Figure4-8). This bar transitioned from flexuiaduced compression to the tension

strains expected in a bar engaged as integrity reinforcemenpahching has occurred.

Despite stable specimen performance during the next quaxtker at 1.85% drift (points

7, 8 and 9) as evidenced by plots of moment transferred into the column, there are
indications that diagonal cracking spread towards tréhieast aftent initiated north

west of the connection. The strain history measured by gauge2Bglaced on a bottom

slab bar at the east face of the column, showed a sudden change in trend with a strain
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decrease of approximately 0.0006 as the slableaded from Point 7 to Point Bigure

4-9). Also, data from three strain gauges placed on top slab reinforcement located
between 3 and 5 slab depths away from the neat corner of the column (strain gauges
TSE9, TSE10, anl TSE11) showed a change in slope in the relationship between strain
and drift (seeFigure 4-10 for a plot of strain and drift for gauge JE9). Although

vertical slab displacement associated with punchwayld be expected to énease
tension in the flexural bars at the diagonal crack instead of the observed decreases, it is
possible that bending of the flexural bars at the crack caused the reduced strains.
Regardless, these data sigaathange in the deformation mechanism nedkt of the

column

The locations of the observed changescaresistent with diagonal cracks intersecting the
bottom reinforcement close to the column face and the top reinforcement farther away
from the columnAlso, during this quartecycle to Point¥, 8, and 9, the average vertical
drop of the slab exceeddd in., andvisual evidence of punching sheaduced damage

on the north east side of the connectizas first noteqSection3.1.2. Data from strain
gauges placedn studs located to the north and east of the cglurawever,did not

show notable changes in strain while the specimen was loaded to Point 8.

As Specimen B2 was loaded from Point 10 to Point 11 during the 1.85% drift cycle (the
northwest corner of théoading pattern), punchiagelated damage spread to the seuth

east corner of the connection and compromised the integrity of the slab. Sudden increases
in the strain data from gauges on studs 2 and 5.5 ird &dd 1.2, respectively) from the

south faceof the column, followed by large increases in strain up to near yield, showed
that diagonal cracking had extended to the south of the $&lmjré 4-11). Once
punchingrelated damage extended from the naviést corner around tthe soutkeast

corner of the connection, stressing the studs to near their yield capacity, the shear studs
were unable to maintain the integrity of the slab. At this point in the test, average drop of
the slab had increased to more than 0.3 in. andndY-axis slab moments transferred

into the column became strongly correlated.

60



Loading to the first point of the 2.30% drift cycle caused the slab drop to increase rapidly
and showed that the slab had lost significant flexural capacity. The test was tedminat
shortly thereafter. It was later determined that as the specimen was displaced towards
Point 2 of the 2.30% drift cycle, several stiocbase rail welds fractured (after the
punching failure had developeas discussed in Secti@rR.2).

4.1.4. Specimen B3

As in Specimen B1, Specimen B3 was reinforced with shear studs proportioned to resist
the applied shear stresses assuming no steamgthcontribution from the concrete.

Four of the twelve stud rails were located at the colwummers and oriented at 45
degrees from the principal column axes (Begure2-21 for stud layout and location of
instrumented studs). This layout resulted in a maximum stud spacihgdofl.&d, and

2.0d in the first three pepheral rows of studs, respectivelgpecimenB3 generally
performedin a stable manner, dominated by flexural deformatiapso the 160% drift

cycle (inclusive) This observation is supported by stable hysteresis Iféigsre 3-37)

and relationships between flexural reinforcement strains and imposed drift, and average
slab drop below approximately 1/8 in. prior to the 1.85% drift c{f€igure 3-49).

There is evidence thabme studsverecrossedy cracksbeginning in theeycle to 1.15%

drift. While loading to Point 2 of the 1.15% drift cycle (the corner nedht of the
column), there was a definite but gradual change in the slope between measured strains
and imposed drift for three studs groupedrnée soutkhwest corner of the column.
These studs were locatadhereshearstresses calculated according to the eccentric shear
model were greatest at this stage in the loadkiigure 4-12 shows the relationship
between strain and drift for one of these studs, stuedSRQ. As discussed in Section

4.1.2, it is likely that the gradual rather than sudden increase in stud strains was due to the
propagation and opening of a flexural shear crack as opposed to theidarofad new

diagonal crack.

Of the other thirty six instrumented studs, four studs showed strains larger than 0.0015
(up to 0.0021) prior to the cycle to 1.85% drift. The four studs exhibiting strains greater
than 0.0015 (REEN2, ROES2, ROWS2, and RRNW1) were located either (l4or
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0.9 from the face of the column at each of the four column corners. Although these
strains indicate the studs weasessed by crackshe role some of these studs played in
resisting shear is difficult to evaluate given thedual increase in strain with cycles
Such gradual increase in strain without a noticeable change in psutggests that these
studs were primarily engaged by slightly inclined flexucahcks The relationship
between strain and drifor one of thes four studs ishown inFigure4-13 (gauge RR
NW1). Increases in strains measured by gaugeNRRL to 0.00035 and 0.0005, which
are consistent with cracking at the stud, occurred in the drift cycles to 0.70% and-0.90%
the same dft cycles in which the first indication of yielding was identified in strain
gaugesTS-S3 and TSE3 locatedon the topmat reinforcementt the northand west
column faces, respectivelyhat strains consistent with cracking were first recorded by
gaugeRR-NW1 when yielding was first recorded in flexural reinforcement at the column
faces supports the interpretation that cracks crossing the stud at the northwest corner of

the column were associated with widening of flexural cracks at the faces of theaxcolum

Measurements indicate that slab performance began to deteriorate during the cycle to
1.85% drift, although not as rapidly as in Specimen B2. Visual evidence of slab punching
was first noted while loading to Point 2 of the 1.85% drift cycle. While twath Point

5, the soutkeast corner of the loading sequence, the relationship between drift and strain
in stud RRNW6 showed a suddechangein slope Figure 4-14). Stud RRNW6 was
located almost 14 in., approximatelgl, Irom the northwest corner of the column. This
change in behavior of stud RRW6 suggests that, by delaying concentration of damage
near the column face, the radially arranged studs led to a better spread of deformations in

the connection away from the columndac

When loading to Point 8 in the 1.85% drift cyclouthwest in the loading sequence,
strains measured on studs extending from the feash corner of the column 45 degrees
from the column principal axes showed evidence of a shiftwfgstresses in th shear

studs. As shear stresses increased reath of the column, strains measured in studs
close to the column decreased while strains in studs further from the column increased.
Strains measured in studs REE1 and NE2, located 2 and-3/8 in. (0.4l and 0.9,

respectively) from the column, decreasé&ig(re 4-15), strains measured in stud RR
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NE4, located 91/8 in. (&) from the corner of the column, remainedatively constant,
and strains measured in stud REG6, located 1¥/8 in. (2.9l) from the column,
increased, although they remained less than 0.0002.

As the specimen was loaded towards Point 11, needt of the column, a change in
trend in the strain history from several strain gauges was observed. SttENR®O

EN2, ROES2, ROGSE1, ROGSE2 and RCE5EA4, all located east and south of the column,
showed a change in slope and/or marked increases in dtigurg4-16 is typical).

These changes suggest that puncheligted cracking developed the soutkeast corner

of the connection when the slab was displaced to Point 11. Despite this evidence of
punchingrelated damage, and an increase in vertical slab drop to approximately 1/4 in.,
the specimerateral loadcapacity remained stable near 8@%its peak capacity at the

end of the cycle to 1.85% drift.

The integrity of the specimen was compromised in the first queytde to 2.30% drift.

As shown inFigure 3-37 and Figure 3-49, while the @artercycle to Points 2-3 of the
2.30% drift cycle was performed, the specimen lost much of its flexural capacity and the
average vertical drop of the slab increased from approximately 1/4 to 1¥Zhihe
loading to Point 2 (norteast of the column}tud ROWS1, located 2 in. (0d) from the

west column face, yielded-igure 4-17). Also while loading to Point 2, several strain
gauges located on top mat reinforcemedithin d of the southand west facesof the
column showedeither strains exceeding 0.01, erratic strains, or were damaged
completely.Strains recorded b§auge BSS3, located on the bottom mat reinforcement

at the west face of the columwhich had become negative (compression) during the
1.85% drift cycle, decread further t0-0.0015during this first quarter cycleThese
bottom matcompressive strains may indicate bending of the bar near the column caused

by the vertical drop of the slab.

Subsequent loading towards Points 4 and 5 of the 2.30% drift cycle sheeddmage
around a greater percentage of the perimeter of the column, leading to a nearly total loss
of lateral load capacityAt this point in the test, several studs near the column exhibited a

constant strain independent of imposed drifts, indicatitgsa of anchorage consistent
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with severe concrete degradatidfigure4-15). This damage rendered the slab unable to
hold a steady vertical loadrigure 3-38). As subsequent displacements were imposed on
the specimen, the slab began to rotate (twist) about the vertmak4{Sectior8.11). Z-

axis rotations exceeded 0.015 radians after the 2.30% drift cycle and 0.10 radians prior to
termination of the test, evidencing degriaala of the slab concrete around the perimeter

of the column.

4.1.5. Specimen B4

Specimen B was reinforced witha large number of shear studs arranged in a pattern
designed to minimizéhe spacing between studsthin the same peripheral ro{see
Figure2-22 for stud layout and location of instrumented studslis layout resulted in a
maximum stud spacing of d31.3d, and 1.4 in the first three peripheral rows of studs,
respectivelyThe area of studs withinddf the column facexceededoy 50%the area of

studs in Specimens B1 and B3, which had been designed to satisfy strength requirements

assuming thab 1T

Specimen B exhibited a behaviodominated by flexural deformations for several cycles
beyond 1% drift As in previousspecimensthis observation is supported by relationships
betweenflexural reinforcement strainand imposed drift, nelr constantspecimen
capacityafter flexural yieldinguntil the2.30%drift cycle (Figure3-42), and averagelab
dropslightly larger than 1/8 irprior to the2.30%drift cycle Figure3-50).

Although the global performance of the specimen continued to be shatilghout the
cycle to 1.85% driftthere wasevidence ofdiagonalcrackirg and localizedshifting of
stresse# a larger number of studscated around the perimeter of the column. The first
evidence in the strain gauge data dfignificant change in the slab condition occurred
while loading toPoint11, located nortlwestin the loading sequengcduring the cycle to
1.85% drift. Strains measured in studs €8B2, OGES2, and RSE3 all located south
and east of the columdecreasedFigure4-19), while nearby stud GEW2 exhibited a
steep increasm strainfrom 0.00® to 0.001L8 (Figure4-20). It was at this point, while

loading toPoint 11 of the 1.85% drift cycle, thatsual evidence of slab punching was
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first notedon the west and south sides of the connectiélabal peformance, however,
remained siblethrougloutthe 1.85% cycle.

Early in the cycle t02.30% drift, results fromseveral strain gaugemdicated that
diagonalcracks were spreading within the slab and engaging the studs. While loading to
Point 2, locatednorth-east of the column, studs -@WN2 and OIWS2 located west of

the column, exhibited strains of0.0®5 and 0.0B2, nearly doubling theprevious
maximumstrain in these studseeFigure4-21 for a plot of the data from stud QVYN2).

As the specimen was pushed towaRdsnt 4, south of the column, straimscordedin

studs northwest of the column indicated thaiagonalcracking hadextended tahat area

of the slab. Also, as shown kigure3-50, the aerage vertical drop of the slab surpassed
1/4in. while the specimen was loadedRoints 4 and 5 During theload step tdPoint 5,
southeast of the colummstrains recorded in stud €WN2 increased t®.007 (Figure
4-21); the first significant yielding of an instrumented shear stud in this series of tests.
Also while loading to Point 5, Gige BSS3, located on the bottom mat reinforcement at
the north face of the columshowed anncreasen strainfrom 0.0016 to 0.0 (Figure
4-22). This large increasehile loading to Points 4 and S consistent with the bottom
mat reinforcement being engaged integrity reinforcementas thedrop of theslab

increased

Figure 3-42 and Figure 3-50 show that by the time Point 9 of the 2.30% drift cycle was
reached, the lateral capacity of Specimen B4 had decreased to less than 1/3 of its peak
capacityandthe slab had dropped more than 1/2 in. verticedhative to he column
However,the 2.30%(drift cycle was completed and a cycle t@%®6 drift was conducted
because, lthough the flexural capacity of the slab had degraded to neartherslab
connection continued to suppadine targeigravity shear forceantil the end of the 2.75%

drift cycle (Figure 3-43). The shear stiffnessf the connectionhowever, had degraded

such that the test needed to be paused after each quarter cycle, beginning with the third
guartercycle of the 2.3% driftycle, to adjust the specimen and reapply the target gravity

loads
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4.2.Summary of Failure Evolution

Descriptions provided herein of the connection damage uncovered after completion of
testing suggest that there are at least three potential mechanismmsntindiute to shear
failures in tweway slabcolumn connections subjected to combined gravity shear and
lateral displacement reversals. These mechanisms are: 1) traditional punching dominated
by diagonal cracking that t enm @)sshear alidifigo r m
along flexural cracks near the column face, and 3) degradation of unconfined concrete in
the connection region. In each of the specimens tested, the observed failure surface
tended to show the influence of all three mechanisms tongagyitents.

A schematic of the traditionally assumed cracking at punching failure in &clamn
connection subjected to monotonic direct punching shear is shovigime 4-27.
Connection damage includes flexural cracks neardblumn face, and flexurahear

cracks or diagonal cracks withird 1o 2d of the face of the column. There is evidence
that diagonal cracking in the specimens tested herein began to develop at approximately
1.151.40% drift. The shear stud reinforcementhe tested slabs, however, was effective

at constraining the growth of these cracks and delaying the occurrence of a traditional
punching failure. This is in contrast to Specimen 388orted inCheng et al. (2009)

which hadshear stud reinforcementsigned to resist the expected combined shear stress

based on a concrete contribution to shear stremgtbqual toc "Q (psi). This specimen

failed during the cycle to 1.15% drift when diagonal cracking first developed.

Results from tests of Spienens B1 through B4 show that the shear studs, in the amounts
used, were able to bridge diagonal cracks once they formed. This leddtctike
connection behaviodominated by flexural yieldinguring the cycles up to 1.60% drift.

As the connections undeent several cycles of inelastic deformation reversals, however,
extensive flexural cracking and concrete degradation due to lack of adequate concrete
confinement were observed. Prior to severe degradation of concrete, flexural cracks that
did not fully dose upon unloading led to sliding along some vertical cracks, specifically
between the column face and the first row of studs or between the first and second rows

of studs. Further deformation reversals led to severe degradation of the concrete and its
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inability to transfer diagonal compression, and thus, shear failuré&igee4-23, Figure
4-24, Figure4-25, andFigure4-26).

All possible shear failre surfaces must be considered and addressed for a reinforcement
scheme to successfully improve the drift capacity ofglate specimens. In addition to
restraining diagonal shear cracks, reinforcement forpflte slabs, particularly in
connections hjected to large gravity shear and inelastic deformation reversals induced
by earthquakes, must confine the core of the slab in order to maintain the integrity of the
concrete and ensure adequate drift capacity. Test data indicate that shear studs do not
provide the necessary confinement to ensure adequate drift capacity in connections
subjected to gravity shear ratios of approxima&lYoor higher as discussed next.

4.3.Shear Studs andConcrete Confinement

It has been argug@®CI-ASCE Joint Committee 421 1998)atd ue t o t he-ir fAal
freed headed ashedn studa greviele bereficial centinement to the
concretean the connection regioin flat-plate slabsSuch confinement would be expected

to: 1) enhancehe contribution of concrete to shear capacity, and 2) maintain the integrity

of the concrete in the connection region such that specimen drift capacity is improved.
The presumption that headed shear studs providectiménement is citedoy ACI

Committee421 (and indirectly by Committee 318% justification for sing a concrete
shear stress contribution of "Q (psi) and a maximum shear stress df "Q (psi) in

design of slabs with headed shear stud@&ompared with¢ "Q and @ "Q (psi),
respectively in slabs reinforced withother forms of shear reinforcemgntThe
performance bthe specimens described in this repdrbwever, does not suppdhe
assertion that headed studs effectively confine conaugbgcted to large deformation

reversals

It is evident from visual observations duriagd aftertesting that thelabconcree in the
testedspecimens wasot confined.Rather than finding a well confined core of concrete

between the top and bottom mats of reinforcement, large, loose pieces of concrete and
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cr us hedl inkge cawakedfdundiafer the tests were complefBdction3.2). As

shown inFigure 4-23 throughFigure 4-26, the concrete in the connection regmiall

four specimensvas destroyed after testing cases where shear stwdsre located in the
failure region,the concrete in the immediate vicinity of the headed stuasalso not

well confined. In some cases, a cylinder of concrete around the stud rod with a diameter
smaller than the stud head remained intact after tediggire 4-24), indicating that it

was either confined by or bonded to the stud other cases, the rod of the stud was
exposed after testing, indicating that no concrete was effectively confined by the shear
stud Figure4-23 andFigure4-26).

Transfer of stresses withanslabcolumnconnectiorultimately relies on the ability of the
concrete to resist diagonal compressitm the connection tests reported herein, the
headed stug] while able to bridge diagonal cracks through several displacement cycles,
could not prevent significant degradation of the concrete in the connection region. Once
substantialdegradation of concrete had occurred, the required diagonal thrust in the
conrection could not develop and the connection lost its ability to resist shear. Had the
headed stud reinforcement been able to e¥felst confine the concrete, concrete
degradation would have been delayed and a larger drift capacity would have likely been

observed.

In connections subjected to low levels of shear stress and lateral displacements, it is
possible that only limited degradation in the connection concrete with no significant
impact on drift capacity would occur. However, as thst results show,concrete
degradation in connectionwith shear studssubjected to gravity shear ratios of
approximately50% could be significantluring large displacement reversdls this case,
limiting lateral displacemestto 1.5% drift for loading in a single direoti or to 2%
resultant drift whenaccounting for simultaneous abiial lateral displacements seems

adequate.
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4.4.Recommendations for Design

4.4.1. Contribution of Concrete to Shear Capacity

As mentionedoreviausly, ACI Committee 318ecentlyapprovedhe elimination for the

2014 Building Code, of Section 21.13.6(@f the 2011 CodeThis change occurred
during the course of this investigatio8ection 21.13.6(agllows the design of slab
column connections not part of the seistiaicce resisting system to be perfoeoh based

on the calculation of a combined shear stress due to gravity shear and moment transfer at
the design lateral displacement. If such a design is to be performed (while the provisions
of the 2011 Building Codarestill in effector as allowed byther building codes)it is
recommended that the contribution of conctteteshear strengthe neglected(i.e.,0

m when designing shear stud reinforceldlbcolumn connectionsvith gravity shear

ratios comparable to those applied in this st} andin which large drift capacity is
required €.g.,greater tharl.5% driff).

A previously testedflat-plate slab (Cheng et al. 2009with shear studs provided
according tothe 2008 ACI Codeprovisions,such thath ¢ "Q (psi)and0

VL QPOEL 18 WQ D Ogvheredy is the largesappliedshear stressatculated
from the estresultg failed during the cycle at.15% lateral drift 1.60%resultant drift)

shortly after the flexural reinforcement in the slab began to.yi€ldecimen BZof this
study), on the other handyas designeavith shear studsuchthatyd  o® "Q (psi).
Based on the maximumalculated shear stressestof t& p "Q (psi), the maximum
theoreticalconcretecontributionto shear strengttvas approximately@o "Q (psi). This

specimernwas able to sustain a dgao 1.85% lateral drift (2.6% resultant driftyrior to

failure. This level of drift which is comparablewith drift demands expecteduring a

large seismic evenivasthereforeachieved when less than "Q (psi) of shear stress was

theoreticaly required of the concrete

In Specimens Bl, B3, and B4hear stud reinforcement was designed to provide
sufficient shear strength to resist the shear demapdcted after the flexural capacity of

the slab was reache@uch thatv ). Specimens B and B3, with shear studs

proportioned such that v& "Q (psi), showed a slightly larger deformation capacity
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as these two specimens were able to maintain their gravity load through part or the
totality of the cycle at 2.30% drift. On ttwther hand, Specimen B4, with x& "Q

(psi) and significantly reduced stud spacing within the first three peripheral Wees
able to maintain its gravity load capacity up through the cycle at 2.75% drift.

4.4.2. Minimum Shear Stud Reinforcemerdand Maximum Peripheral Shear Stud

Spacing
Specimen B2 was reinforced with shear reinforcement suchbthato® "Q (psi). As
discussed earlier, this specimexhibitedthe first signs of punching shear failure during
the cycle to 1.85% driit2.60% resultant drift), but gravity load capacity was maintained
throughout the cycle to this drift levelThis suggests that the minimum shear
reinforcement amount required in Section 21.13.6 of the 2008 and 2011 ACI Building
Codeswhen neither a driftor a combined shear stress check is performed is adequate for
connections subjected to a gravity shear ratio of up to 50%resdtantdrifts from
biaxial displacements of 2.Q%or larger drifts, as indicated by the behavior of Specimen
B2, significant kear related damage and possibly loss of gravity load capacity could be
expected. The behavior of Specimens B3 and B4 indicate that a more stringent spacing
requirement for shear studs witheach of the first threperipheral ling, and possibly a
larger amount of shear stud reinforcemeshould be used in order to further increase
drift capacity for connections subjected to gravity shear ratios approximately equal to or

greater than 50%.

ACIl 31808 provisions require that the maximum spacing betweers studhe first
peripheral line does not exceed. Zpecimens Bl, B2, and B3, which were able to
maintain their gravity load capacity through at least the full cycle at 1.85% drift, had
maximum stud spacing of approximatelyd.iB the first peripheral linand 2.@, 2.9,

and 2.@ in the third peripheral line, respectively. The maximum stud spacing in the third
peripheral line of Specimen B4, on the other hand, wak Sgecimen B4 was able to
maintain its gravity load capacity throughout the entire cgt.75% drift. Although the
amount of shear stud reinforcement provided in Specimen B4 was substantially greater
than that provided in the other three specimens, the closer stud spacing within the first

three peripheral lines, which helped delay concosgradation through cycling, rather
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than the increased theoretical shear capacity, is believed to be responsible for the
increasd drift capacity exhibited by this speciméFhus it seems sensible, based on the
limited data, to limit stud spacing withirhé first three peripheral lines to d.5or

resultantdrifts, from biaxial displacements, greater than 2.0%

4.4.3. Maximum Connection Shear Capacity

If a combined shear stress check due to grahgarand momentransferis used for
shear design of slatolurm connections (while the provisions of the 2011 Building Code
arestill in effect or as allowed by other building codesk tmaximum sheastressfor
slabcolumn connectionseinforced with headedhear studss recommended to be

reduced fromy "Q to @ "Q (psi) as used for other types of shear reinforcement.
Although the specimens tested in this investigation were not subjected to such large shear
stressesbecause the flexural strength of the slab limitedpiek combined sheatress

to approximatelyt® "Q (psi), the test results provide evidencé the inability of shear

studs to provide confinement to the concrete in connections subjected to large
deformation reversals. The fact that severe concrete deterioratiba iast connections

started to occur during the cycle at 1.85% dafid the calculated peak combined shear

stress did not exceed® "Q (psi), suggests that a more severe (and likely earlier)

concrete degradation could be expected in conmectiath shear stresses close to the

current shear stress limit ¢f "Q (psi).

4.5.Drift and Gravity -Shear Ratio

Figure 4-28 shows a plot of drift capacity versus gravity shear ratio for previous slab
column tests repogt n the literature (listed in Tabi-1 and Table4-2). The results of

the four specimens in the current study are included in this figure for comparison. Drift
capacities of Specimens B1, B2, B3, and B4 were taken as the maximum resultant drift
achieved por to loss of gravity load capacity. The gravity shear ratio used for the
specimens was calculated using the applied gravity load at the time of failure. Drift

capacity versus gravity shear ratio interaction for-slalomn connections without shear
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reinforcement in the 2008 ACI Code (ACI Committee X8 and in Hueste and Wight
(1999)are also plotted ifFigure4-28.

As can be seen iRigure4-28, the ultimate drift apacity of the specimens tested in this
investigation, while greater than that of specimens without shear reinforcement, was
substantially lower than the drift capacity of other test connections with shear stud
reinforcement. This lower drift capacity i&kely the result of the following two factors

that apply to the specimens tested in this investigation: 1) the relatively low, but realistic,
flexural reinforcement ratio of 0.7% used in the column gagpdiscussed in Section 2.2,

the flexural reinforceent ratio used is consistent with reinforcement amounts used in
reinforced concrete twavay slabs)and 2) the application ofdoxial rather than uraxial

displacements.
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5. SUMMARY AND CONCLUSIONS

An experimental study was conducted on four subassendjliasn-prestressedoncrete
flat-plate slabcolumn connections reinforced with headed shear studs, loaded to a
gravity-shear ratio o60%, and subjected to biaxial lateral displacemeitse intent of
these tests was to investigate the effectivenesseair tud reinforcement as a means to
increase the shear resistance and deformation capacéfuirced concretslalbcolumn
connections. This study wamotivated byresults from atest of a similar specimen
(Cheng et al2010)that showed the current (®8 and 2011) ACI 31&odeprovisions

for headed shear stud reinforcemeardy be nonconservativevhen used talesignnon
prestressedlabcolumn frames that are not part of the seisfoiceresisting system.
The results reported b€heng et al. showednlited drift capacitywhen using minimum
shear stud reinforcememequired bythe 2008 and 2011 ACI Building Coslevhen
combined shear stresses due to grashigarand moment transfer are used for desiga
specimerfailed in punching shear during theag at 1.15% drift in each perpendicular

loading direction.

The slabs in the specimens described henath aclear spanto-thickness raticof 31.3,

which is close to theupper limit defined in the 2008 ACI Building Code for slabs not
checked for defleadinsand consistent with ratios found in design practidee tension
reinforcement ratio 00.6% based on the slab thickness and 0.7% based on the slab
average effective deptis also consistent with reinforcement amounts used in design
practice The slabs were nominally identical aside from the layout of shear stud
reinforcement. Specimens B1 and #®2re reinforced withiwelve stud rails placed in a
cruciform patternwith studs spaced at @%nd 0.78 perpendicular to the column faces,
respectively. Tharea of studs in Specimen B1 satisfied the strength requirements of ACI
31808 neglecting the concrete contribution to shear capacity. Specimen B2 was designed

to satisfy the minimum area of shear studs required when a shear stress or drift check is

not peformed in designy{ o® "Q|[psi]). Specimen B3 was designed with the same
area of shear studs as Specimen B1, but one stud rail was located at each corner of the

column and oriented at a 4kegree angle to the column principal axesSpeemen B4,
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additional rails were placed orthogonally to the column to acheeegl®ser and more
uniform stud spacing within the firghree stud peripheral lines. The maximum stud
spacing in the first peripheral row was d.iB Specimens B1, B2 and B3, an®4d in
Specimen B4. In the third peripheral row of studs, the maximum spacingdy@s92,
2d, and 1.8 in Specimens B1, B2, B3, and B4, respectivatyeach specimen, flexural
yielding limited the lateral strength of the tespecimens Sheairelated cacking and
degradation of the concrete in the slab limited the drift capacity of the specimens.

The following conclusions were drawn based on the results of theseAsdtise tests
were not intended to represent prestressed (e.g-tgmsbned) slabsaution should be
exercised when evaluating the implications of these conclusions for the design of

connections between prestressed concrete slabs and columns.

1 Compared to previously tested sladlumn connections with shear stud
reinforcement reportedni the literature, the four specimens tested in this
investigation exhibited substantially lower drift capacities. This lower drift
capacity is believed to be due to: 1) the lower, but realistic, flexural reinforcement
ratio of 0.7%(based on the averageaBleffective depthlised in theslabcolumn
strip of the test specimenand 2) the application ofabiial rather than uraxial
lateral displacementd.he first sign of punching sheeglated damage in the test
specimens was observed during the cycle.85% drift (2.60% resultant drift).
Loss of gravity load carrying capacity in Specimens B1 and B2 occurred during
the cycle at 2.30% drift (3.20% resultant drift). Specimens B3 and B4 continued
to carry imposed gravity loads until the tests were terminaaed.30% and
2.75% drift (3.20% and 3.90% resultant drift), respectively.

1 Visual observations indicate that shear studs did not provide adequate
confinement to the concrete in the connection region. Severe concrete degradation
of connection concrete Bpecimens B1, B2 and B3 occurred during the cycles at
1.85% drift al higher. In Specimen B4, with maximum stud spacing of4tl.

within the first three peripheral lines, concrete degradation was slightly delayed
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compared to the other three specimens,watlg the performance of one

additional drift cycle.

In the tesiof Specimen B2, in which shear stud reinforcement was provided such

thatd o® "Q (psi), the first signs of punching shear failureere observed
during thecycle at1.85% drift in each perpendicular direction (2.6% resultant
drift). This suggests that the minimum shear reinforcement amount required in
Section 21.3.6 of the 2008 and 2011 ACI Building Codes when neither a drift
nor a combined shear stress check is performed is adequate for connections
subjected to a gravity shear ratio of up to 50% and resultant drifts from biaxial
displacements of up to.@%6. The lehavior of Specimens B3 and B4 indicate that

a more stringent spacing requirement for shear studs within each of the first three
peripheral lines (approximately 2 slab thicknesses), and possibly an increase in
the amount of shear stud reinforcement, isessary to further increase drift
capacity for connections subjected to gravity shear ratios approximately equal to

or greater than 50%.

Based on the better performance exhibited by Specimen B4 compared to the other
three test specimens, particularly widgard to a delay in concrete degradatibn,
seems sensible to limit stud spacing within the first three peripheral linesdto 1.5
for connections subjected to gravity shear ratios similar to those applied in this

study (50%)and resultant drifts, from bigd displacementgreater thar2%.

If a combined shear stress check due to gravity load and unbalanced moment is
used for shear design of stablumn connections with shear stud reinforcement
(while the provisions of the 2011 Building Code atidl in effect or as allowed by

other building codes), the concrete contribution to shear strength is recommended
to be neglected (i.eb, 1) and the maximum shear stress reduced f{pnf to

@ "Q (psi), as used for other types of shear reinforcenigris. recommendation
iIs based onthe severe concrete degradation observed in the test specimens

attributedto lack of ®nfinement in the connection.
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Placementof stud heads on top of flexural slab reinforcement substantially
improved shear stud anchorage. Severe double curvature bending at failure was
typical in base rails supporting studs anchored by top slab reinfortemehe

bar anchorage preventady significantdownward movement of the stud.

When vyielding of the shear stud reinforcement was detected, failure of the slab
followed shortly after. Although a slab can fail in shear without yielding of the
shear stud ieforcement, test results indicate that once a single stud yields,
diagonal cracks are no longer effectively restrained and punching is likely to

develop.

In the three specimens where vertical displacement of the slab was measured
around the perimeter ohé column, an average drop of approximately 1/4 in.
coincided with imminent failure of the slab in punching.

After punching in Specimen B2 occurred, several studs fractured at their base
connection with the rails. Stringent quality control is thus requie prevent

fracture of studs at their bases.
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Table2-1: Slab and Connection Details for Each Specimen

TABLES

Specimen Dimensions Rzlﬁ:)micg_ré?f?c?ir\]/te 52;*::};[ i\(/de) Orthlgg:)?gl (Igifails g:'?hc:)gggglirgaﬁg I;Zﬁ'g ngr? s;;glng
Width per Column Face Rails
Bl 17ft x 17ft x 6 in. 0.006 4.75in. 3 0.50d(2-3/ 8¢ N N/A
B2 17ft x 17ft x 6 in. 0.006 4.75in 3 0.7d(31/ 2 N N/A
B3 17ft x 17ft x 6 in. 0.006 4.75in. 2 050d(2-3/ 89 Y 0.50d (2-3/ 8
B4 17ft x 17ft x 6 in. 0.006 4.75in. 4 050d(23/ 8¢9 Y 0.70d (3-3/ 8
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Table2-2: StrainGaugelocations

Bottom Mat Reinforcement

X-Direction Y -Direction
I tx I
Gauge [itr);] (in] Gauge fin] [irf]
BS1 -4 19-7/8 BE1 -4 19-7/8
BS2 -4 10-3/8 BE2 -4 10-3/8
BS3 -4 -10-3/8 BE3 -4 -10-3/8
BS4 -4 -19-7/8 BE4 -4 -19-7/8
BS5 -16 10-3/8 BE5 -16 19-7/8
BS6 -16 -10-3/8 BE6 -16 10-3/8
BS7 -16 -19-7/8 BE7 -16 -10-3/8
BS8 -40 10-3/8 BE8 -40 10-3/8
BS9 -40 -10-3/8 BE9 -40 -10-3/8
BS10 | -64 10-3/8 BE10 | -64 10-3/8
BS11 | -64 -10-3/8 BE11 | -64 -10-3/8
Top Mat Reinforcement
X-Direction Y -Direction
t I t I
Gauge [ir;/] [ir:] Gauge [ir:] [ir%/]
TS1 -3 19-7/8 TE1 -3 19-7/8
TS2 -3 10-3/8 TE2 -3 10-3/8
TS3 -3 -10-3/8 TE3 -3 -10-3/8
TS4 -3 -19-7/8 TE4 -3 -19-7/8
TS5 -15 10-3/8 TES -15 19-7/8
TS6 -15 0 TE6 -15 10-3/8
TS7 -15 -10-3/8 TE7 -15 0
TS8 -15 -19-7/8 TES8 -15 -10-3/8
TS9 -27 -10-3/8 TE9 -27 19-7/8
TS10 | -27 -19-7/8 TE10 | -27 10-3/8
TS11 | -39 -10-3/8 TE11 | -39 10-3/8
TS12 | -57 -10-3/8 TE12 | -57 10-3/8
TS13 | -81 -10-3/8 TE13 | -81 10-3/8

82



Table2-3: Average Concrete Cylind&trengths [psi]

Specimen Base Block Bottom Column* Slal?’ Top Column/Block*
6700 6800 5800 7300
Bl 7500 5600 6100 7000
7300 6600 5800 6900
Average 7200 6300 5900 7100
6800 7200 5100 4800
B2 5600 6500 4700 4800
6600 6600 5000 4800
Average 6300 6800 4900 4800
7200 7700 5500 7200
B3 7900 7500 5600 6600
7500 8500 5900 7200
Average 7500 7900 5700 7000
7500 7200 6500 6900
B4 7000 7500 5800 7300
7500 6900 5900 7000
Average 7300 7200 6100 7100

1) Tested after test had been completed (-8@& drom casting)

2) Tested on the dayrior to specimen testing
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Table2-4: Strength of Steel Reinforcemdisi]

Bar Size
Specimen #3 #4 #5 #6
Yield Ultimate Yield Ultimate Yield Ultimate Yield Ultimate
NA NA 67.6 110.4 NA NA 65.9 94.1
Bl NA NA 68.1 110.3 NA NA 59.7 99.1
NA NA 67.1 110.1 NA NA 63.6 95.0
Average NA NA 67.6 110.3 NA NA 63.1 96.1
NA NA 70.1 111.6 NA NA 65.9 94.1
B2 NA NA 69.8 112 NA NA 59.7 99.1
NA NA 70.0 111.8 NA NA 63.3 95.0
Average| NA NA 70.0 111.8 NA NA 63.1 96.1
73.3 110.9 64.7 100.0 67.6 111.9 66.9 104.6
B3 71.4 109.7 65.0 100.3 66.3 110.3 66.0 104.9
72.1 110.3 64.5 100.0 67 111.5 65.9 104.7
Average| 72.3 110.3 64.7 100.1 67.0 111.2 66.3 104.7
65.1* 101.8*
67.9 101.6 66.8 108.2 66.1 108.9
67.9* 103.7*
65.7* 101.3*
B4 70.1 104.8 66.7 108.2 65.0 108.7 R R
65.8A 101.A
66.8A 106.3A
70.3 106.3 68.6 111.0 66.2 109.2 . .
67.2A 106.4A
66.2* 102.3*
Average| 69.4 104.2 67.4 109.1 66.2 108.9
66.6A 104.9A

*Column verticalreinforcing barselow the splice (first & of column)
AColumn verticafeinforcing barsbove the splice
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Table2-5: Applied Gravity Shear to Connection

CConcrete; Required Slab Weight of Steel Tubes, Total Dead Target Applied
_ ompressive h Weiaht? Threaded Rods and Weiaht F
Specimen Strength Shear eight Instrumentation? €9 orce
[psi] [kips] [kips] (kips] [kips] [kips]
Bl 5900 60.7 21 4 25 357
B2 4900 548 21 4 25 298
B3 5700 594 21 4 25 344
B4 6100 615 21 4 25 365

1)This value includes the following: 2040 x 20403k468kdéDAGErRr606e. sThb, amson
of concrete was 150 Ibfft

2DXThis value incl3udieedd fsawerel 6 & uxbels2d two of 1600 and two of 19206 in | ength
and two of 1920 .iTheasswnedgensity of steelpvasc480rlbissumgd)weight of threaded rods and instrumimtatas 500 Ibs.
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Table2-6: Lateral Story Drift at Each Cycle

Target Maximum Resultant
Cycle Unidirectional Drift * (Biaxial) Drift *
[%] [%]
1 0.25 0.3
2 0.45 0.64
3 0.70 0.99
4 0.90 1.27
S 1.15 1.63
6 1.40 1.98
7 1.60 2.26
8 1.85 2.62
9 2.30 3.25
10 2.75 3.89
11 3.70 5.23

1) Refesto the total specimen drift (1.5 stories)
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Table3-1: Specimen Bt Peak Resultant Lateral ForcesKips) Achieved throughout Test

Drift Point on Cloverleaf (Figure 2-28)

Cycle

[%] 1 2 3 4 5 6 7 8 9 10 11 12
0.25 6.4 8.0 54 7.5 7.9 5.2 7.4 9.1 4.6 6.2 8.2 6.3
0.45 10.1 12.2 8.3 10.5 114 7.4 11.5 12.6 6.6 9.6 12.3 8.6
0.70 12.2 15.0 9.9 12.1 13.7 8.7 13.6 15.5 8.0 11.7 15.0 9.8
0.90 13.0 16.6 10.7 13.0 15.1 9.9 14.0 16.8 8.9 12.7 17.0 11.1
1.15 13.5 17.4 11.3 13.5 15.7* 10.3* 14.9* 17.8 9.2* 13.3* 17.4* 11.5*
1.40 13.2 17.5 11.0 13.7* 154 10.0 14.7 17.8* 8.9 13.1 17.3 11.2
1.60 13.1 16.8 10.7 13.6 14.5 9.5 14.4 17.6 8.5 12.9 17.3 10.5
1.85 12.8 16.0 10.5 12.9 13.8 8.9 14.1 16.4 7.7 12.9 16.4 9.7
2.30 125 12.5 8.5 11.2 8.4 6.2 - - - - - -

* Peak value for point for entire test

Boldedi At least 90% of peak force recorded at point
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Table3-2: Specimen B2 Peak Resultant Lateral Forces (in kips) Achieved throughout Test

Drift Point on Cloverleaf(Figure 2-28)

Cycle

[%] 1 2 3 4 5 6 7 8 9 10 11 12
0.25 6.7 7.3 4.8 7.8 8.4 4.6 6.7 8.7 5.2 6.0 7.7 54
0.45 10.4 11.0 7.6 11.1 12.1 7.0 9.8 12.0 7.1 9.1 11.2 7.5
0.70 12.1 13.7 8.7 12.5 14.2 8.6 11.6 14.4 8.3 10.5 13.4 8.9
0.90 13.2 15.5 9.5 13.3 15.8 9.6 12.5 157 9.4 11.1 14.9 9.7
1.15 13.4 16.2 9.9 13.6 16.8 10.0 13.4 16.9 9.8 11.6 15.8 10.0
1.40 13.4 16.8* 10.2 14.0¢ 17.0* 10.1* 13.3 17.1* 10.0* 12.1 16.2* 10.0
1.60 13.5* 16.0 10.2* 14.¢¢ 16.5 9.5 13.6* 16.7 9.9 12.1* 16.0 10.1*
1.85 13.0 15.0 9.8 14.0* 153 8.0 13.1 15.2 8.1 11.5 134 8.2
2.30 10.6 7.1 6.5 - - - - - - - - -

* Peak value for point for entire test

Boldedi At least 90% of peak force recorded at point
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Table3-3: Specimen B3 Peak Resultant Latal Forces (in kips) Achieved throughout Test

Drift Point on Cloverleaf(Figure 2-28)

Cfg;f]le 1 2 3 4 5 6 7 8 9 10 11 12
0.25 9.8 10.4 5.7 7.7 10.3 7.0 6.8 9.5 6.6 7.6 8.1 5.3
0.45 12.6 14.3 8.1 11.2 13.9 94 10.2 12.5 7.8 10.6 11.7 7.4
0.70 14.5 16.8 9.7 12.7 16.0 10.9 11.8 14.7 9.1 12.2 14.2 8.6
0.90 15.6 18.2 10.6 13.6 17.5 12.0 12.9 16.3 10.2 13.3 15.7 9.5
1.15 16.0 19.3 11.2 14.4 18.6 12.5° 13.3 17.1 10.6° 13.7 16.3 9.8
1.40 16.2 19.6* 11.2 14.6° 18.9 12.4 13.4 17.4 10.6° 14.0 16.7# 9.7
1.60 16.2 19.3 11.2 14.4 18.9 12.2 13.3 16.9 10.6° 14.1* 16.5 9.5
1.85 15.2 18.1 10.3 14.2 17.6 11.0 12.5 154 9.9 13.4 13.8 8.0
2.30 15.2 14.7 7.7 12.0 11.0 7.7 7.9 8.6 6.9 9.5 8.1 4.8

* Peak value for pint for entire test

Boldedi At least 90% of peak force recorded at point
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Table3-4: Specimen B4 Peak Resultant Lateral Forces (in kips) Achieved throughout Test

Drift Point on Cloverleaf(Figure 2-28)

Cycle

[%] 1 2 3 4 5 6 7 8 9 10 11 12

0.25 8.3 9.2 5.8 7.7 9.4 5.9 7.5 9.5 5.6 6.8 8.8 6.2
0.45 11.1 12.9 8.0 11.1 12.6 8.0 11.1 13.2 7.5 9.7 12.0 8.3
0.70 13.2 154 9.5 12.8 15.3 9.7 12.9 15.7 9.0 114 14.6 9.7
0.90 14.1 17.6 10.5 14.4 17.1 10.8 13.5 17.3 10.3 12.6 16.3 10.6
1.15 15.1 18.8 11.2 15.1 18.4 11.7 14.6 18.6 11.2 13.6 17.6 11.4
1.40 15.6 19.9 11.6 15.5 19.3 12.3 15.1 19.3 11.4 13.9 18.2 11.8
1.60 16.0 20.1* 11.7 15.8* 19.4 12.2 15.2 19.3 115* 14.¢¢ 18.1 11.3
1.85 155 18.8 11.1 154 18.4 11.0 14.8 18.2 10.5 13.5 16.5 10.2
2.30 16.1* 16.5 9.9 15.6 14.7 8.6 13.6 12.8 7.4 10.1 10.0 6.6
2.75 10.0 10.0 6.8 9.9 8.9 5.8 9.0 8.9 5.9 9.2 8.1 6.0

* Peak value for point for entire test

Boldedi At least 90% of peak force recorded at point
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Table3-5: Peak Lateral Forces Achieved throughout Tests

Point on cloverleaf pattern Bl B2 B3 B4
1 Maximum Resultant Force [ kip] 13.51 13.50 16.20 16.11
Drift Level [%)] 1.15 1.60 1.60 2.30
5 Maximum Resultant Force [ kip] 17.46 16.81 19.56 20.13
Drift Level [%] 1.40 1.40 1.40 1.60
3 Maximum Resultant Force [ kip] 11.35 10.24 11.23 11.69
Drift Level [%] 1.15 1.40 1.40 1.60
4 Maximum Resultant Force [ kip] 1371 14.02 14.61 15.81
Drift Level [%] 1.40 1.85 1.40 1.60
5 Maximum Resultant Force [ kip] 15.75 16.99 18.89 19.41
Drift Level [%] 1.15 1.40 1.60 1.60
5 Maximum Resultant Force [ kip] 10.34 10.08 12.46 12.28
Drift Level [%] 1.15 1.40 1.40 1.60
. Maximum Resultant Force [ kip] 14.90 13.60 13.40 15.21
Drift Level [%] 1.15 1.60 1.40 1.60
8 Maximum Resultant Force [ kip] 17.77 17.10 17.36 19.35
Drift Level [%] 1.40 1.40 1.40 1.60
9 Maximum Resultant Force [ kip] 9.16 10.02 10.64 11.46
Drift Level [%] 1.15 1.40 1.60 1.60
10 Maximum Resultant Force [ kip] 13.30 12.12 14.06 14.01
Drift Level [%0] 1.15 1.60 1.60 1.60
11 Maximum Resultant Force [ kip] 17.40 16.24 16.66 18.18
Drift Level [%] 1.60 1.40 1.40 1.60
12 Maximum Resultant Force [ kip] 11.46 10.08 9.84 11.78
Drift Level [%] 1.15 1.60 1.15 1.40
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Table3-6: Shear Stress at Critical Section for Specimen B1

Drift Level PeaII:< Lateral Gravity Shear Unbalanced Normalized ShearStress[psi]
orce Moment
% Point [kip] Force | Ratio [kip-in] ro ’ 0 O O D
w v fo w [0
d T d 2 X y [klp] [%] M ubY M ubX @ U © @ U @ U @ U
0.30 1 -0.1 6.4 | 58.7 | 48.4 -11 504 1.96 2.89 291
0.45 2 -6.1 53 | 575 | 47.4 486 330 2.81 2.52 3.43
0.30 3 -46 | -29 | 57.2 | 47.1 351 -271 2.55 2.39 3.06
0.30 4 7.4 -1.5 | 56.1 | 46.3 -604 -113 2.98 2.06 3.20
0.45 5 51 6.0 | 55.5 | 457 -458 447 2.69 2.67 3.54
0.95 0.30 6 -1.0 5.1 | 55.8 46 121 324 2.06 2.44 2.67
' 0.30 7 0.0 -7.4 | 55.3 | 455 0 -657 1.82 3.06 3.06
0.45 8 6.6 -6.3 | 54.4 | 449 -541 -539 2.81 2.81 3.83
0.30 9 4.5 1.2 | 54.7 | 45.1 -387 61 2.54 1.92 2.65
0.30| 10 -6.2 0.5 | 55.2 | 455 508 -60 2.78 1.93 2.89
0.45| 11 -4.8 | -6.6 | 54.8 | 45.1 398 -578 2.56 2.89 3.64
0.30| 12 1.8 -6.0 | 54.6 45 -161 -459 2.10 2.66 2.96
0.60 1 -0.1 | 10.1 | 58.9 | 48.6 -26 841 1.99 3.52 3.57
0.90 2 -9.5 7.6 | 58.6 | 48.3 773 580 3.39 3.03 4.48
0.65 3 -7.2 | -4.2 | 58.6 | 48.3 544 -350 2.96 2.60 3.62
0.65 4 104 | -1.6 | 57.4 | 47.3 -901 -126 3.59 2.13 3.83
0.90 5 7.2 89 | 56.6 | 46.6 -658 738 3.11 3.26 4.50
0.45| 0.65 6 -2.3 7.0 | 57.3 | 47.2 186 478 2.23 2.78 3.13
0.65 7 -0.1 | -11.5| 56.5 | 46.6 11.1 -1020 1.88 3.78 3.80
0.90 8 9.0 -8.8 | 55.2 | 455 -774 -754 3.28 3.24 4.70
0.65 9 6.5 1.4 | 55.8 46 -511 101 2.81 2.04 3.00
0.65| 10 -9.6 0.2 | 56.3 | 46.4 782 -84 3.33 2.02 3.49
0.90| 11 -7.3 | -10.0| 55,5 | 45.8 611 -887 2.98 3.50 4.65
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0.65| 12 24 | -8.3 | 55.6 | 45.9 | -202 -636 2.21 3.03 3.41
0.95 1 -0.4 | 122 | 59 | 48.7 -5 1060 1.96 3.94 3.95
1.35 2 -11.7| 9.5 | 58.5 | 48.2 981 742 3.77 3.32 5.17
0.95 3 -9.0 | -41 | 58.7 | 48.4 690 -364 3.24 2.62 3.92
0.95 4 12.0| -1.7 | 57.2 | 47.2 | -1040 | -105 3.84 2.08 4.04
1.30 5 8.4 | 108 | 56.8 | 46.8 | -765 937 3.31 3.64 5.07
0.70 0.95 6 -3.0 | 81 | 57.8 | 47.6 236 618 2.35 3.07 3.52
' 0.95 7 0.0 | -13.6| 57.2 | 47.2 18 -1190 1.92 4.12 4.16
1.35 8 11.2 | -10.7 | 56.2 | 46.3 | -953 -900 3.64 3.54 5.33
0.95 9 7.7 20 | 56.6 | 46.7 | -612 142 3.02 2.14 3.29
095| 10 | -11.7| -0.1 | 571 | 471 954 -86 3.68 2.05 3.84
1.30| 11 -9.0 | -12.0| 56.2 | 46.3 733 -1070 3.23 3.86 5.24
0.95| 12 24 | -95 56 | 46.1 | -229 -749 2.28 3.26 3.69
1.25 1 -05 | 13.0| 60 | 494 5 1150 1.98 4.14 4.15
1.80 2 -13.0| 10.3 | 59.6 | 49.1 | 1110 837 4.05 3.54 5.63
1.25 3 -9.8 | -43 | 59.4| 49 751 -381 3.38 2.68 4.09
1.25 4 129 | -1.7 | 57.9 | 47.8 | -1120 -93 4.02 2.08 4.19
1.75 5 93 | 119 | 575 | 47.4| -835 1050 3.47 3.87 5.45
0.90 1.25 6 -3.1 | 95 | 583 | 48 254 707 2.40 3.25 3.73
' 1.25 7 00 | -140| 57.9| 47.7| 6.75 | -1250 1.92 4.26 4.28
1.80 8 12.3 | -11.5| 56.9 | 46.9 | -1060 | -963 3.87 3.68 5.68
1.25 9 8.6 23 | 57.1| 471 | -684 176 3.17 2.22 3.50
125 10 | -12.7| -0.1 | 57.6 | 47.5| 1040 -82 3.86 2.05 4.01
1.75| 11 | -10.0| -13.8| 57 47 806 -1180 3.40 411 5.62
1.25| 12 3.0 | -10.7| 56.6 | 46.7 | -274 -819 2.3 3.41 3.93
1.55 1 -0.6 | 13.5 | 60.4 | 49.8 7 1170 2.00 4.19 4.20
2.25 2 -13.7| 10.8 | 59.5 | 49 1160 866 4.15 3.59 5.78
115 1.55 3 -10.5| -4.3 | 59.6 | 49.1 795 -386 3.46 2.69 4.19
1.55 4 134 | -1.6 | 58.3 | 48.1 | -1160 -82 411 2.08 4.26
2.15 5 96 | 125 | 57.7 | 475 | -857 1100 3.51 3.97 5.58
1.55 6 -34 | 9.8 | 58.3 | 48.1 201 718 2.47 3.28 3.82
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1.55 7 0.1 | -149| 58.4 | 48.1 8 -1270 1.94 4.31 4.33
2.25 8 13.1 | -12.0| 57 a7 -1100 | -980 3.95 3.73 5.80
1.55 9 8.8 25 | 56.9 | 46.9 | -690 196 3.17 2.24 3.54
155| 10 | -13.3| -0.1 | 57.5| 47.4 | 1060 -64 3.89 2.02 4.01
215| 11 | -10.6| -13.8| 57.3 | 47.2 808 -1200 3.41 4.14 5.66
1.55| 12 28 | -11.1| 56.9 | 46.9 | -279 -825 2.40 3.42 3.95
1.90 1 -0.6 | 13.2 | 59.8 | 49.3 | 10.1 1070 1.99 3.99 4.01
2.65 2 -13.8| 10.7 | 57.7 | 47.5 | 1120 795 4.01 3.39 5.50
1.85 3 -10.1| 42 | 57.5 | 474 703 -394 3.22 2.64 3.96
1.85 4 13.6 | -1.7 | 55.8 | 46 -1090 | -106 3.88 2.03 4.08
2.55 5 93 | 122 | 54.3 | 448 | -786 1030 3.27 3.73 5.21
1.40 1.85 6 -3.6 | 9.3 | 55.2 | 455 272 642 2.33 3.03 3.54
1.85 7 0.1 | -14.7| 55,5 | 457 | 6.38 -1180 1.84 4.06 4.07
2.65 8 13.0 | -12.1| 53.1 | 43.8 | -1060 | -926 3.75 3.50 5.49
1.85 9 8.6 24 | 529 | 43.6 | -641 196 2.95 2.11 3.32
1.85| 10 | -13.1| -0.2 | 53.9 | 445 981 -60 3.63 1.89 3.74
260| 11 | -10.5| -13.8| 52.9 | 43.6 757 -1140 3.17 3.89 5.31
1.85| 12 3.1 | -10.8| 52.6 | 43.4 | -272 -753 2.24 3.15 3.66
2.15 1 -0.7 | 13.1 | 60.7 | 50 10 1020 2.02 3.92 3.94
3.05 2 -13.2| 10.4 | 59.8 | 49.3 | 1060 765 3.97 3.42 5.41
2.15 3 -9.8 | -45 | 59.7 | 49.2 659 -355 3.20 2.63 3.87
2.15 4 135 | -1.8 | 57.6 | 47.5 | -1050 -91 3.87 2.07 4.05
2.90 5 8.7 | 116 | 56.9| 469 | -764 1010 3.31 3.77 5.21
1.60 2.10 6 -41 | 86 | 58.2| 48 281 618 2.45 3.09 3.62
' 2.20 7 0.0 |-144)| 57.9 | 47.7 4 -1130 1.92 4.04 4.04
3.10 8 129 | -11.9| 55.6 | 45.8 | -1020 | -876 3.75 3.48 5.40
2.15 9 8.2 22 | 55.7| 459 | -612 226 2.98 2.26 3.41
215| 10 | -129| -0.2 | 56.7 | 46.7 953 -42 3.67 1.95 3.74
3.05| 11 | -105|-13.8| 55.6 | 45.8 728 -1070 3.20 3.85 5.22
215| 12 3.0 | -10.1| 554 | 457 | -256 -681 2.31 3.11 3.60
1.85| 2.45 1 -09 | 128 | 61.1 | 50.3 14 990 2.04 3.88 3.90
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3.45 2 -12.8| 9.6 | 60.3 | 49.7 | 1000 705 3.87 3.32 5.20

2.40 3 -9.2 | 5.1 | 59.7 | 49.2 623 -351 3.14 2.62 3.80

2.45 4 128 | -1.9 | 56.8 | 46.8 | -993 -48 3.74 1.96 3.83

3.25 5 8.1 | 11.2 | 56.5 | 46.5| -716 955 3.21 3.66 5.00

2.35 6 -44 | 7.8 | 58.1 | 47.9 293 567 2.46 2.98 3.53

2.50 7 -0.1 | -14.1| 57.6 | 47.5 27 -1010 1.95 3.80 3.85

3.50 8 12.3 | -10.9| 54.9 | 45.3 | -944 -743 3.58 3.21 4.98

2.35 9 7.3 24 | 544 | 449 | -560 255 2.85 2.27 3.33

240| 10 | -129| -0.1 | 55.8 | 46 907 -9 3.55 1.86 3.57

340 11 -9.9 | -13.1| 546 | 45 656 -907 3.03 3.50 4.74

245| 12 3.1 | -91 54 | 445 | -243 -546 2.24 2.81 3.27

3.00 1 -0.9 | 125 | 61 | 50.2 6 919 2.03 3.74 3.75

4.15 2 -10.4| 6.9 | 56.1 | 46.2 661 392 3.09 2.58 3.83

230 2.90 3 -6.0 | -6.0 | 51.3 | 42.3 227 -294 2.12 2.24 2.67
' 3.00| 4* 11.0| -19 | 443 | 36.5| -724 0 2.82 1.46 2.82
4.00| b5* 4.6 7.0 55 | 453 | -222 362 2.22 2.49 291

285| ©6* -45 | 43 | 51.2 | 42.2 160 107 1.99 1.89 2.19

* Reloaded strands at point on cloverleaf
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Table3-7: Shear Stress at Critical Section for Specimen B2

Drift Level Peallz<ol;éléeral Gravity Shear UR/IboarLagr%ed Normalized Shear Stresgpsi]

% Pomnt [kip] Force | Ratio [kip-in] PO o 1D ro e b

d X Y [kip] [%] M uby M ubx Q0 6 0 R 0
1 0.5 6.7 | 525 | 48 -18 486 1.95 2.93 2.97
2 -5.6 | 48 | 51.1 | 46.7 482 323 2.88 2.55 3.55
3 -40 | -26 | 504 | 46.1 349 -252 2.57 2.37 3.10
4 7.7 -1.2 | 49.8 | 455 | -584 -81 3.03 1.98 3.20
5 5.7 6.2 | 489 | 44.7 | -446 462 2.72 2.75 3.68

0.25 6 -14 | 44 | 493 | 45 132 304 2.08 2.43 2.71
7 0.1 -6.7 | 48.9 | 44.7 6.57 -606 1.80 3.05 3.06
8 6.6 | -5.6 48 439 | -519 -474 2.84 2.75 3.83
9 5.0 14 | 48.2| 44 -371 68 2.53 1.90 2.67
10 -6.0 0.1 | 48.4 | 44.2 508 -48 2.83 1.87 2.93
11 -45 | -6.3 | 47.8 | 43.6 404 -559 2.59 2.91 3.75
12 2.2 -49 | 476 | 435 | -140 -398 2.03 2.57 2.86
1 0.5 | 104 | 53.6 | 49 -8 848 1.98 3.73 3.74
2 -8.3 7.1 | 52.3 | 47.7 791 549 3.57 3.06 4.71
3 -6.7 | -3.6 | 524 | 47.8 568 -355 3.10 2.66 3.84
4 11.0| -1.3 | 51.9 | 47.4 | -889 -79 3.76 2.06 3.92

0.45 5 7.9 9.1 | 51.2 | 46.8 | -643 753 3.21 3.44 4,78
6 -1.7 6.8 | 51.7 | 47.2 200 469 2.30 2.86 3.28
7 -0.1 | -9.8 51 46.5 28 -924 1.92 3.78 3.84
8 93 | -7.7 | 50.2 | 45.8 | -763 -674 3.42 3.23 4.83
9 6.9 19 | 50.7 | 46.3 | -518 135 2.94 2.14 3.22
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10 91| 00 | 50.3 | 46 800 -90 3.51 2.03 3.70
11 -7.0 | -8.8 | 49.9 | 456 620 -828 3.12 3.56 4.85
12 28 | -6.9 | 50.4 | 46 -177 -557 2.21 3.01 3.37
1 04 | 12.1 | 53.4 | 48.8 -3 1040 1.97 4.13 4.13
2 -10.3| 9.1 | 52.7 | 48.1 975 717 3.96 3.43 5.46
3 -8.0 | -3.6 | 52.7 | 48.1 694 -357 3.38 2.67 4.12
4 125 | -0.9 | 52.6 | 48 -1020 | -46.5 4.04 2.01 4.14
5 9.1 | 109 | 51.6 | 47.1 | -747 949 3.44 3.87 5.42
0.7 6 -21 | 83 52 | 47.5 234 620 2.39 3.19 3.68
7 -0.1 | -11.6| 51.5 | 47.1 37 -1060 1.96 4.10 4.17
8 11.2 | -9.1 | 50.9 | 46.5 | -935 -782 3.81 3.49 5.44
9 8.1 20 | 51.2 | 46.8 | -626 177 3.18 2.24 3.55
10 | -10.5| -0.3 | 50.9 | 46.5 935 -76 3.81 2.02 3.97
11 -8.2 | -10.6| 50.5 | 46.1 710 -966 3.32 3.86 5.34
12 31 | -83 | 50.6 | 46.2 | -215 -666 2.29 3.23 3.68
1 04 | 13.2| 54 | 493 6 1130 1.99 4.33 4.34
2 -11.7| 10.2 | 53.2 | 48.6 | 1090 809 4.22 3.63 5.90
3 -8.7 | -3.8 | 53.1 | 48.5 736 -355 3.48 2.68 4.22
4 13.3 | -0.8 53 | 48.4 | -1110 -35 4.24 2.00 4.32
5 10.1 | 12.2 | 52.2 | 47.7 | -833 1070 3.64 4.13 5.87
0.9 6 -23 | 9.3 | 52.1 | 47.6 246 702 241 3.37 3.88
7 0.0 | -125| 525 | 48 8 -1120 1.93 4.25 4.27
8 123 | -9.8 | 51.8 | 47.3 | -1030 | -830 4.03 3.62 5.77
9 9.1 25 | 51.7| 47.2 | -685 211 3.32 2.33 3.76
10 | -11.1| -05 | 51.5 | 47 999 -85 3.97 2.06 4.15
11 -0.1 | -11.8| 51.2 | 46.8 759 -1070 3.46 4.10 5.69
12 34 | 91 | 51.2 | 46.7 | -246 -730 2.39 3.39 3.91
1.15 1 04 | 134 | 543 | 496 0 1150 1.99 4.39 4.39
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2 -12.2| 10.7 | 53.5 | 48.9 | 1150 841 4.36 3.71 6.11
3 -9.2 | -3.8 | 53.4 | 48.8 784 -374 3.58 2.72 4.36
4 13.6 | -0.9 | 53.6 | 48.9 | -1140 -28 4.34 2.02 4.40
5 10.6 | 13.0 | 52.6 | 48.1 | -866 1130 3.74 4.29 6.09
6 -26 | 96 | 52.3 | 47.8 273 717 2.48 3.41 3.98
7 0.0 | -13.4| 53.1 | 48.5 17 -1160 1.98 4.36 4.40
8 13.2 | -10.5| 52.3 | 47.7 | -1080 | -879 4.17 3.75 6.00
9 9.5 26 | 51.9| 474 | -715 233 3.39 2.39 3.88
10 | -11.6| -0.6 | 51.8 | 47.3 | 1020 -90 4.01 2.07 4.20
11 -95 | -12.6| 51.6 | 47.1 775 -1120 3.50 4.22 5.84
12 35 | -93 | 514 | 47 -256 -758 2.41 3.45 3.99
1 04 | 134 | 549 | 50.1 11 1140 2.02 4.38 4.40
2 -12.8| 109 | 53.8 | 49.2 | 1170 836 4.41 3.72 6.16
3 -9.2 | 45| 53.8 | 49.1 765 -391 3.55 2.77 4.37
4 14.0| -0.8 54 | 49.3 | -1140 -33 4.35 2.04 4.42
5 10.7 | 13.2 | 53.3 | 48.7 | -862 1130 3.74 4.30 6.10
1.40 6 -2.8 | 9.7 | 52.7 | 48.1 282 712 2.52 3.41 4.00
7 0.1 |-13.3| 53.6 | 489 | -1.88 | -1130 1.96 4.32 4.32
8 135 | -10.5| 52.6 | 48 -1090 | -853 4.19 3.69 5.97
9 9.5 33 | 52.1 | 476 | -711 250 3.38 2.42 3.91
10 | -12.1| -0.7 52 | 475 | 1030 -75 4.05 2.06 4.20
11 -9.9 | -12.9| 51.8 | 47.3 769 -1100 3.49 4.18 5.78
12 3.7 | 93 | 516 | 47.2| -268 -711 2.45 3.37 3.93
1 0.3 | 135 | 55.2 | 504 9 1120 2.03 4.35 4.37
2 -12.2| 104 | 53.9 | 49.2 | 1150 819 4.37 3.68 6.08
1.60 3 -88 | -5.1 | 53.7 | 49 730 -373 3.48 2.74 4.26
4 140 | -0.7 | 54.2 | 49.5| -1090 | -22.3 4.25 2.02 4.29
5 106 | 12.7 | 53.5| 48.9 | -840 1110 3.71 4.27 6.03
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6 2.7 | 9.1 | 52.7 | 48.1 282 687 2.52 3.36 3.95
7 0.1 | -13.6| 53.6 | 49 -3.45 | -1080 1.97 4.21 4.22
8 13.3 | -10.1| 52.7 | 48.1 | -1070 | -800 4.16 3.60 5.83
9 9.3 3.5 52 | 475 | -691 278 3.34 2.48 3.92
10 | -12.1| -0.8 52 | 47.5| 1000 -51 3.99 2.01 4.09
11 -9.7 | -12.8| 51.8 | 47.3 751 -1070 3.45 4.12 5.68
12 41 | -9.2 | 51.5| 471 | -269 -677 2.45 3.30 3.86
1 0.7 | 13.0 | 55.5 | 50.7 3 1070 2.04 4.26 4.27
2 -11.7| 9.3 | 54.3 | 49.6 | 1110 776 4.30 3.61 5.92
3 -8.2 | -54 | 53.7 | 49 702 -364 3.42 2.72 4.18
4 139 | -1.3 | 54.2 | 49.5 | -1070 -8 4.22 2.00 4.23
5 10.0 | 11.6 | 53.1 | 485 | -746 967 3.50 3.96 5.52
185 6 -3.1 | 74 | 511 | 46.7 358 517 2.62 2.95 3.70
7 00 |-13.1| 52.8 | 48.2 | 26.7 -1030 1.99 4.08 4.13
8 11.8 | -9.6 | 50.1 | 45.8 | -821 -715 3.54 3.32 5.03
9 7.4 3.4 | 48.3 | 441 | -440 198 2.69 2.18 3.10
10 | -11.5| -0.7 | 50.8 | 46.4 937 -43 3.81 1.95 3.90
11 -8.2 | -10.6| 48.2 | 44 546 -703 2.90 3.22 4.36
12 41 | -7.1 46 | 42.1 | -233 -400 2.17 2.52 3.01
1 0.4 | 10.6 | 53.4 | 48.7 128 640 2.21 3.28 3.55
2.0 2 -6.0 | 3.7 36 | 32.9 215 4 1.76 1.32 1.77
3 -39 | 5.2 | 414 | 378 | 11.2 -260 1.54 2.05 2.08
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Table3-8: Shear Stress at Critical Sectian Specimen B3

Drift Level Peallz<ol;éléeral Gravity Shear UR/IboarLagr%ed Normalized Shear Stresgpsi]

% Pomnt [kip] Force | Ratio [kip-in] PO o 1D ro e b

d X Y [kip] [%] M uby M ubx Q0 6 0 R 0
1 0.1 9.8 | 57.3 | 48.2 -33 538 1.95 2.90 3.03
2 -7.9 6.8 | 56.2 | 47.3 492 382 2.78 2.57 3.57
3 5.0 | -28 | 56.3 | 47.4 320 -260 2.46 2.35 3.01
4 7.7 -0.2 | 55,5 | 46.7 | -615 -101 2.99 2.02 3.24
5 5.3 88 | 54.8 | 46.1 | -478 493 2.71 2.73 3.71

0.25 6 -2.2 6.7 | 55.1 | 46.4 96.3 351 2.00 2.48 2.71
7 0.2 -6.8 | 54.9 | 46.2 -45 -655 1.89 3.04 3.19
8 8.1 -49 | 542 | 456 | -583 -518 2.88 2.76 3.94
9 5.2 41 | 546 | 459 | -407 109 2.57 2.01 2.83
10 -7.4 1.7 | 54.7 | 46 499 -18 2.74 1.84 2.83
11 -48 | -6.6 | 54.3 | 45.7 355 -556 2.46 2.84 3.58
12 2.7 -46 | 54.2 | 456 | -172 -434 2.11 2.60 2.99
1 0.0 | 12.6 | 57.6 | 48.5 -12 943 1.92 3.67 3.77
2 -10.5] 9.8 | 56.6 | 47.6 796 658 3.36 3.10 4.70
3 -7.8 | -23 | 56.9 | 47.9 527 -305 2.87 2.45 3.51
4 11.2 | -0.1 | 56.5| 47.6 | -930 =77 3.61 2.01 3.84

0.45 5 79 | 114 | 548 | 46.1 | -679 817 3.08 3.34 4.72
6 -2.5 9.1 | 55.6 | 46.8 188 539 2.19 2.85 3.27
7 0.0 | -10.2| 55.6 | 46.8 -21 -980 1.87 3.68 3.79
8 98 | -7.7 | 548 | 46.1 | -801 -735 3.31 3.19 4.80
9 7.1 3.2 | 549 | 46.2 | -536 145 2.82 2.08 3.16
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10 | -10.5| 1.4 | 54.6 | 45.9 775 -61 3.26 191 3.44
11 -7.6 | -89 | 546 | 46 586 -867 2.90 3.43 4.63
12 27 | -6.9 | 54.7 | 46 -207 -616 2.19 2.96 3.42
1 -0.1 | 145 | 57.7 | 48.6 -10 1110 1.92 3.99 4.09
2 -12.3| 11.4 | 57.6 | 485 994 789 3.77 3.38 5.36
3 -94 | -23 | 58.1 | 48.9 682 -333 3.20 2.54 3.91
4 12.7 | 0.3 57 48 -1050 -54 3.86 1.98 4.04
5 9.3 | 13.0| 55.9| 47 -771 985 3.29 3.70 5.25
6 -2.7 | 10.6 | 56.5 | 47.5 225 668 2.29 3.12 3.62
0.7 7 -0.1 | -11.8| 57 48 -7 -1120 1.89 3.99 4.08
8 116 | -9.1 | 55.9 | 47.1 | -959 -863 3.65 3.47 5.38
9 8.4 3.7 | 55.6 | 46.8 | -635 173 3.03 2.16 3.42
10 | -12.1| 1.3 | 55.7 | 46.9 926 -64 3.58 1.9% 3.78
11 -9.2 | -10.8| 55.8 | 47 720 -1030 3.19 3.78 5.24
12 27 | -82 | 55.7| 469 | -241 -709 2.29 3.17 3.70
1 -0.1 | 15.6 | 58.7 | 49.4 -9 1200 1.95 4.19 4.30
2 -13.6| 121 | 58 | 48.8 | 1110 863 4.00 3.54 5.74
3 -10.3| -2.3 | 58.2 | 49 779 -364 3.38 2.60 4.15
4 136 | 04 | 57.6 | 48.4 | -1120 -53 4.01 2.00 4.19
5 10.2 | 142 | 56.6 | 47.6 | -844 1110 3.45 3.96 5.66
6 -3.2 | 11.6 | 56.9 | 47.9 244 750 2.34 3.29 3.82
0.%0 7 0.0 | -129| 57.8 | 48.7 | 0.653 | -1200 1.91 4.16 4.25
8 129 | -99 | 56.5| 47.5| -1070 | -923 3.88 3.60 5.73
9 9.4 4.1 | 55.9 | 47 -708 210 3.18 2.24 3.64
10 | -13.2] 1.3 | 56.2 | 47.3 | 1030 -73 3.79 1.99 4.01
11 | -10.2| -12.0| 56.3 | 47.4 789 -1130 3.34 3.98 5.58
12 30 | 90| 559 | 47 -252 -780 2.32 3.31 3.86
1.15 1 -0.2 | 16.0| 59.4 | 50 -6 1230 1.97 4.27 4.37
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2 -14.4| 12.8 | 58.8 | 49.5 | 1150 897 4.10 3.63 5.91
3 -10.9| -2.6 | 58.7 | 49.4 796 -372 3.43 2.64 4.22
4 144 | 05 | 58.2 | 49 -1150 -45 4.08 2.00 4.25
5 10.8 | 15.1 | 56.9 | 47.9 | -863 1140 3.50 4.02 5.76
6 -3.4 | 120 | 57.1 | 48.1 270 756 2.39 3.31 3.89
7 0.0 | -13.3| 58.2 | 48.9 -17 -1210 1.95 4.20 4.32
8 13.6 | -10.4| 56.9 | 47.9 | -1100 | -928 3.95 3.62 5.81
9 9.7 42 | 56.1 | 47.2| -711 228 3.19 2.28 3.69
10 | -13.6| 1.3 | 56.6 | 47.7 | 1030 -59 3.80 1.98 4.00
11 | -10.6| -12.4| 56.2 | 47.3 774 -1130 3.31 3.98 5.55
12 34 | -93 | 559 471 -281 -753 2.37 3.26 3.87
1 -0.2 | 16.2 | 59.4 | 50 -5 1160 1.97 4.14 4.24
2 -14.7| 129 | 58,5 | 49.3 | 1130 847 4.06 3.52 5.77
3 -10.9| -2.7 | 58.5 | 49.3 743 -365 3.33 2.62 4.10
4 146 | 0.5 | 58,5 | 49.2 | -1110 -51 4.02 2.03 4.20
5 10.8 | 155 | 57.1 | 48.1 | -827 1110 3.44 3.97 5.64
6 -3.2 | 120 | 57 | 479 250 718 2.35 3.23 3.78
1.40 7 0.0 | -13.4| 58.3 | 49 -16.8 | -1170 1.95 4.12 4.24
8 13.9 | -104| 57.3 | 48.2 | -1110 | -894 3.98 3.57 5.78
9 9.5 46 | 559 | 47.1| -688 243 3.14 2.30 3.67
10 | -139| 14 | 56.4 | 47.4 995 -67 3.73 1.99 3.94
11 | -109| -12.6| 56.5 | 47.6 761 -1110 3.29 3.95 5.50
12 32 | 91| 56.2| 47.3| -276 -718 2.37 3.20 3.80
1 -0.2 | 16.2 | 59.6 | 50.2 -6 1120 1.98 4.07 4.17
2 -145| 12.8 | 58.6 | 49.3 | 1100 808 4.00 3.45 5.64
1.60 3 -10.8| -2.8 | 58.7 | 49.4 722 -364 3.29 2.62 4.06
4 144 | 0.7 | 58.7 | 49.4 | -1090 -49 3.99 2.03 4.16
5 109 | 154 | 57.6 | 48.5| -810 1070 3.42 3.91 5.55
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6 -3.5 | 11.7 | 57 48 262 681 2.37 3.16 3.73
7 -0.2 | -13.3| 58.4 | 49.2 -10 -1130 1.94 4.05 4.16
8 13.5| -10.1| 57.5| 48.4 | -1070 | -857 3.91 3.51 5.64
9 9.5 48 | 56.4 | 47.5| -687 247 3.15 2.32 3.69
10 | -14.0| 13 | 56.7 | 47.7 976 -67 3.71 1.99 3.91
11 | -10.9| -12.4| 57.3 | 48.2 719 -1070 3.24 3.90 5.37
12 3.7 | -88 | 56.3| 474 | -302 -686 2.42 3.15 3.79
1 -0.2 | 15.2 | 59.1 | 49.7 10 933 1.97 3.70 3.80
2 -13.6| 11.9 | 56.2 | 47.3 | 1000 659 3.73 3.09 5.08
3 -98 | -3.0 | 56.3 | 474 626 -375 3.03 2.56 3.82
4 142 | 0.3 | 55.4 | 46.7 | -980 -102 3.67 2.02 3.94
5 10.2 | 143 | 53.8 | 45.3 | -691 901 3.07 3.47 4.87
6* -35 | 104 | 53 | 446 258 513 2.23 2.71 3.26
1.85 7 0.0 | -125]| 60.6 | 51 21 -1010 2.04 3.90 4.02
8 126 | -89 | 585 | 49.2 | -885 -740 3.59 3.32 5.09
9 8.5 51 | 57.3 | 48.2 | -529 231 2.88 2.32 3.39
10 | -13.3| 1.4 57 48 880 -56 3.54 1.99 3.72
11 -9.2 | -10.3| 56.7 | 47.7 578 -813 2.96 3.40 4.58
12 3.7 | -71 | 54.7 | 46 -282 -499 2.33 2.74 3.34
1 0.0 | 152 | 594 | 50 -16 893 1.99 3.64 3.75
2 -11.0| 97 | 549 | 46.2 601 426 2.94 2.61 3.82
3* -6.7 | -3.8 | 52.8 | 44.4 246 -346 2.20 2.39 291
4 12.0 | 0.5 | 53.80| 45.30| -612 -71 2.93 1.91 3.12
2.0 5 6.4 9.0 | 489 | 411 | -280 325 2.14 2.22 2.81
6* -45 | 6.3 | 446 | 375 239 100 1.92 1.66 2.15
7 00 | -79 | 53.9 | 453 -25 -204 1.82 2.16 2.25
8 76 | -39 | 48.4 | 40.7 | -265 -54 2.09 1.70 2.24
9* 4.2 55 | 446 | 375 | -64.2 201 1.59 1.85 2.01
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10 -94 | 14 | 55.7 | 46.9 247 -7 2.30 1.85 2.36
11 55| -59 53 | 44.6 75 -178 1.89 2.08 2.27
12 3.7 | -31 | 46.9| 394 | -174 -27.1 1.87 1.60 1.96

* Reloaded strands at point before reaching next loading point zisplacement and zeredysplacement
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Table3-9: Shear Stress at Critical Section for Specimen B4

Drift Level PeaII:< Lateral Gravity Shear Unbalanced Normalized Shear Stresgpsi]
orce Moment

% Pomnt [kip] Force | Ratio [kip-in] PO o 1D R

d S VAR 0 B I VRS R VIR L 6 @ EE
1 0.3 8.3 | 59.6 | 48.5 -28 517 2.02 2.94 2.95
2 -7.5 53 | 583 | 474 500 329 2.86 2.54 3.44
3 -46 | -3.6 | 58.0 | 47.2 329 -240 2.53 2.36 2.94
4 7.6 -1.2 | 57.4 | 46.7 -580 -69 2.98 2.02 3.07
5 5.4 7.7 | 56.9 | 46.3 -441 478 2.71 2.78 3.56

0.25 6 -2.7 5.2 | 56.9 | 46.3 124 314 2.11 2.47 2.67
7 0.0 -7.5 | 56.1 | 45.7 6 -616 1.86 3.01 2.98
8 7.5 -59 | 559 | 455 | -534 -454 2.85 2.70 3.66
9 5.0 25 | 56.0| 455 | -379 95 2.56 2.02 2.70
10 -6.7 0.6 | 55.9 | 455 502 -48 2.79 1.93 2.84
11 -45 | -7.6 | 55.4 | 45.1 386 -570 2.55 2.90 3.58
12 3.3 -5.3 | 555 | 45.2 -165 -405 2.14 2.59 2.87
1 0.4 | 11.1 | 60.7 | 494 -50 867 2.09 3.63 3.68
2 -9.8 8.4 | 59.7 | 48.6 769 569 3.42 3.04 4.43
3 -7.3 | -34 | 59.6 | 48.5 527 -331 2.96 2.59 3.53
4 11.0| -1.1 | 59.1 | 48.1 -884 -69 3.61 2.08 3.69

0.45 5 8.1 9.6 | 57.6 | 46.8 -655 756 3.13 3.32 4.50
6 -2.2 7.7 | 58.1 | 47.3 167 476 2.23 2.81 3.09
7 0.0 | -11.1| 56.9 | 46.3 -6 -951 1.89 3.67 3.63
8 9.9 -8.7 | 56.6 | 46.0 | -796 -715 3.36 3.21 4.65
9 7.2 21 | 571 | 46.5| -525 125 2.87 2.12 3.07
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10 -9.7 | 0.3 | 56.7 | 46.2 747 -86 3.28 2.03 3.39
11 -7.2 | -9.6 | 55.8 | 454 584 -861 2.94 3.46 4.50
12 29 | -7.8 | 56.4 | 459 | -208 -580 2.25 2.95 3.30
1 0.2 | 13.2 | 60.9 | 49.6 -31 1040 2.07 3.97 3.97
2 -11.6| 10.2 | 60.4 | 49.1 957 737 3.79 3.38 5.11
3 -89 | -3.6 | 60.0 | 48.8 661 -340 3.22 2.62 3.81
4 12.8 | -0.9 | 59.4 | 48.4 | -1040 -59 3.92 2.07 3.98
5 9.7 | 119 | 58.7 | 478 | -793 957 3.43 3.74 5.16
6 23 | 9.4 | 59.3 | 48.2 194 624 2.32 3.13 3.45
0.70 7 0.3 | -12.9| 58.1 | 47.3 -6 -1110 1.93 4.00 3.96
8 12.0 | -10.2| 57.7 | 47.0 | -964 -840 3.72 3.48 5.23
9 8.8 23 | 57.8 | 47.1 | -638 151 3.11 2.19 3.35
10 | -11.4| 0.2 | 57.6 | 46.9 907 -83 3.61 2.06 3.71
11 -8.8 | -11.7| 57.1 | 46.5 708 -1020 3.21 3.80 5.07
12 29 | 93| 57.2 | 46.6 | -238 -715 2.33 3.23 3.63
1 0.2 | 141 | 61.7 | 50.2 -41 1110 2.11 412 4.15
2 -13.3| 11.5 | 60.9 | 49.6 | 1090 817 4.06 3.55 5.53
3 -99 | -35 | 60.2 | 49.0 755 -346 3.41 2.64 4.01
4 144 | -0.8 | 59.9 | 48.7 | -1160 -40 4.16 2.05 4.18
5 109 | 13.2 | 59.4 | 48.4 | -883 1080 3.62 3.99 5.58
6 -2.7 | 10.5| 59.5 | 484 218 717 2.37 3.31 3.67
0.90 7 04 | -13.5| 58.8 | 47.9 -20 -1200 1.98 4.20 4.18
8 133 | -11.1| 58.3 | 47.5| -1100 | -925 3.99 3.66 5.66
9 9.9 29 | 58.2 | 473 | -742 188 3.32 2.27 3.62
10 | -126| 0.3 | 58.2 | 474 997 -82 3.80 2.07 3.90
11 -9.9 | -13.0| 57.8 | 47.0 773 -1130 3.36 4.03 5.42
12 3.2 | -10.1| 575 | 46.8 | -273 -792 2.41 3.39 3.85
1.15 1 0.2 | 15.1 | 62.3 | 50.7 -27 1170 2.10 4.26 4.25
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2 -14.2| 123 | 61.6 | 50.1 | 1160 866 4.21 3.66 5.77
3 -10.6 | -3.6 | 60.6 | 49.3 789 -353 3.48 2.66 4.09
4 151 | -0.6 | 60.4 | 49.2 | -1220 -48 4.29 2.08 4.32
5 11.7 | 142 | 60.3 | 49.1 | -935 1150 3.75 4.15 5.84
6 -2.8 | 11.3 | 60.3 | 49.0 233 773 2.43 3.44 3.83
7 0.5 | -14.6| 59.9 | 48.8 -30 -1250 2.03 4.33 4.33
8 14.4 | -11.7| 59.4 | 48.4 | -1180 | -961 4.18 3.77 5.901
9 10.7 | 3.2 | 58.9 | 47.9 | -800 213 3.45 2.34 3.80
10 | -13.6| 0.3 | 59.1 | 48.1 | 1040 -90 3.91 2.12 4.02
11 | -10.7| -14.0| 59.1 | 48.1 810 -1220 3.47 4.24 5.70
12 3.4 | -10.9| 585 | 476 | -290 -832 2.47 3.49 3.99
1 0.2 | 156 | 62.9 | 51.2 -28 1210 2.13 4.35 4.35
2 -15.1| 13.0 | 62.2 | 50.6 | 1220 911 4.35 3.77 5.98
3 -11.0| -3.6 | 61.3 | 49.9 820 -360 3.56 2.70 4.19
4 155 | -0.6 | 61.1 | 49.8 | -1230 -36 4.33 2.08 4.34
5 12.2 | 150 | 61.1 | 49.7 | -962 1210 3.82 4.29 6.02
6 -3.0 | 119 | 60.7 | 494 256 822 2.48 3.55 3.98
1.40 7 04 | -15.1| 60.6 | 49.3 -33 -1280 2.06 4.41 4.41
8 15.1 | -12.1| 59.6 | 48,5 | -1220 | -987 4.26 3.82 6.04
9 11.0| 3.1 | 589 | 479 | -813 226 3.47 2.37 3.85
10 | -139| 0.3 | 59.3 | 48.3 | 1070 -89 3.97 2.12 4.08
11 | -11.1| -14.4| 59.3 | 48.3 827 -1250 3.51 4.31 5.79
12 40 | -11.1| 585 | 476 | -301 -847 2.50 3.52 4.04
1 0.1 | 16.0 | 63.5| 51.7 -24 1220 2.14 4.39 4.38
2 -15.2| 132 | 62.8 | 51.1 | 1220 912 4.37 3.79 6.01
1.60 3 -109| 4.2 | 61.3 | 49.9 794 -397 3.52 2.77 421
4 158 | -0.6 | 61.3 | 49.9 | -1230 -27 4.34 2.07 4.33
5 122 | 151 | 61.6 | 50.1 | -963 1220 3.84 4.33 6.06
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6 -3.3 | 11.8 | 61.1 | 49.7 271 805 2.52 3.53 3.99
7 0.5 | -15.2| 60.9 | 49.6 -41 -1250 2.09 4.36 4.38
8 15.1 | -12.0| 60.1 | 48.9 | -1210 | -975 4.26 3.82 6.02
9 109 | 3.6 | 59.0 | 48.0 | -796 249 3.44 2.41 3.86
10 | -14.0| 0.4 | 59.9 | 48.7 | 1040 -78 3.93 2.12 4.03
11 | -11.1| -14.3| 59.7 | 48.5 795 -1220 3.46 4.26 5.69
12 40 | -10.5| 58.7 | 47.8 | -331 -810 2.56 3.46 4.03
1 0.1 | 15,5 | 62.3 | 50.7 -35 1110 2.12 4.14 4.16
2 -14.4| 12.1 | 59.3 | 48.2 | 1130 805 4.08 3.47 5.53
3 -10.1| -4.7 | 57.8 | 47.0 693 -438 3.21 2.73 3.98
4 154 | -0.9 | 57.8 | 47.0 | -1160 -68 4.09 2.03 4.16
5 11.7 | 142 | 57.4 | 46.7 | -883 1090 3.55 3.94 5.53
6 -3.3 | 10.5| 56.5 | 46.0 227 676 2.29 3.13 3.52
1.85 7 0.4 | -14.8| 55,5 | 451 -58 -1190 1.94 4.07 4.13
8 144 | -11.1| 545 | 44.3 | -1140 | -877 3.94 3.45 5.52
9 9.9 3.7 | 53,5 | 43.6 | -709 248 3.10 2.23 3.52
10 | -13.5| 0.2 | 53,5 | 43.5 965 -78 3.58 1.91 3.68
11 | -10.0| -13.1| 52.9 | 43.1 677 -1080 3.02 3.78 4.99
12 43 | -93 | 52.0| 423 | -360 -672 2.39 2.98 3.61
1 04 | 16.1 | 63.3 | 51.5 -68 1140 2.21 4.23 4.30
2 -12.7| 105 | 61.3 | 49.9 963 714 3.83 3.36 5.11
3 -8.0 | -58 | 59.0 | 48.0| 494 -415 2.87 2.73 3.61
4 156 | -0.8 | 60.0 | 48.8 | -1120 -41 4.09 2.06 4.11
2.30 5 94 | 11.3| 57.2 | 46.5| -651 714 3.11 3.23 4.40
6 4.2 | 75 | 549 | 447 249 364 2.28 2.50 2.93
7 0.4 | -13.6| 55.2 | 45.0 -52 -929 1.92 3.57 3.62
8 10.1 | -7.8 | 50.7 | 41.2 | -508 -466 2.63 2.55 3.46
9 6.1 42 | 470 | 38.2 | -227 193 1.98 1.91 2.31
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100 | -10.1| 0.2 | 554 | 451 315 -24 2.42 1.87 2.43
11 -5.8 | -81 | 51.9 | 42.2 76 -330 1.85 2.33 2.44
12 43 | -5.0 | 45.7 | 37.2 | -238 -93 1.95 1.68 2.10
1 0.4 | 10.0| 60.7 | 49.4 -54 297 2.10 2.56 2.63
2 -83 | 56 | 58.2| 474 276 80 2.44 2.07 2.55
3 -42 | -53 | 51.0 | 415 26 -213 1.73 2.08 2.10
4* 99 | -1.0 | 60.1 | 489 | -262 -32 2.47 2.04 2.50
5 5.2 7.3 | 58.7 | 47.7 | -131 220 2.18 2.35 2.56
6 -44 | 3.9 | 52.6 | 42.8 159 20 2.03 1.77 2.04

2.75 7A | -0.1 | -9.0 | 60.0 | 48.8 -1 -266 1.98 2.48 2.45
8 7.7 | 44 | 57.1 | 46.5 | -226 -84 2.31 2.04 2.43
9 3.5 48 | 51.2 | 416 -42 121 1.77 1.92 1.97

10 -92 | 05 | 505 411 275 -14 2.18 1.69 2.18
11 -46 | -6.7 | 49.6 | 404 71 -213 1.77 2.04 2.14
12 49 | -34 | 436 | 355 | -176 -68 1.77 1.57 1.87

* Stopped atero xdisplacement and zeredysplacementhile loading to subsequent point on loading path, reloaded strands before continuing drift cycle
AStopped atero xdisplacement and zeredisplacemenwhile loading to subsequent point on loading patltpaded the slab completely, lowerddb
perimeter then reloaded slab before continuing drift cycle
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Table3-10: Peak Shear Stresses on Critical Section

Normalized Maximum | Normalized Maximum Normalized Maximum
Shear_ Stressn X- Shear' Stressn Y- ShearStress at Corner
Direction Direction
Specimen
Drift v Drift v Drift
[ ;i] Level Point [ éi] Level Point [ Xsyi] Level Point
P [oe) P ) P o]
SB3(Cheng
2009) 3.97 0.9 4 4.29 0.9 1 5.68 0.9 2
Bl 4.15 1.15 2 4.31 1.15 7 5.80 1.15 9
B2 441 1.40 2 4.39 1.15 1 6.16 1.40 2
B3 4.10 1.15 2 4.27 1.15 1 5.91 1.15 2
B4 4.37 1.60 2 4.39 1.40 1 6.06 1.60 5
Table3-11: Design andCalculatedShearCapacity ofSlabs andPeakShearStresses
Design Noninal Calculated Nominal N
Shear Capacity* Shear CapacityA PeakShear_ Stresses
- - - [psi]
Specimen [psi] [psi]
Ve v Ve v Vy Vy Viy
Bl 0 5.2 2 4.8 4.15 4.31 5.8
B2 0 3.6 2 3.6 4.41 4.39 6.16
B3 0 5.2 2 4.9 4.10 4.27 5.91
B4 0 8. 2 7.9 4.37 4.41 6.06
* Normalzed by the square root of the specified concrete strength
A Normalized by the square root of the

prior to specimen testing
" The specified yield stress of 55 ksi is assufioedhe studs

° The maximum desigshear stress capacity of & (psi) permitted by the ACI Building
Code(ACI Committee 318 2008)overns
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Table4-1: Drift Capacity of SlaiColumn Connections withut Shear Reinforcement

Z < Vg/Ve | Ultimate drift . .
Researcher Label _h [%] Setup' Vo/Ve Peak [%] Drl';ta%t r;/eak '?gg?
[in.] target Load | (at punching) [%]
S1 6 1.20 0.34 0.34 4.0 4.0 P
. S2 6 0.84 0.45 0.45 1.4 1.4 P
Hawkins et al(1974) S3 6 | oss | >P 0.42 0.43 1.4 1.4 p
S4 6 1.20 0.37 0.42 2.1 2.1 P
S6 6 1.81 0.89 0.88 1.2 1.2 P
Symonds et al. s7 6 | osa | P 0.83 0.80 05 05 p
SM 0.5 6 0.50 0.31 NA 6.5 43 P
Ghali et al(1976) SM 10. 6 1.00 A C 0.33 NA 2.7 2.7 F-P
SM 1.5 6 1.50 0.30 NA 2.0 2.0 F-P
1 35 | 0.53* 0.25 0.25 4.4 37 P
Islam and Park1976) 2 3.5 0.53* B, D 0.23 0.23 5.0 4.1 P
3C 35 | 0.53* 0.23 0.23 5.2 2.0 P
Morrison and Sozen S4 3 0.98 B C 0.078 NA 45 3.5 F-P
(1981) S5 3 0.98 ’ 0.166 NA 4.8 3.3 F-P
Zee and Moehl€1984) INT 2.4 0.80 B, C 0.29 0.29 3.5 3.5 P
AP1 438 0.86 0.37 0.37 1.6 1.6 F-P
AP2¥ 4.8 0.86 0.36 0.36 1.5 1.5 F-P
Panand Moehlel989 | o3 | 48 | o0ss | ABC| 018 0.18 48 3.7 Fp
AP4 4.8 0.86 0.19 0.19 35 3.5 F-P
3SE 45 0.73 0.19 0.15 4.0 35 F-P
Robertson and Duni 5S0 4.5 0.73 B C 0.21 0.17 3.5 3.5 F-P
(1990) 6LL 4.5 0.73 ’ 0.54 0.54 1.0 1.0 =
7L 45 0.73 0.37 0.37 1.5 1.5 P
Dilger and Cad1991) CD1 5 0.73 AC 0.85 0.85 0.9 0.9 P
CcD2 5 0.49 0.65 0.65 1.2 1.2 P
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CcD8 5 | 049 0.52 0.52 1.4 1.4 p
Wey and Durrani

1092) sco | 45 | 10 | BC 0.18 23 35 35 p
1 315 | 1.0 0.00 NA 55 55 Fp
2 315 | 1.0 0.00 NA 5.0 3.9 F-p

Farh 1 A
arhey et ai(1993) 3 315 | 1.0 € 0.26 NA 37 3.2 p
4 315 | 0.68 0.30 NA 25 25 p
DNY 2 | 45 | 042 037 037 2.0 2.0 P

Durrani et al(1 ~ B
urrani etal(1995) | p\vT4 | 45 | 042 € 0.27 0.27 4.7 2.6 P
Robertson et a(2002) C1 4.5 0.42 B, C 0.25 0.17 3.5 3.5 P
NDIC | 45 | 0.73 0.25 0.23 8.0 30 Fp
NDALL | 45 | 031 0.37 0.28 4.0 3.0 F-p
RObe”S(ozr(‘)gg)d JohnsO \psxi | 45 | 1.20 | B.C 0.48 0.47 2.0 15 p
ND6HR | 4.5 | 0.84 0.30 0.29 5.0 3.0 P
ND7LR | 45 | 055 0.36 0.26 5.0 3.0 F-P

1) A1 Jacked column at base;iBHung weights from slab; C Applied lateral force at column tip; DApplied force couple at slab edges

2) Fi Flexural yielding preceded punchingj FPrimary failure mod was punching shear
*Grade 40 steel used, value niplied by 2/3

**Bjaxially loaded
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Table4-2: Drift Capacity of SlabColumn Connections with Headed Shear Stud Reinforcement

Ultimate Drift at Peak .
Researcher Label _h i s/d | Setup Vo/Ve Vo/Ve Drift [%] Lateral Load l\iagur*e*
[in.] | [%] Target Peak Load | (punching) [%] ode
CcD3 5 1.1 | 0.79 0.91 NA 35 NA F-P
Dilger and Cao | CD4 5 11| 079 | 0.62 NA 4.8 NA F-P
(1991) CD6 5 1.1 | 0.39 ’ 0.64 NA 5.4 NA F-P
CD7 5 1.1 | 0.79 0.51 NA 5.6 NA F-P
SJB1 | 59 | 1.1 | 057 0.50 0.48 5.5 2.5 P
SJB2 | 59 | 1.1 | 057 0.50 0.47 5.7 3.8 P
, SB3 | 59 | 1.1 | 057 0.50 048 5.0 3.2 P
D"9621%”9d4)E‘r°W” siB4a | 59 | 1.1 | 057 | AC 0.50 0.43 6.4 5.5 P
SJB5 | 59 | 15 | 057 0.50 0.47 7.6 3.3 P
sijB8 | 59 | 1.1 | 057 0.50 0.46 5.7 4.3 P
SJB9 | 59 | 15 | 057 0.50 0.49 7.1 4.3 P
Megally(1998) | MG-10 | 10 16 | 075 | A C 0.59 NA 5.2 NA NA
MG-3 | 10 1.6 | 0.79 0.58 NA 5.4 3.2 NA
Megally and Ghali| MG-4 10 1.6 0.75 A C 0.56 NA 4.6 2.0 F-P
(2000) MG-5 10 1.6 | 0.75 ’ 0.86 NA 6.5 3.0 F-P
MG-6 | 10 1.6 | 0.44 0.31 NA 6.0 3.5 F-P
ROb‘(:"Z”OSé’Z”)Et d 4Hs | 45 | 068 | 068 | B, C 0.24 0.15 8.0 5.0 N-A
18¢c 71 | 1.2 | 050 0.67 0.67 4.0 2.5 P
Broms(2007b) | 14 | 71 | 067 | 050 | M€ 0.67 0.67 4.0 2.0 P
Cheng et al(2009) | SB3* 6 0.60 | 0.75 0 0.50 0.43 1.63 1.63 F-P

1) AT Jacked column at base;iBHung weights from slab; T Applied lateral force at column tip; DApplied force couple at slab edgesj ®ulled down on
slab with prestressing strds

2) Fi Flexural yielding preceded punchingi PPrimary failure mode was punching shear

**Biaxially loaded
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FIGURES

Figurel-1: Stud Rail Assembly

Figurel-2: Orthogonal Stud Rail Arrangement
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